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Facile protein and amino acid substitution reactions and their 
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Naresh K Budhavaram 

(Abstract) 

The work focused on addressing four main objectives. The first objective was to quantify 

protein and amino acid substitution reactions. Michael addition reactions were used to modify 

the amino acids and protein. Amino acids alanine, cysteine, and lysine, and protein ovalbumin 

(OA) were substituted with different concentrations of ethyl vinyl sulfone (EVS). The substituted 

products were analyzed using Raman spectroscopy and UV-spectroscopy based ninhydrin assay. 

In case of alanine, Raman and UV results correlated with each other. With cysteine at lower EVS 

substitutions amine on the main chain was the preferred site while the substitution shifted to 

thiols at higher substitutions. This could only be discerned using Raman spectroscopy. Lysine 

has amines on the main chain and side chain while main chain amine was the most reactive site 

at lower concentrations of EVS while at higher concentrations side chain amines were also 

substituted. This information could be discerned using Raman spectroscopy only and not UV 

spectroscopy. In case of protein as observed by Raman and UV spectroscopy the reaction 

continued at higher concentrations of EVS indicating the participation of glutamine and 

asparagines at higher substitutions. However, the reaction considerably slowed down at higher 

EVS substitutions. 

The second objective of the study was to decrease the glass transition temperature (Tg) of OA 

through internal plasticization and also study the effects of the substituents on the thermal 



iii 

 

stability of OA. The hypothesis was by covalently attaching substituents to OA, number of 

hydrogen bonds can be reduced while increasing the free volume and this would reduce Tg. EVS, 

acrylic acid (AA), butadiene sulfone (BS) and maleimide (MA) were the four groups used. EVS 

was the most efficient plasticizer of all the four substituents. The Tg decreased with the 

increasing concentration of EVS until all of the reactive of groups on OA were used up. Tg 

decreased slightly with AA and BS while no change was observed with MA. However, the 

substituents showed exact opposite trend in thermal stability as measured using 

thermogravimetric analysis (TGA).  The thermal stability of MA substituted OA was the highest 

and that of EVS substituted OA was least. FT-IR spectroscopy results indicated that all four 

substituents caused structural changes in OA. This implied that there were intermolecular 

interactions between substituted protein chains in case of AA, BS, and MA. This caused an 

increase in the thermal stability. EVS on the other hand is a linear chain monomer with a 

hydrophobic end group and hence could not participate in the intermolecular interactions and 

hence caused a decrease in Tg. As mentioned above the limitation to this technique is the number 

of available reactive groups on the protein. However, we successfully demonstrated the 

feasibility of this method in decreasing Tg of protein. 

The third objective was to create hydrogels by crosslinking OA with divinyl sulfone (DVS). 

Protein hydrogels due to their biocompatible nature find applications in drug delivery and tissue 

engineering. For tissue engineering applications the hydrogels need to be mechanically stable. In 

this study the protein was substituted with EVS or AA and then crosslinked with DVS. The 

swelling ratio was measured as a function of pH. All the hydrogels showed the same trend and 

swelled the least at pH 4.5 which is the isoelectric point of the protein. At basic pH conditions 

EVS substituted hydrogels swelled the most while AA substituted hydrogels showed least 
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swelling. The static and dynamic moduli of the hydrogels were determined using tensile tester 

and rheometer respectively. The static modulus values were three times the dynamic modulus. 

The modulus of the control which is crosslinked OA was least and that of AA substituted OA 

was highest. The stress relaxation test also showed similar results in which AA substituted OA 

relaxed the most and the control relaxed the least. FT-IR of the dry hydrogels showed that the 

amount of hydrogen bonding increased with AA substitution. The hydrophilic AA end groups 

interacted with each other forming hydrogen bonds. These hydrogen bonds served as additional 

crosslinks there by increasing the modulus of the hydrogels. EVS on the other hand was 

incapable of interactions due to the lack of hydrophilic end groups. We were successfully able to 

create protein hydrogels and control the swelling and mechanical properties by varying the 

amount of substituted group. 

The final objective of the study was to create and characterize microstructures from 

substituted alanine and lysine. Alanine and lysine were substituted with different concentrations 

of EVS. Bars and fibers were observed for alanine at moderate substitutions while at higher 

concentrations random structures were observed using scanning electron microscopy (SEM). 

Lysine formed tubes at moderate EVS substitutions and rosettes at high concentrations of EVS as 

evidenced by SEM. FT-IR results suggested that instead of carbonyl one of sulfonyl bonded to 

the available amine in modified amino acids. And only in this case fibers, tubes and rosettes were 

observed. X-ray diffraction (XRD) results supported this observation. Using these results we 

hypothesized that the self assembled structures very much depended on the amount of EVS 

present in the substituted product and sulfonyl forming β-sheet analogs with amine. 
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Chapter I 

Introduction 

Proteins and peptides are polymers composed of various combinations of the 20 different 

naturally-occurring amino acids. Each amino acid is composed of a carboxylic acid group and a 

primary amine group that can condense to form a peptide bond and water. In addition, each 

amino acid has a different chemical “side group” making proteins and peptides versatile in terms 

of their natural chemistry. In nature, the different amino acids combine to form a protein polymer 

that can catalyze biochemical reactions, cause or heal disease, and give mechanical stability by 

supporting load. In terms of the first two, the industrial production of enzymes and biologics has 

become an important business and now accounts for billions of dollars in the biotech industry. 

However, it is the last function, to support load, that has traditionally utilized proteins in such 

non-food uses as biodegradable plastics, adhesives and textiles.1, 2 Silk and wool are classic 

examples of proteins used in the textile industry. The purpose of the research described herein 

was to leverage the chemistry of existing amino acids, peptides, and proteins to create new 

materials for physical function, i.e., to support load. Specifically, we want to show how small 

chemical changes to proteins, peptides, and amino acids could produce large changes in structure 

and physical response. Some of the specific aspects we wanted to explore were morphology and 

physical properties such as thermal transitions, thermal stability, ability to hydrate, and modulus.    

The diversity of chemical groups on amino acids allows for a plethora of chemistries to be 

performed. Our goal was to identify chemical reactions that could be performed in aqueous 

solution at near neutral pH without the use of complex catalysts. Therefore, it would be possible 

to maintain the integrity of the original protein if needed. The Michael addition is a nucleophilic 
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addition reaction that adds electron rich nucleophiles to electron poor electrophiles.3 The 

Michael addition can be used to modify abundant nucleophilic amine and thiol groups on amino 

acids and proteins. The first part of the research was to characterize the nucleophilic addition of 

water soluble vinyl groups onto amino acids and proteins.   

For plastics applications currently all the proteins are plasticized with an external plasticizing 

agent such as glycerol.4, 5 This is because in their denatured state the proteins have high glass 

transition temperatures making them brittle at room temperature.4-6 The externally plasticized 

proteins are susceptible to plasticizer migration issues over a period of time eventually rendering 

them useless. The second goal of the research was to attempt to change the glass transition and 

thermal degradation temperatures of proteins by chemically modifying the amino acid side 

groups.1  

Hydrogels are another potential area where proteins can be used. Currently hydrogels are 

made from chemicals such as isopropylacrylamide, poly-(acrylic acid), and poly-(methacrylate).7 

The major requirements of hydrogels are ability to hydrate, rigidity, biocompatibility and 

biodegradability. To this end promising results have been achieved through the usage of chitosan 

and dextran based hydrogels.8, 9 Elastin, collagen, and de novo synthesized proteins are the other 

biopolymers being investigated.10-12 The third goal of the research was to synthesize and 

construct hydrogels from chemically modified proteins.   

The other potential application of proteins and amino acids is in the burgeoning field of 

nano-materials.13-17 Amino acids have been traditionally used as dietary supplements, food 

additives and nitrogen sources for micro-organisms in fermentation processes.18, 19 However, 

amino acids are finding potential applications as nano-materials. Poly-alanine is frequently used 

for the synthesis of nano-fibers and poly-lysine as a coating agent for nano-structures.20-23 
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However, complicated synthetic and genetic engineering techniques have to be used for the 

synthesis of poly-amino acids since they do not occur naturally. There is still a lot of scope for 

the creation of new and useful nano-structures using naturally available amino acids like lysine 

and alanine. The fourth part of the research was to demonstrate the spontaneous formation of 

unusual structures such as tubes and spheres using chemically substituted amino acids. 

An overarching goal of the research was to develop molecular spectroscopic techniques for 

biopolymers and biomaterials. Quantitative estimation of reactions is an important step for 

determining the kinetic parameters of the reaction, which is usually accomplished using 

analytical techniques like titration, chromatography and colorimetric assays.24-26 These 

techniques require some sample preparation and it takes time to get the results. Fourier transform 

infrared (FTIR) and Raman spectroscopic techniques on the other hand are non destructive, 

require little to no sample preparation, and provide accurate results in less time. They have been 

used for assessment of reactions.27 For proteins FTIR and Raman spectroscopy have been largely 

used for identifying changes in secondary structure.28, 29 Though there are reports on the usage of 

FTIR and Raman spectroscopy for quantitative assessment of reaction, there is still a lot of 

unexplored territory.30 For proteins, Raman spectroscopy has an advantage over FTIR because 

individual amino acids present can be resolved.31  

Objectives 

The main motivation of this study was to demonstrate that small chemical substitutions could 

produce large changes in proteins and amino acids. The specific goals were as follows: 

• To quantify protein and amino acid substitution reactions using Raman spectroscopy 

o To identify the specificity of addition reactions on the amine and thiol sites 

present on amino acid and protein chains using Raman spectroscopy. 
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• To internally plasticize a model protein by synthetically varying the amino acid side 

group chemistry. 

o To identify the structural and thermal changes in the model protein as a function 

of substituted groups. 

• To prepare hydrogels with varying crosslink density and amino acid side group chemistry 

by substituting a model protein rather than synthesizing a new one. 

o To determine the swelling and mechanical properties of the crosslinked protein as 

a function of crosslink density and substituted group chemistry. 

• To create and characterize nanometer to micrometer sized structures using amino acids 

alanine and lysine substituted using the same chemistry developed in the aforementioned 

objectives.  

Dissertation Organization 

 The work pertaining to the objectives of the current study that has been previously done has 

been summarized in the second chapter along with brief introduction to characterization 

techniques. Chapters 3 through 7 contain each individual objective written in the form of 

manuscript style with abstract, introduction, materials and methods, results and discussion, and 

conclusions. The findings of the current work have been summarized in chapter 8. 

 Chapter 3 is based on the Michael addition reaction of ethyl vinyl sulfone with amino acids 

and protein (Egg ovalbumin) that were quantified using Raman spectroscopy. Alanine, cysteine 

and lysine were the amino acids chosen for the study. Michael addition reaction takes place on 

amines and thiols and hence lysine with an amine and cysteine with a thiol on the side chain 

were selected. Alanine is a non-polar amino acid with no ionizable group on the side chain and 

hence was considered for comparison with lysine and cysteine.  Ovalbumin is a semi-crystalline 
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protein with 385 amino acids, is 50% polar and all the natural amino acids are represented. 

Hence it was chosen as model protein. The Raman spectroscopy results were compared with 

UV-visible spectroscopy based ninhydrin assay. 

 The effects of substituent groups on the ovalbumin in terms of glass transition temperature 

and thermal stability were studied in chapter 4. Ethyl vinyl sulfone, acrylic acid, butadiene 

sulfone and maleimide were the substituent groups used in the study. The effects of side group 

size and end group chemistry on the protein were studied. 

Chapter 5 discusses the usefulness of Michael addition reactions for creation of ovalbumin 

hydrogels. Hydrogels were prepared by crosslinking pure and substituted ovalbumin with divinyl 

sulfone. The mechanical and swelling properties as a function of substituted groups were studied. 

Alanine and lysine substitutions with ethyl vinyl sulfone were studied in chapters 6 and 7 

respectively. As mentioned in the above sections fibrous micro-structures were reported in the 

literature using poly-alanine and poly-lysine. Hence, we chose alanine and lysine for our work.  

The role of ethyl vinyl sulfone in the formation of various self assembled micro structures was 

studied.  
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Chapter II 

Literature Review 

Sustainability and green engineering have been the thrust of research areas in recent years. A 

lot of impetus has been given to renewable materials and green chemical reactions that use less 

toxic chemicals. Along with naturally available polysaccharides, chitosan and fermentation 

products like lactic acid, propanediol and biofuels, efforts are under way to utilize proteins for 

bio-based applications. In fact the use of silk and wool for textile applications can be dated 

centuries back. In the early 1930’s, efforts were made to use agricultural proteins for industrial 

applications.1 Since corn is one of the major agricultural products in the U.S., attempts were 

made to utilize corn zein, a protein extracted from corn, for film, coating and plastic 

applications.2 However cost was one of the issues that led to the collapse of the zein market as 

petroleum-based polymers were available at a cheaper price. With petroleum prices peaking 

there is a renewed interest to utilize corn zein for industrial applications.2-4 Other proteins being 

investigated are soy protein, wheat gluten, feather keratin, casein, and egg ovalbumin.3, 5-18 19-22  

 Proteins. The agricultural production of soy, mainly for food, has been increasing. The other 

common uses of soy protein are in adhesives, films, and bio-plastics. Similarly wheat gluten is a 

protein extracted from wheat, a traditional crop grown on a large scale in the U.S. and 

worldwide. A lot of people are allergic to gluten and as a result, gluten free products are 

available in the market leaving behind large amounts of gluten. There is huge potential market 

for bio-plastics made of gluten or reinforced gluten.6, 9, 10, 15 Feather keratin and egg ovalbumin 

are from the poultry industry. Poultry is a huge market in the U.S. and as a result thousands of 

tons of waste are generated in the form of feather keratin. The high mechanical strength of 
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keratin has garnered a lot of attention and investigations are ongoing to use keratin for making 

bio-plastics.19-22 The eggs produced on poultry farms have to undergo inspection and the ones 

that do not pass the inspection are discarded. The discarded eggs can be treated as a renewable 

source of feedstock. 

Almost all of the films and plastics from proteins are prepared using thermal extrusion and/or 

injection molding. The proteins are mixed with an external agent known as a plasticizer and then 

extruded for obtaining a coherent film or pellet. The plasticizer function is to lower the glass 

transition temperature without which the protein films are dry and brittle. The theory is that 

plasticizer diffuses deep into the structure of proteins thereby breaking the hydrogen bonding and 

increasing the mobility of chains. This causes a decrease in the glass transition temperature and 

makes the proteins rubbery at room temperature.23 The common plasticizers used are water, 

glycerol, and sorbitol, which are naturally available molecules and synthetically prepared amines 

such as diethanolamine and triethanolamine.6, 24 Use of plasticizers has its problems: glycerol 

and water migrate out of the plastics making them brittle once again6 and diethanolamine and 

triethanolamine usage has been avoided since they are potential carcinogens. As an alternate 

method proteins are blended with other materials to reinforce the properties and mitigate 

plasticizer migration and loss of modulus from plasticization.6, 11, 17, 21 

The other potential method to lower the glass transition temperature is through internal 

plasticization, which is one of the objectives of the current work. The problem with external 

plasticizers is that the plasticizer and protein are held together by mere physical interactions. 

This makes the product susceptible to environmental conditions. Instead, if the plasticizer is 

attached to the protein through covalent interactions, there is a better chance of the product 

permanently retaining its properties. Proteins are very versatile in nature because of the amino 
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acids present on them. The amines and thiols present on the protein are perfect sites for protein 

modifications. It is possible to attach bulky monomers to the proteins at thiol and amine sites 

using simple nucleophilic reactions.25 The crystallinity of polymers is mainly due to the 

hydrogen bonding between hydrophilic groups. The addition of bulky side groups would 

increase the distance between the protein chains and break the hydrogen bonding. In fact protein 

modification has been used in many instances mainly in the food industry.26, 27 Acylation and 

succinylation of proteins is a common practice in the food industry.26 

 Hydrogels. The other potential market for protein-based products is in the medical industry.  

Biocompatibility and biodegradability are two desired properties of materials in medicine.28 

Until recently synthetic polymers played a major role in medical applications. However, 

advances in bio-based materials have shifted focus to using biomaterials. Silk protein is used for 

stitches in surgery because of its high mechanical properties.29, 30 The other use of biopolymers is 

as gene therapy vectors.31 Natural biopolymers have a natural edge over synthetic materials for 

medical applications since the body readily accepts them and does not cause any inflammation. 

Hydrogels are materials that have had some impact on the medical industry. Hydrogels are three 

dimensional (3D) structures that can retain many times more water than their weight without 

breaking up. The typical applications of hydrogels are in drug delivery, biosensors, and tissue 

engineering. For drug delivery and biosensor applications a stimuli-responsive hydrogel is 

desirable. The ability of the hydrogel to swell or contract with respect to changes in the 

environment such as pH and temperature is known as stimuli-responsive. Permanently 

crosslinked hydrogels, physically crosslinked reversible hydrogels and micellar-type hydrogels 

that are usually formed due to hydrophobic and/or hydrophilic interactions are a few types of 

commonly used materials. 
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Synthetic hydrogels are usually prepared using radical polymerization. The monomers and an 

initiator are added and UV-light or X-rays initiate the reaction.32 Natural polymers like chitosan, 

dextran, and proteins in most cases have to be cross linked using small amounts of crosslinker.32 

A variety of crosslinkers are available which can be used for hydrogel synthesis. Annabi et al., 

synthesized hydrogels by crosslinking α-elastin with hexamethylene diisocyante in the presence 

and absence of CO2.
33 Callaird et al., crosslinked soy protein using glyceraldehyde and 

glutarldehyde.34 Chiu et al., prepared dextran hydrogels by radical copolymerization of 

methacrylated dextran with acrylic acid.35 However in this case an initiation system was required 

for which ammonium peroxydisulfate and N,N,N′,N′-tetramethylethylenediamine were used. In 

some cases divalent ions have been used to crosslink the polymer chains.36 Hence there is a lot of 

flexibility in choosing the crosslinkers. In the case of peptides, they can be designed to either 

have strong hydrophobic interactions or hydrogen bonding so that hydrogels are formed from 

self-assembly and not covalent bonding. 

For tissue engineering applications biocompatible hydrogels are a must. A growing demand 

for organ transplants has been evidenced in the last decade. Many times there is a mismatch in 

the transplantation between the donor and patient. Instead 3D scaffolds can be used for most 

purposes as extracellular matrices (ECM) and the patient’s own organ cells can be regenerated 

on it.37 However for the cells to grow, a peptide cell receptor sequence such as arginine, glycine, 

and aspartic acid (RGD) is needed. This sequence is attached to the hydrogels chemically.38 For 

instance Rowley et al., conjugated a pentapeptide GRGDY (Y = Tyrosine) to alginate which is 

an anionic polysaccharide and crosslinked it with Ca2+ ions. The hydrogels were used to grow 

myoblasts and as can be seen in Figure 1 the hydrogel with GRGDY sequence seeded after 4h 
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while nothing grew on the control which is just crosslinked alginate. The cell density of 

myoblasts increased over a period of 3 days. 

        

 

Figure 1. Photomicrographs of myoblasts adherent to alginate hydrogel surfaces after 

medium changing at 4 h post-seeding on GRGDY-modified surfaces (a), and control 

alginate surfaces (b).The myoblasts on GRGDY-modified alginate spread extensively after 

24 h of culture (c), and proliferated greatly between days one and three (d). Reproduced 

from Rowley et al.,
36 

with permission. Copyright 1999 Elsevier Science Ltd. 
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 Even if synthetic hydrogels are biocompatible they usually can not be biodegraded which is 

required in most cases. Hence biodegradable natural polymers are preferred. Proteins are desired 

for scaffold applications because they are very similar in nature to natural extra cellular matrices. 

In fact collagen and elastin are natural extra cellular matrices (ECM) found in the body. Skin is 

made up of elastin while bone mainly consists of collagen with hydroxyapatite deposited in it. 

With synthetic polymers it is difficult for biomineralization to take place. Hence proteins are 

very much suited for tissue engineering applications. Silk was one of first proteins to be tried for 

biomedical applications.29, 30, 38-40 Hydrogel synthesis from collagen and elastin proteins has also 

been attempted.33, 41-43  Elastin is the protein of choice as it is rubbery and exhibits high 

toughness, a useful characteristic for hydrogels44. However elastin and collagen once they are 

removed from native conditions through extraction tend to lose physical and mechanical 

properties. In the case of extracted elastin it is insoluble in aqueous media making it a challenge 

to prepare hydrogels out of it. Moreover elastin is scarce in availability and expensive. Hence 

attempts were made to synthesize peptides with an elastin-like sequence using either genetic 

engineering methods or solid state peptide synthesis.44-47 Solid state peptide synthesis is possible 

only for short peptide segments while de novo synthesis of proteins is usually an expensive task 

and the yields of proteins from fermentations are usually low limiting their availability on a large 

scale.48  

As an alternative to this problem, naturally available proteins like soy, gluten and ovalbumin 

can be used to create 3D scaffolds with elastin-like properties. Our approach is to modify the 

amines and thiols present on the protein with both hydrophilic or hydrophobic groups and 

crosslink them with a crosslinking agent. The reactions are based on simple nucleophilic addition 

reactions known as Michael-type addition reactions. As will be shown in Chapter V, the 
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properties can be tuned by changing the chemistry of substituent, i.e., hydrophobic or 

hydrophilic. 

 Michael addition reactions. Also known as conjugate addition reactions these reactions are 

named after Arthur Michael.49 A nucleophile known as a Michael donor reacts with an activated 

electrophilic alkene (olefin) also called a Michael acceptor and adds on to the carbon – carbon 

double bond. A mechanism of carbon Michael addition reaction is shown in Figure 2. The ethyl 

acetoacetate forms an enolate anion in the presence of a base catalyst. The anion which is a 

Michael donor then reacts with acrylate at the 1,4 ethyl acetoacetate site. The carbonyl present 

on the acrylate stabilizes the charge until proton transfer occurs and base is regenerated. The site 

specificity of 1,4 over 1,2 is owing to the enthalpic differences which is a driving force for this 

reaction.49 

 

 

Figure 2. Carbon – Michael addition of Ethyl acetoacetate onto acrylate. Reproduced from 

Mather et al.,
49

 with permission. Copyright 2006 Elsevier Sciences Ltd. 
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The reactions involving Michael donor groups other than carbon are regarded as Michael -

type addition reactions. Amines and thiols fall into this category. Amines are strong nucleophiles 

and hence do not need any base while weak base is required to activate the thiols. It is also worth 

noting that secondary amines are more nucleophilic than primary amines.49 However, the 

reaction also depends on the steric environment of the molecules and hence secondary amines 

might not react if there is steric hindrance. As for Michael acceptors, a variety of groups are 

available that have electron withdrawing capability. Vinyl sulfone, acrylates, and acrylamides 

can all be used for conjugate addition reactions. 

        

 

Figure 3. Poly (amido amine) synthesis via (a) primary and (b) secondary amines. 

Reproduced from Mather et al.,
49

 with permission. Copyright 2006 Elsevier Sciences Ltd. 
 

     

 Michael – type addition reactions of amines are also referred to as aza - Michael addition 

reactions and can be seen in Figure 3.  As mentioned above both primary and secondary amines 

participate in the reaction. Figure 3 (a) shows that the polymerization of bisacrylamide is 

accomplished using primary amines and polymerization of the same with secondary amines is 

shown in Figure 3 (b). These reactions take place in water at room temperature. The rate of 

reaction is faster in protic solvents like water and alcohol while it slows down when aprotic 
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solvents are used. Also, in aprotic solvents the final molecular weight of the polymer usually 

remains low.49 Michael addition of primary and secondary amines to acetonitrile in the presence 

of lipase catalyst in toluene at room temperature was reported by de Souza et al.50 

 

 

Figure 4. Polymerization of poly(thiophenylene) via Michael addition and oxidation. 

Reproduced from Mather et al.,
49

 with permission. Copyright 2006 Elsevier Sciences Ltd. 

       

 Yamamoto et al.,51  synthesized electro-responsive polymers by first reducing the N,N'-

Diphenyl-1,4-phenylenediamine (PDA) to N,N'-diphenyl-1,4-phenylenediimine (PDI) and then 

crosslinking it with thiols at room temperature. These suggest the utility of Michael – type 

addition reactions in modifying the amine and thiol groups present on the protein (Figure 4). 

Michael – type additions on proteins have been reported in the literature. Ranucci et al.,52 

obtained modified bovine serum albumin (BSA) and human serum albumin (HSA) by grafting 

them with poly(aminoamine). Bovine erythrocyte superoxide dismutase was modified with 

polyethylene glycol derivatives for its applications in the medical industry.53  Hydrogels were 

prepared by crosslinking polyethylene glycol with peptides containing thiols at the ends.54 
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Michael – type reactions with proteins can be run at physiological conditions in water. 

However, faster reaction kinetics can be achieved by running the reactions at higher pH. 

Sereikaite et al.,55 crosslinked bovine serum albumin (BSA) with divinyl sulfone (DVS) and also 

prepared glycine dimers by crosslinking them with DVS. In this study, it was found that although 

the reaction ran well at physiological conditions, the reaction constant increased with an increase 

in pH. Also, high dimer yield was achieved at higher pH in less time. These simple yet  

 

 

 

 

Figure 5. A schematic showing potential applications of modified proteins. 
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powerful reactions have been used in the current work to modify proteins and amino acids 

making them useful for a variety of applications. A summary of the uses of modified proteins is 

shown in Figure 5. 

Model protein. Egg ovalbumin was used as the model protein in the current study. It has 385 

amino acids with a molecular weight of 49670 g/mol.56  It is semi crystalline, 50% polar and 

50% non-polar and all the natural amino acids are represented. This makes ovalbumin a suitable 

candidate as a model protein. The sequence of amino acids present in ovalbumin is given in 

Figure 6 while the amino acid percentages can be found in Table 1.  As shown in Table 1 it has 6 

cysteine, 20 lysine, and 7 histidine residues. The cysteines are usually bonded to each other with 

disulfide linkages leaving only lysine and histidine as the possible sites for Michael – type 

addition reactions if the cystine bond is not reduced. However, we will show that there is a 

chance of other amine containing side chains present in the protein participating in the reaction 

along with secondary amines present on the backbone. As mentioned above efforts were made to 

create fibers from ovalbumin as early as the 1930’s.1 Bio-plastic preparation from egg white has 

been reported recently8. The focus of the current study is to prepare different biomaterials from 

ovalbumin using environmentally benign reactions and establish a protocol that can be used as a 

guide to modify other proteins. 

 

GSIGAASMEFCFDVFKELKVHHANENIFYCPIAIMSALAMVYLGAKDSTRTQINKVVRF
DKLPGFGDSIEAQCGTSVNVHSSLRDILNQITKPNDVYSFSLASRLYAEERYPILPEYLQC
VKELYRGGLEPINFQTAADQARELINSWVESQTNGIIRNVLQPSSVDSQTAMVLVNAIVF
KGLWEKAFKDEDTQAMPFRVTEQESKPVQMMYQIGLFRVASMASEKMKILELPFASGT
MSMLVLLPDEVSGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPRMKMEEKYNLTSVL
MAMGITDVFSSSANLSGISSAESLKISQAVHAAHAEINEAGREVVGSAEAGVDAASVSEE
FRADHPFLFCIKHIATNAVLFFGRCVSP 

 
Figure 6. Egg ovalbumin sequence

57
. The letters in Green represent the Lysine (K) and 

Histidine (H) sites that have been shown to participate in addition reactions. 
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Table 1.  Amino acids present on ovalbumin. Individual molecular weight, polarity, 

hydropathy and total molecular weight are shown. 
 

Amino Acid 

Molecular 

weight (Da) 

Polarity Hydropathy 

Total # of 

each amino 

acid 

Total M. Wt. of 

each amino acid 

(Da) 

Alanine, Ala, A 89 nonpolar 1.8 34 3026 

Arginine, Arg, R 174 polar -4.5 15 2610 

Asparagine, Asn, 132 polar -3.5 17 2244 

Aspartic Acid, 133 polar -3.5 14 1862 

Cysteine, Cys, C 121 polar 2.5 6 726 

Glutamic Acid, 147 polar -3.5 33 4851 

Glutamine, Gln, 146 polar -3.5 16 2336 

Glycine, Gly, G 75 nonpolar -0.4 19 1425 

Histidine, His, H 155 polar -3.2 7 1085 

Isoleucine, Ile, I 131 nonpolar 4.5 25 3275 

Leucine, Leu, L 131 nonpolar 3.8 32 4192 

Lysine, Lys, K 146 polar -3.9 20 2920 

Methionine, 149 nonpolar 1.9 16 2384 

Phenylalanine, 165 nonpolar 2.8 20 3300 

Proline, Pro, P 115 nonpolar -1.6 14 1610 

Serine, Ser, S 105 polar -0.8 38 3990 

Threonine, Thr, 119 polar -0.7 15 1785 

Tryptophan, 204 nonpolar -0.9 3 612 

Tyrosine, Tyr, Y 181 polar -1.3 10 1810 

Valine, Val, V 117 nonpolar 4.2 31 3627 

TOTAL    385 49670 
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Nanomaterials.  One of the potential applications of proteins and amino acids is in the 

nanomaterials industry. As the name suggests nanomaterials are materials whose size is 10-9 

meter and can be seen only through sophisticated equipment. If a material measures from 1-100 

nm at least in one of the dimensions then it can be termed as a nanomaterial.58 Higher 

functionality and better properties can be achieved by using nanomaterials. This is because as the 

size decreases the surface area increases thereby increasing the thermal, mechanical and/or 

optical  properties of the material.59  

 

 

Figure 7. Current and potential applications of nanomaterials. 
        

Nanomaterials are available in different shapes and new shapes are being reported every 

year.58 The current applications of nanoparticles are enormous and are expected to increase as 

more and more new materials are being developed.58, 59, 60 Figure 7 shows some of the current 

and potential applications of nanomaterials. The downside of nanotechnology is that the increase 

in new nano-sized particles is also increasing new types of contamination.58  For instance, carbon 

nanotubes are increasingly being researched for their use in various applications. As a result the 
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production of nanotubes is growing and so is the human exposure to these nanotubes. In a study 

it was revealed that carbon nanotubes enter into the body mainly through inhalation and cause 

damage to DNA.58  Bio-based materials that are also biodegradable could play an important role 

in minimizing the contamination risks.61 This motivated us to synthesize nanoparticles using 

amino acids. 

Amino acids. As mentioned above amino acids can be used for the synthesis of 

nanomaterials. There are twenty natural amino acids from which proteins are made. The list of 

amino acids is given in Table 1. The amino acids are categorized as either polar or nonpolar. 

They are natural products of metabolism in microorganisms and hence can be easily produced on 

a large scale using fermentation.62, 63 The major utilities of amino acids are as diet supplements 

and nitrogen sources in fermentations.64  With advances in technology amino acids are 

increasingly being used for more and more applications. Small to medium chain peptides are 

often used for drug delivery and stimuli-responsive hydrogel preparations.44, 54, 65, 66 Drug 

templates  conjugated with oligomeric peptides made from amino acids have been shown to 

enhance permeation into membranes thereby increasing drug activity.65  For instance, the 

permeation of low molecular weight heparin was enhanced by conjugating it with 4 arginine 

oligomers.65 Polymer thiolated with cysteine was shown to increase the absorption of insulin 

from the GI tract.65 The use of peptides for hydrogel applications was previously mentioned in 

this chapter. The other important use of amino acids has been in the synthesis of nanomaterials. 

Nanofibers were successfully prepared from polyalanine peptide chains. 67, 68 Polylysine has been 

used in the preparation of nanocomposites along with carbon nanotubes.69 Nanomaterials have 

been prepared not only from peptide segments but individual amino acids. Organogellators 

which can be used for gene therapy and drug delivery applications have been prepared from 
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glycine and aspartic acid based dendrons as shown in Figures 8 and 9.70 Dendrimers from L-

lysine were used to prepare self- assembled nanomaterials that could be disassembled using K+ 

ions or base.61  The nanostructures obtained using lysine dendrons can be seen in Figure 10.  

 

 

 

Figure 8. Dendrons prepared from Glycine and Aspartic acid. Reproduced from Kuang et 

al.,
70

 with permission. Copyright 2008 American Chemical Society. 
 

 

Alanine is the smallest natural amino acid that has chirality and can be used for making 

nonlinear optic materials which have applications in the fields of photonics and 

optoelectronics.71, 72 For optical applications it is desired to grow a huge single crystal. Figure 11 

shows the single crystal formed by doping alanine with Zinc Thiourea Chloride (ZTC). The key 

to success in the nanomaterial industry is to synthesize materials that are environmentally safe 

and also cheap, which is possible using amino acids and proteins.  
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Figure 9. TEM images of xerogel made from 1 in chloroform (a) stained by uranyl acetate. 

(b) TEM image of a dried dilute gel of 2 in toluene. Reproduced from Kuang et al.,
70

 with 

permission. Copyright 2008 American Chemical Society. 
 
 

 

Figure 10. SEM images of materials formed from lysine dendrons using (A) 2 : 1 and (B) 1 : 

4.5 dendron : diamine molar ratios. Reproduced from Smith, D.K.
61

 with permission. 

Copyright 2006 Royal Society of Chemistry. 
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Figure 11. Crystal of Alanine doped with Zinc Thiourea Chloride (ZTC). Reproduced from 

Dhumane et al.,
71

 with permission. Copyright 2008 Springer – Verlag. 
 
 
 

Characterization methods. One of the most important aspects in the development of new 

materials is characterization. Qualitative and quantitative determination of a product or reaction 

would help minimize process costs by manufacturing the products at a cheaper price. Ever 

increasing new materials have created concerns about contamination after their disposal and the 

only way to monitor the products is through qualitative and quantitative estimations.58 Hence 

well established techniques will help to trace the product throughout its journey from “cradle to 

grave”. There are a lot of instruments available that can be used depending on the properties of 

the material. For instance, thermal properties of materials can be characterized using thermo 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC), and mechanical 

properties can be measured using dynamic mechanical analysis and tensile testing. Experiment 

time and the accuracy of results vary from instrument to instrument and also depend on the 

product. However, fast and accurate characterization of materials is always desired. 
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Spectroscopic techniques such as Raman and Fourier transform infrared (FTIR) spectroscopy 

come under the category of methods that can be used for getting accurate results in less time. 

This is especially true in the case of small molecules, proteins, and amino acids. These 

complementary techniques are increasingly being used to determine the secondary structure of 

proteins and polypeptides.73-78 These methods are mostly used for qualitative determination of 

products. However, they have the potential to be used for quantitative purposes. One of the aims 

of this study is to establish a protocol for quantitative estimation of addition reactions in proteins 

and amino acids using Raman spectroscopy. Below is a brief description of each of the 

instrument used in this study. 

Fourier Transform – Infra Red spectroscopy (FTIR). The chemical groups such as –CH, -

CO, -OH, -NH, and –SH present on the polymer absorb infra red radiation giving a unique 

spectra. Each molecule gives out a unique spectrum and this phenomenon can be taken 

advantage of to discern the chemical structure of the polymer.79  

Raman Spectroscopy. Raman is similar to infra red and results from polarization of a 

molecule upon radiation. Raman spectrum is caused by inelastic collisions of the molecules. 

Raman is more sensitive to carbon chains (C-C and C=C) which often form the back bone of the 

polymer chain. Hence this technique reveals complimentary information to infra red 

spectroscopy. Raman is more commonly used to study the crystalline structure and orientation 

effects of the polymers.79 

Differential Scanning Calorimetry (DSC).  The glass transition temperature (Tg) and 

melting temperature (Tm) of polymers can be determined using DSC. It has two samples holders, 

one with an empty (reference) pan and the other filled with the sample. The differential power 

required to maintain both the pans at same temperature as a function of heating rate is measured. 



27 

 

A curve is obtained with heat flow on y-axis and temperature on x-axis. The mid point of 

inflection in the curve is the Tg and Tm is calculated from the slope of the peak that appears on 

the curve.79  

Thermogravimetric analysis (TGA). TGA provides a quantitative measurement of mass 

change in materials as a function of time or heating rate. The sample with known mass is placed 

in a heating pan which then goes to a heating chamber. The dehydration and thermal degradation 

occur as the sample is heated at a certain rate and the degraded products escape through a vent. 

The degradation rate can be used to determine the over all thermal stability of the polymers.  

 X-ray diffraction (XRD). The structure of the polymer can be identified using XRD. It 

works on the principle of Bragg’s law. When the x-ray’s hit the atoms of polymer, they oscillate 

with the same frequency as the incoming beam. In a crystal with atoms arranged randomly these 

oscillations are out of phase resulting in the cancellation of energy. However, in a crystal where 

atoms are arranged in a regular patter, these oscillations are in phase and give rise to constructive 

interference.  This phenomenon leads to a diffraction pattern which in turn can be used to 

determine the structure of the polymer.80 

Tensile Tester.  The Young’s modulus of the materials can be determined using tensile 

tester. The specimen is subjected to either tension or compression under a certain strain rate and 

the resulting stress is measured. The slope of the stress – strain curve gives the Young’s 

modulus. 

Rheometer. The viscosity and shear modulus as a function of temperature, frequency, 

applied force or time can be determined using a rheometer. In this study rheometer was used for 

determining shear modulus as a function of stress. The specimen is placed in between two plates, 

one stationary and the other moving. The movable plate is oscillated at a fixed frequency while 
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the stress is varied. Both young’s modulus and shear modulus can be correlated using the 

equation below. 

                                           � � 2�1 �  �	
                                                                      (1) 

where E is the young’s modulus, G is the shear modulus and ν is poisson’s ratio. 
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Chapter III 

Quantifying amino acid and protein substitution using Raman spectroscopy* 

 

Abstract 

Raman spectroscopy can be a powerful tool for the characterization of modified amino acids 

and proteins.  In addition to the potential for quantitative results, it offers the advantage of not 

requiring any sample preparation.  Modification of amines and thiols on amino acids and 

proteins are common reactions used for medical, biological, food, and agricultural purposes.  We 

hypothesized that the Raman spectrum could be used to quantify the reactions and would be 

more informative than typical characterization techniques such as the ninhydrin test.  To prove 

the hypothesis, the amino acids alanine, cysteine, and lysine were modified with ethyl vinyl 

sulfone (EVS) using a nucleophilic addition reaction known as the Michael addition and the 

product was characterized using Raman spectroscopy.  The Raman spectroscopy results were 

compared to UV-visible spectroscopy results based on ninhydrin analysis of the modified amino 

acids.  The Raman spectroscopy analysis was able to discern site-specific reactions on the amino 

acids and suggested that more amino acid moieties were substituted than predicted using the 

ninhydrin test alone.  Substitution of the full protein ovalbumin (OA) with EVS showed similar 

results.  The ninhydrin test showed the substitution of primary amines and thiols but could not 

detect substitution of secondary amines remaining after loss of the primary amine.  

 

 

*Reproduce with permission of Naresh K. Budhavaram and Justin R. Barone 2010. Journal of 
Raman Spectroscopy. DOI 10.1002/jrs.2738. Copyright 2010 John Wiley and Sons. 
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Introduction 

Protein modification is an important technology in the food and medical industries.1  

Determining whether the modification has taken place is a very critical step for all protein 

modifications. Qualitative identification is good but quantifying is better. Primary and secondary 

amines and thiols of individual amino acids and on amino acid side groups in full proteins are 

some of the easiest groups to chemically modify without damage to the native structure.2  One of 

the most common tools used for quantitative analysis of amines and thiols is a ninhydrin based 

assay.3-17  Ninhydrin reacts with amine and thiol groups, the absorbance of which can be detected 

using UV-visible spectroscopy.3-5  The method developed by Moore and Stein for the 

determination of α-amine groups is considered a standard procedure.13  However, unexplained 

subtleties exist in this process.3  For instance, ninhydrin is not specific to α-amine groups, 

reacting with side chain amines and thiols as well, suggesting it is sensitive to, more generally, 

basic groups.3-5  Despite these subtleties the ninhydrin reaction is very prominently used, often 

with variations in standard procedures.4, 6-9, 14-18  Ninhydrin is often used to determine the lysine 

content in proteins.4, 6-8, 17, 18  Friedman et al. found that the lysine content of several proteins can 

be accurately found using ninhydrin in lithium acetate-dimethyl sulfoxide.7  Beckwith et al. 

determined the lysine content of corn meal using ninhydrin and stannous chloride with aqueous 

DMSO as solvent.6  Hseih et al. used ninhydrin-ferric reagent to determine lysine content.8  In 

this study it was shown that the reagent was specific only to lysine and hence the color reaction 

was from lysine and not other amino acids.  These procedures work well and are well accepted.  

However, the procedure requires a lot of sample preparation and is in general tedious. 

Raman spectroscopy can potentially be used as an alternative to ninhydrin analysis.  Raman 

spectroscopy offers the advantage of being a rapid analysis tool with minimal to no sample 
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preparation.  Raman spectroscopy also has the potential to produce accurate quantitative results.  

Raman spectroscopy has been traditionally used in the analyses of inorganic molecules and 

ions.19, 20  Improvements in Raman spectroscopic techniques have increased its applicability in 

the areas of biology and pharmaceuticals.  Raman spectroscopy is increasingly being used to 

characterize simple amino acids to complex structures like proteins, enzymes, bacteria, and 

viruses.18, 21-33  Raman is insensitive to water and this provides an opportunity to characterize 

biological materials in solution thereby preserving their biological activity.  Specific signature 

regions of amino acids exist in the Raman signal.  For instance, the bulky aryl side group on 

tyrosine (Y) appears as a doublet at 820-860 cm-1 shift.22  Likewise, the bulky phenylalanine (F) 

ring appears at 1000 cm-1 shift.27  However, more subtle information on C-C, C-S, and N-H can 

also be acquired.  Stewart and Fredericks studied all the amino acids using Raman spectroscopy 

and were able to find spectral signatures of each.34  This study provides a basis for assigning 

Raman shifts for individual amino acids, data which is scarce in the literature. 

For peptides and proteins, Raman spectroscopy has been used to study secondary structure.24, 

31, 35-39  Edwards was able to fully assign all Raman shifts in the keratin FT-Raman spectrum to 

chemical groups.40, 41  However, Fourier transform-infrared (FT-IR) spectroscopy is more 

sensitive to protein secondary structure because it is determined by hydrogen bonding 

interactions between the polar C=O and H-N groups on neighboring molecules.  FT-IR has been 

used extensively in the quantitative analysis of chemical reactions but there are few reports of 

Raman spectroscopy usage for the same.42-47  Yu et al. estimated the extent of esterification in 

acetylated soy proteins based on the ratio of the 1737 cm-1 carboxylic Raman shift to the 1003 

cm-1 Raman shift from phenylalanine.45  Kuzuhara and Hori correlated the changes in disulfide 

Raman shifts in the FT-Raman spectrum of keratin with their reduction by thioglycolic acid.48   
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Amino acids, peptides, and proteins can be modified under mild reaction conditions without 

any damage to the native molecular structure or conformation using a nucleophilic addition 

reaction known as the Michael addition.  First, a nucleophile is deprotonated.  Once 

deprotonated, the nucleophile can donate an electron to an electrophile, in this case a vinyl 

group.  As mentioned above the reaction takes place at room temperature and neutral pH and in 

an aqueous environment.2, 49-51  In nucleophilic addition reactions, the rate of reaction can be 

increased with a pH increase.52  Both amines and thiols on proteins participate in the reaction and 

it is possible to control where the reaction takes place based on the reaction pH relative to the 

pKa of the amino acid functional group.2, 49 

In this study, we go beyond the characterization of secondary structure using Raman 

spectroscopy to show that quantitative chemical results can be achieved.  First using single 

amino acids and then full proteins, we compare the extent of reaction and specific reaction site of 

functionalized amine and thiol groups measured with Raman spectroscopy against standard 

protocols.   

Materials and Methods 

Materials. Technical grade egg ovalbumin (OA), dithiothreitol (DTT, mol. wt. 154.25 

g/mol), L-lysine (K, mol. wt. 146.19 g/mol), and L-cysteine (C, mol. wt. 121.15 g/mol) were 

purchased from Sigma Aldrich (St. Louis, MO).  Dialysis membranes with 3,500 g/mol 

molecular weight cut off and 95% ethyl vinyl sulfone (EVS, mol. wt. 120.17 g/mol) were 

obtained from VWR (Westchester, PA).  L-alanine (A, mol. wt. 89.09 g/mol) was purchased 

from EMD Chemicals (Gibbstown, NJ).  Ninhydrin (mol. wt. 178.18 g/mol) was obtained from 

MP Biomedicals (Solon, OH).  All of the materials were used as obtained without any further 

modifications. 
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 Substitution. For amino acid substitution, 0.5 g of amino acid was added to 30 ml of pure 

deionized (DI) water and the pH was adjusted to 9 using 4M NaOH or 3.3M HCl.  After the 

amino acid was completely soluble, the desired amount of EVS was added to the solution and 

reacted for 24 hr at 30oC.  Following reaction, the solution was dried on Teflon-coated aluminum 

foil for 2 days at ambient conditions.  

For ovalbumin substitution, 5 g of OA was added to 50 ml of pure DI water. The pH was 

adjusted to 9 using borate buffer.  To this solution, 0.0017 g (equivalent to moles of cysteine 

present on OA) DTT was added to solubilize the protein.  The solution was stirred for 30 min 

producing soluble OA.  At this point, EVS was added to the OA solution and further stirred at 

30ºC for 24 hrs.  The solution gelled during reaction.  Therefore, water was added to the gelled 

solution and stirred for 1 hr to produce a solution suitable for dialysis.  The reacted solution was 

dialyzed against pure DI water for 24 hours and the water was changed twice.  The dialyzed 

solution was dried on Teflon-coated aluminum foil at ambient conditions. 

Calculation of molar amounts. For the amino acids, the molar amount of EVS was matched 

to the number of potential reactive groups on the amino acid.  For example, alanine had one 

primary amine, NH2, on the α-carbon with a dissociation constant of pK2=9.7.  At pH 9, the ratio 

of deprotonated to protonated primary amine [NH2]/[  NH3

+ ] was 0.20.  Therefore, 16.7% of the 

primary amine groups were deprotonated and available for nucleophilic addition reactions with 

vinyl groups.  For primary amines, this value was doubled to represent the fact that secondary 

amines could also react.  However, this assumed the dissociation constant of the secondary 

amine of the substituted alanine α-carbon was the same as the primary amine and this was 

potentially a wrong assumption.  Similarly, cysteine (pK2=10.8, side group dissociation constant 

pKR=8.3) had [NH2]/[  NH3

+ ]=0.02 and [S-]/[SH]=4.70 and lysine (pK2=9.2, pKR=10.8) had 
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[NH2]/[ +
3NH ]=0.67 for the amine on the α-carbon and [NH2]/[  NH3

+ ]=0.02 for the side group 

amine (ε-amine).  A similar calculation was performed for the lysine primary and secondary 

amines, cysteine thiols, and histidine (H, pKR=6.0) secondary amines of OA yielding 12.6 

potential reactive groups (PRG) per OA molecule.  The amines of asparagine (N) and glutamine 

(Q) were not counted because of the poor acid/base properties of the amide side groups.  

However, it has been shown that these amino acids may have limited reactivity with ninhydrin, 

showing color at low wavelengths.3  In addition, the side group of arginine (R) was not counted 

because the side group dissociation constant, pKR, was 12.5 yielding very little potential 

deprotonated groups for nucleophilic addition.  The N-terminus of the OA molecule was omitted 

because of potential post-synthetic modification yielding unreactive groups.53  

Ninhydrin analysis. Ninhydrin analysis was performed to determine the number of 

unreacted amine groups in the sample.  A protocol described by Hwang and Ederer 14 was 

followed but ethanol was used instead of 1:1 acetone:butanol solution.  Meyer 54 studied the  

ninhydrin reaction in various solvents and showed that the reaction sensitivity increased with 

ethanol as the solvent.  A 15 mg sample was weighed into tubes and 5 mL of phosphate buffer 

solution at pH 7.4 added.  The tubes were vortexed to solubilize the samples.  Finally, 1 mL 

ninhydrin solution (0.35 g ninhydrin in 10 ml ethanol) was added.  A blank was prepared by 

adding 1 mL of ninhydrin solution to 5 mL of the buffer solution.  The tubes were then placed in 

boiling water and heated for 10 min.  After 10 min of reaction the hot tubes were immediately 

transferred into an ice bath and cooled for 15 min.  When ninhydrin reacted with alanine and 

lysine, a purple color developed whereas a reddish-brown color was observed in ninhydrin-

reacted cysteine.   
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 UV-visible spectroscopy. An Evolution 300 UV-visible Spectrophotometer (Thermo 

Scientific, MA, USA) equipped with VISION Pro software was used for ninhydrin analysis of 

substituted amino acids and proteins.  The samples after reaction were diluted to 29 parts of 

buffer to 1 part of sample and a wavelength scan was done from 300-700 nm.  Peaks in the UV-

visible spectrum were compared after normalizing at 300 nm and the ninhydrin control showed 

no absorbance. 

 Nitrogen (N) analysis. To determine reaction yields of substituted OA, N analysis was 

performed using an Elementar Vario MAX CNS Analyzer (Hanau, Germany).  The reaction 

yield was determined by comparing the experimentally determined amount of nitrogen to the 

expected amount of nitrogen on the substituted protein.  

 Raman spectroscopy. Characterization of all samples was performed on a Bruker Senterra 

dispersive Raman spectrometer (Bruker Optics, MA, USA).  Protein and amino acid samples 

were analyzed as dried films without further sample preparation.  Each spectrum was collected at 

785 nm excitation with a laser power of 100 mW and a spectral resolution of 9-15 cm-1.  A 20 x 

microscope objective was used and sample integration time was 20 s with 10 co-additions.  

Raman spectra were collected over nine different regions on the sample surface, baseline 

corrected, and averaged.  OPUS software was used for data collection and manipulation.  

Results and Discussion 

 Amino acids. Table I lists relevant shifts in the Raman spectra of the substituted amino 

acids.  Based on the Michael addition reaction mechanism, Raman spectroscopy made it possible 

to follow the loss of the C=C on EVS, the loss of deprotonated NH on alanine, cysteine, and  

lysine, and the change in S- (deprotonated thiol) on cysteine.  In the region 3300-2800 cm-1 shift 

there were Raman shifts of large area attributed to amine stretches, ν(NH), and carbon-hydrogen 
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Table I. Substituted amino acid and protein Raman shifts (cm
-1

). 

Assignment Alanine Cysteine Lysine Ovalbumin 

νννν(SH) - 2573 - 2570 

νννν(C=C)
a
 1611 1611 1611 1611 

δδδδ(CH) 1354 1340 1343 1340 

δδδδ(  NH3

+ ), δδδδ(NH
+
) 1141 1127 1150 1167, 1151 

δδδδ(NH2), δδδδ(NH) 1107 1085 1097, 1050 1076 

νννν(SO2)
a
 1118 1118 1118 1119 

νννν(CN) 1012 1035 998 997 
NH rock 844 866 855 848 

CH on C=C
a
 698 698 698 698 

νννν(CS)
a
 665 665 665 665 

ννννSS+ν+ν+ν+ν(S
-
) - 491 - 500 

aon EVS 
 

 

stretches, ν(CH), but there was a lot of overlap between the amino acids and EVS in this region.  

Typically, the “fingerprint” region of 1800-0 cm-1 shift is utilized because of the many different 

chemical features that appear.  For each amino acid-EVS sample, the spectra were normalized at 

the CH deformation, δ(CH) at around 1350 cm-1shift, which was a region exclusive to the amino 

acids.  The normalization was to cancel experimental artifacts that may have influenced the 

intensity.  Although the δ(NH) and ν(CN) Raman shifts were discernible in the amino acid 

spectra, the ν(SO2) Raman shift interfered with them at moderate EVS concentration, which 

made it difficult to quantify reactions with them.  So it was difficult in principle to monitor the 

formation of C-N bonds as amines were substituted with EVS.  As such, the ν(C=C), CH on 

C=C, and ν(CS) on EVS and NH rock and thiol/thiolate Raman shifts were used to quantify 

reactions because the other reactant did not interfere with resolution of these Raman shifts.      

Ninhydrin reacted with amines to produce Ruhemann’s Purple that absorbed in the UV-visible 

spectrum at 570 nm.  UV-vis absorbance at 570 nm showed a rapid decrease in the substitution 

range [EVS]/[NH]~0-1 with no further change afterwards as shown in Figure 1(a).  The  
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Figure 1(a).  The ν(C=C) and NH rock normalized Raman shifts compared to normalized 

ninhydrin-based UV-vis absorbances.  The abscissa is the ratio of EVS added to 

deprotonated NH on alanine. 
 

 

Figure 1(b). Raman shift normalizations of substituted alanine.  The abscissa is the ratio of 

EVS added to deprotonated NH on alanine. 
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Figure 1(c). Normalized ninhydrin-based UV-vis absorbance of Alanine reacted with EVS 

in various concentrations. 
 

 

ninhydrin reaction was also a nucleophilic addition reaction and was dependent on the amount of 

deprotonated nucleophile available.55 

In the Raman spectra, ν(C=C) on EVS did not appear until [EVS]/[NH]~1.  Therefore, all the 

EVS reacted with deprotonated amines on alanine up to this point.  The amount of NH decreased 

with reaction but did not stop decreasing at [EVS]/[NH]~1 as evidenced by the NH rock in 

Figure 1(a).  This suggested that NH was reacting further.  The ratio ν(CS)/NH rock in Figure 
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result showing that about 10-20% of the EVS molecules reacted after [EVS]/[NH]~1.  In Figures 

1(a) and 1(c), the UV-vis absorbance at 400 nm decreased rapidly at [EVS]/[NH]~0-1 then 

decreased slowly at higher [EVS]/[NH].  It has been suggested that the 400 nm and 570 nm 

absorbances quantify the same phenomenon.55  However, the two UV-vis absorbances changed 

differently with substitution.  The Raman spectroscopy results suggested that all EVS reacted up 

to [EVS]/[NH]~1 but at higher concentrations some EVS reacted and some remained unreacted. 

Therefore, the 570 nm UV-vis absorbance was not adequate in describing the reaction at all 

substitutions.  Based on the Raman spectroscopy results, the 400 nm absorbance more accurately 

described the entire substitution.  This may have meant that the 400 nm absorbance included 

contributions from secondary amines after all the primary amines were reacted and that the 570 

nm absorbance only considered primary amines.  It could also have meant that substitution 

shifted the pK2 of alanine to further deprotonate amines for reaction and this was only described 

by the 400 nm absorbance.  Alanine contained only one potential reactive group and the 

agreement between the 400 nm UV-vis absorbance and the Raman spectral analysis was 

reasonable. 

For EVS-substituted cysteine, similar behavior to EVS-substituted alanine was observed in 

the UV-vis results and ν(C=C) Raman shift as shown in Figure 2(a) except the UV-vis 

absorbance values were much lower.  For cysteine, the NH rock decreased up to a substitution of 

[EVS]/[S-]~1, then increased, suggesting it was finished reacting or at least reaction at the α-

carbon NH had slowed considerably at higher substitution.  At pH 9, the thiolate ion, S-, was 

more prevalent than thiol, which is shown in Figure 2(b) and expected from the pKR=8.3.  As can 

be seen in Figure 2(d), pure cysteine at pH 7 had a large Raman shift intensity at 2573 cm-1 

indicative of free SH groups.  The ν(SH) Raman shift intensity decreased significantly at pH 9  
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Figure 2(a). The ν(C=C) and NH rock normalized Raman shifts compared to normalized 

ninhydrin-based UV-vis absorbances. The abscissa is the ratio of EVS added to thiolate 

(deprotonated thiol, S
-
) available on cysteine. 

 

 

Figure 2(b).  Raman shift normalizations of substituted cysteine.  The abscissa is the ratio 

of EVS added to thiolate (deprotonated thiol, S
-
) available on cysteine. 
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Figure 2(c). Comparison of normalized Raman intensity spectra of pure and substituted 

Cysteine in the regions 2600 – 2475 cm
-1

 shift (SH bond) and 520 – 470 cm
-1

 (S-S bonds). 
 

 

Figure 2(d) Raman shift normalizations of substituted cysteine.  The abscissa is the ratio of 

EVS added to thiolate (deprotonated thiol, S
-
) available on cysteine.  
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Figure 2(e). Normalized ninhydrin-based UV-vis absorbance of substituted cysteine. 
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cystine bonds.  The amount of thiolate was about 1/3 of the total groups contributing to the 491 

cm-1 Raman shift intensity.  Indeed, the probability of S-S bonding was just as high as S-C-C 

bonding at these conditions.2 

The concentration of thiolate ions decreased rapidly up to [EVS]/[S-]~1 then decreased at a 

slower rate at higher concentrations.  EVS was able to react with deprotonated S- and NH at low 

substitution but not equally.  For every S- there was 0.034 NH capable of reacting.  The rate of 

decrease of the ν(NH) and ν(S-) Raman shifts at [EVS]/[S-]~0-1 were directly proportional to the 

reaction rate and describe the rate of consumption of each group with EVS substitution.  The 

slopes were -0.14 for ν(NH) and -2.19 for ν(S-) indicating that the thiolate was the preferred 

reaction site.56  

 

 

 

Figure 3(a). Normalized Raman spectra of substituted lysine in the region 1200 – 700 cm
-1
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Figure 3(b). The ν(C=C), NH rock, and deformations of α-NH and εεεε-NH normalized 

Raman shifts compared to normalized ninhydrin-based UV-vis absorbances. The abscissa 

is the ratio of EVS added to deprotonated NH available on lysine. 
 

 

 

Figure 3(c). Normalized ninhydrin-based UV-vis absorbance of substituted Lysine. 
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The ratio of ν(C=C)/NH rock increased more than ν(C=C)/ν(S-) so reaction was favored at S- as 

shown in Figure 2(d).  In other words, C=C on EVS was not reacting but remaining free relative  

to NH.  Relative to S-, it was being consumed.  The ratio of thiolate to NH increased at low 

concentration showing that some NH reacted then steadily declined because further reaction at 

higher EVS concentrations was predominantly at S-.  Re-examining the UV-vis data in Figures 

2(a) and 2(e) showed that the 400 nm absorbance was again more definitive in describing 

reaction and that the initial portion could be assigned to amine reaction and the later portion to 

thiolate reaction although this was only after considering the Raman spectroscopy data.  Raman  

spectroscopy had a clear advantage over the ninhydrin test with the ability to discern SH, S-, SS, 

and NH from the same experiment.57  Lysine contained two primary amines, one on the α-carbon 

and one on the side group at the ε-carbon.  pK2<pKR on lysine making the α-NH2 25 times more 

reactive than the ε-NH2 at pH 9.   

For each amino acid, concurrent amine Raman shifts appeared in the ranges of 1150-1127 

cm-1, 1107-1085 cm-1, and 1035-998 cm-1 shift, all originating from various modes of the NH 

and CN on the α-carbon.  In the lysine Raman spectrum, the ε-NH2 was discernible as a separate, 

very large Raman shift at 1050 cm-1 as shown in Figure 3(a).  For lysine, δ(α-NH) was assigned 

at 1097 cm-1 shift and δ(ε-NH) was assigned at 1050 cm-1 shift making it possible to monitor 

reaction at both amines. 

Referring to Figuress 3(b) and 3(c), there was not nearly as much change in the UV-vis 

absorption as there was with alanine and cysteine and a strong finite absorption existed at high 

[EVS]/[NH] concentration because there were many amine sites not reacted with EVS that were 

capable of reacting with ninhydrin.  At first glance, Raman shift intensity changes in ν(C=C) and 

NH rock on lysine as EVS was substituted were similar to alanine and cysteine.  Unlike alanine 
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and cysteine, Figure 3(d) shows that ν(C=C)/NH rock increased slowly at low substitution 

instead of remaining constant.  This meant that there was unreacted EVS relative to total NH.   

 

 

Figure 3(d). Raman shift normalizations of substituted lysine.  The abscissa is the ratio of 

EVS added to deprotonated NH available on lysine. 
 

 

The abscissa contained the “expected” substitution based on pKa relative to pH.  A substitution 

of 1 meant all of the expected α- and ε-NH was substituted.  Clearly, one was favored over the 

other.   

The δ(NH) Raman shifts could be used to discern where the reaction was happening as a 

function of EVS substitution.  In alanine, EVS reacted with NH2 thoroughly up to an expected 

substitution of 1.  Further reaction was slower as more NH had to become accessible and there 

was larger than expected substitution.  In cysteine, the thiolate and the α-NH2 were reacting up 
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to expected substitutions of 1 with the thiolate the more reactive site.  At higher substitutions the 

thiolate completely dominated the reaction and again substitutions were larger than expected.  So 

the preferred site can be predicted from the pKa relative to pH but reaction occurred at all 

available sites when there was opportunity.  As the opportunities to react decreased, either the 

reaction slowed (alanine) or the preferred site dominated (cysteine).  For lysine, this was no 

different as shown in Figures 3(b) and 3(d) where the α-NH was the only reactive site at low 

substitution and was completely consumed by [EVS]/[NH]~1.  Since the ν(C=C)/δ(ε-NH) 

decreased at [EVS]/[NH]~0-1 it suggested that C=C was decreasing in concentration relative to 

the ε-NH so EVS was reacting at the α-NH.  Fig. 3(a) contains the normalized Raman spectra for 

substituted lysine.  The δ(α-NH) at 1097 cm-1 for [EVS]/[NH]=1 was considered to be 0 even 

though it was difficult to discern the actual peak.  This was for several reasons: 1) the ratio 

ν(C=C)/NH rock increased but ν(C=C)/δ(ε-NH) decreased from [EVS]/[NH]~0-1 so one of the 

amines had to be consumed faster and it was not the ε-NH, which was strong and easily 

discernible at any substitution; 2) relative to the adjacent EVS peaks δ(α-NH) was getting 

smaller even though its absolute value was showing more prominently with EVS substitution; 3) 

based on the trend of taking the ratio of the adjacent EVS peaks to δ(α-NH), the Raman shift 

intensity at 1097 cm-1 and [EVS]/[NH]=1 should show prominently and it did not.  Further 

reaction at higher substitutions shifted to the ε-NH.  The amount of ε-NH relative to EVS was 

decreasing at higher substitutions thus increasing ν(C=C)/δ(ε-NH).  The UV-vis absorbances at 

400 nm and 570 nm showed the limited reaction but could not discern whether it was on the α- 

or ε-amine like the Raman spectroscopy analysis could.  

 Ovalbumin. The full protein possessed a richer Raman spectrum than the single amino acids 

and analysis was obscured by too many Raman shifts concurrent with EVS as can be seen in 
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Figures 4(a) and 4(b).  For example, the ν(C=C) Raman shift of EVS was obscured by the Amide 

I shift of the protein originating in secondary structure not present in single amino acids.  

Therefore, quantitative analysis of the full protein was more difficult.  There was no change in 

ν(SS), ν(S-) at 500 cm-1 outside of being influenced by the EVS Raman shift at 471 cm-1 as 

shown in Figure 4(c), indicating that the reduced disulfide was re-oxidized to SS and not reactive 

with EVS.  Note that DTT was dialyzed out and did not contribute to the SH or SS/S- Raman 

shifts.  The biggest difference in the full protein was the lack of an amine on the α-carbon, which 

was the most reactive site in alanine and lysine.  Therefore, the most reactive groups of the 

amino acids, thiolate and α-amine, were not present in the full protein.  Figure 4(d) shows that in 

absence of a direct measure of C=C from ν(C=C) on EVS, the adjacent ν(CS) or CH on C=C 

could be used.  This was based on the observation of an inflection in the curves at 

[EVS]/[PRG]~1.  Although not exactly the reactive site, the Raman shift from CH on C=C was 

directly attached to the reactive site and was a reliable peak to quantify the reaction because there 

was a larger change in ν(CS) indicating simply more CS from unreacted EVS so the CH on C=C 

and ν(CS) peaks did not behave equally.  The NH rock showed a rapid decrease up to an 

inflection at substitution of [EVS]/[PRG]~1 then a slower decrease.  The rapid rise of ν(CS) 

suggested simply more EVS relative to protein.  The CH on C=C and NH rock Raman shifts, 

with more gradual changes after [EVS]/[PRG]~1 and CH on C=C increasing and NH rock 

decreasing, indicated that some further reaction occurred but not at the rate that reaction occurred 

at [EVS]/[PRG]<1, which was also observed in the individual amino acids.  The three NH 

deformations shown in Figure 4(e) show a similar trend.  The Raman shift data indicated that the 

protein was fully reacted at [EVS]/[PRG]~1 to 4, which meant that some side groups may 

become reactive because they had a changing pKR as the protein was substituted or arginine,  
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Figure 4(a). Normalized Raman spectra of substituted Ovalbumin in the region 1700 – 1200 

cm
-1

 shift. 
 

 

 

Figure 4(b). Normalized Raman spectra of substituted Ovalbumin in the region 1200 – 700 

cm
-1

 shift. 
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Figure 4(c). Normalized Raman spectra of substituted Ovalbumin in the region 700 – 400 

cm
-1

 shift. 
 

 

Figure 4(d). The CH on C=C, ν(CS), and NH rock normalized Raman shifts.  The abscissa 

is the ratio of EVS added to deprotonated potential reactive groups (PRG) on ovalbumin. 
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Figure 4(e). The δ1(NH), δ2(NH) and δ3(NH) normalized Raman shifts. The abscissa is the 

ratio of EVS added to deprotonated potential reactive groups (PRG) on ovalbumin. 
 

 

Figure 4(f). Normalized ninhydrin-based UV-vis absorbances and nitrogen content 

molecular weight analysis of substituted ovalbumin.  The abscissa is the ratio of EVS added 

to deprotonated potential reactive groups (PRG) on ovalbumin. 
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asparagine, and glutamine could be substituted to an extent.  The UV-vis results (both at 400 nm 

and 570 nm) and molecular weight analysis (based on nitrogen) of the modified protein samples  

shown in Figure 4(f) correlated with CH on C=C in Figure 4(e).  Similar to the Raman 

spectroscopy data, gradual changes can be observed for [EVS]/[PRG]>1 for both the molecular 

weight analysis data and UV-vis results.  

Conclusions 

The amino acids alanine, cysteine, and lysine and the full protein ovalbumin were substituted at 

deprotonated amine and thiol groups using a facile nucleophilic addition reaction.  The degree of 

substitution and substitution sites could be accurately quantified using Raman spectroscopy 

without any additional sample preparation.  This was accomplished by observing the changes in 

the reactive sites of the substituent, in this case EVS, and the reactive amine or thiol groups of 

the amino acid or protein.  The reactive sites that most accurately described the substitution were 

ν(C=C), CH on C=C, and ν(CS) Raman shifts on EVS and the NH rock and disulfide/thiolate 

Raman shifts on amino acids and protein.  The Raman spectroscopy results were in good 

agreement with a standard ninhydrin-based UV-vis assay.  Raman spectroscopy offered distinct 

advantages over the UV-vis assay by exactly showing the reaction sites.  In the case of cysteine, 

which was traditionally found to be difficult to quantify with the ninhydrin test, the thiols, 

disulfides, thiolates, and deprotonated amines could be monitored.  For amino acids with α-

amines and side group amines, Raman spectroscopy was able to discern if the reaction was 

taking place on primary or secondary amines at the α or side group sites.  The techniques 

developed for the single amino acids were applied successfully to the characterization of the 

substitution of the full protein ovalbumin.  
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Chapter IV 

Protein substitution affects glass transition temperature and thermal stability 

Abstract 

When proteins are removed from their native state they suffer from two deficiencies: (1) 

glassy behavior with glass transition temperatures (Tg) well above room temperature and (2) 

thermal instability.  The glassy behavior originates in multiple hydrogen bonds between amino 

acids on adjacent protein molecules.  Proteins, like most biopolymers, are thermally unstable.  

Substituting ovalbumin with linear and cyclic substituents using a facile nucleophilic addition 

reaction can affect Tg and thermal stability.  More hydrophobic linear substituents lowered Tg by 

interrupting intermolecular interactions and increasing free volume.  More hydrophilic and cyclic 

substituents increased thermal stability by increasing intermolecular interactions.  In some cases, 

substituents instituted cross-linking between protein chains that enhanced thermal stability.  

Internal plasticization using covalent substitution and external plasticization using low molecular 

weight polar liquids show the same protein structural changes and a signature of plasticization is 

identified. 
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Introduction 

Currently, there is a large effort to develop polymers from renewable sources in direct 

response to the price of petroleum.  For example, polylactic acid (PLA) is currently the largest 

volume renewable polymer sold commercially and is made from the fermentation of cornstarch.  

PLA has the potential to be cost and property competitive with some petroleum-based polymers 

if a suitable fermentation substrate is used.  Agriculture is diverting more corn supply into 

ethanol and less into food and PLA prices have increased and supplies decreased because it is the 

tertiary priority.  It would be advantageous to find a source for renewable polymers that does not 

compete with food or fuel.  Proteins that are the by-product of agriculture and food processing 

are not derived from petroleum and are not a primary food product so they do not compete with 

food or fuel and will not be compromised when demand for those products rises.  Proteins 

contain nitrogen and sulfur and cannot be directly converted to fuel very easily.  So making 

polymers from by-products could be very cost effective if suitable processing methods can be 

found.   

Nature builds high performance structures by rational assembly of proteins.   For example, 

feather has a density of ρ~0.8 g/cm3, modulus of E~1.5-10.0 GPa, stress to break of σb=100-200 

MPa, and strain to break of εb~5-26% in its native state depending on hydration and type of 

feather.1-7  Isolated and re-processed keratin formed into, for instance, films maintains this 

modulus but εb decreases to ~1% and  increases to ρ~1.4 g/cm3.8  It is the interaction of the 

proteins at the different length scales that come together to form a macroscopic material of high 

properties.  When the individual proteins are separated from the native structure they no longer 

possess the properties of the original assemblage.  The proteins are typically very brittle when 

isolated and this limits their usefulness.  Experimental observations and theoretical treatments of 
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biopolymeric structures show that it is indeed the rational assembly that is responsible for the 

high toughness and low density.9-13  Unique to proteins are the richness of interactions available 

between two molecules.  Proteins typically rely on covalent, ionic, hydrogen bonding, and 

hydrophobic interactions.  Proteins have high modulus because each amino acid can interact 

multiple times with another amino acid on another molecule.  When removed from the natural 

assemblage, these interactions are also responsible for the very high glass transition temperatures 

(Tg) of proteins that make them glassy and brittle. 

To compensate for the brittle behavior of isolated proteins they are typically plasticized with 

low molecular weight polar compounds that can include water, glycerol, ethylene glycol and its 

polymers, propylene glycol and its polymers, sorbitol, diethylene glycol-monomethyl ether, 

diethanolamine, and acylated monoglycerides.14-23  Plasticization comes at a large cost to 

strength and stiffness.23  Plasticizers decrease inter-molecular interactions and increase free 

volume.  Native protein structures do not require plasticization to the high levels necessary with 

isolated protein structures, although they do require a small amount of hydration for proper 

function.  The largest problem with plasticizers may be migration, which occurs naturally but is 

hastened by increased temperature or exposure to water because of their hydrophilic nature.  

Therefore, it would be advantageous to increase the flexibility of proteins without large costs to 

strength and stiffness and without having a diffusible component in the product. 

The Michael addition is a nucleophilic addition reaction between electron-rich nucleophiles 

and electron-poor electrophiles.24-26  Specifically, the protein contains nucleophilic primary (-

NH2) and secondary (-NH) amines and thiols (-SH) that add to electron-poor carbon-carbon 

double bonds in substituted olefins (CH2=CH-R).  The reaction proceeds at room temperature 

and near neutral pH in water making it a very facile and green reaction.  The high nucleophilicity 
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of amines and thiols means that no catalyst is required although a slightly basic solution can 

increase kinetics.25  Depending on the chemistry of R, the functionality of the protein can be 

altered.  Depending on the size of R, the ability of two protein molecules to hydrogen bond to 

one another could be affected.  Protein functionalization using the Michael addition reaction has 

been reported previously but with different intents.  Ranucci et al
24  modified bovine serum 

albumin (BSA) and human serum albumin (HSA) by grafting poly (amido amine) chains onto 

the proteins without denaturing the protein for drug delivery applications.  Sereikaite et al
25 and 

references therein modified BSA by crosslinking it with divinylsulfone (DVS) also for potential 

biomedical applications. 

       In this study, modification of egg albumin (EA) protein through the Michael addition 

reaction has been investigated.  Technical egg albumin is a non-edible refuse protein from the 

food industry.  Egg albumin (EA) or ovalbumin contains 385 amino acids, 185 of which are 

polar, 6 are cysteine, and all amino acids are present.27  It has a molecular weight of 49,670 

g/mol.   EA is soluble in its native form but after processing becomes insoluble presumably 

because the intra-molecular cystine bonds are converted to inter-molecular.28  Many eggs do not 

pass USDA inspection so there is lots of egg albumin available.  Egg albumin is 41% α-helix, 

34% β-sheet, 13% random coil, and 12% β-turn so it has potential for high physical properties.29  

Efforts for utilizing egg albumin as polymers started as long ago as the 1940’s.30-32  EA has been 

covalently modified using ethyl vinyl sulfone (EVS) a chemical with a hydrophobic end on the 

other side of the carbon-carbon double bond and acrylic acid (AA) a compound with a 

hydrophilic end on the other side of the carbon-carbon double bond.  The effect of EVS and AA 

substitution on EA was investigated using Fourier transform-infrared (FT-IR) spectroscopy, 
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differential scanning calorimetry (DSC), thermo gravimetric analysis (TGA), and x-ray powder 

diffraction (XRD).   

 Materials and Methods  

 Materials. Technical grade egg ovalbumin, dithiothreitol (DTT), reagent grade BS (mol. wt. 

118.15 g/mol), AA (mol. wt. 72.01 g/mol), and MA (mol. wt. 97.07 g/mol) were purchased from 

Sigma Aldrich (USA).  Dialysis membranes with 3500 g/mol molecular weight cut off and 95% 

EVS (mol. wt. 120.17 g/mol) were obtained from VWR (USA).  All of the materials were used 

as obtained without any further modifications. 

 Substitution. 5 g of OA was added to 50 ml of deionized water.  The pH was adjusted to 9 

using borate buffer solution.  To this solution, 0.0017 g (equivalent to moles of cysteine present 

on OA) DTT was added and the solution stirred for 30 min producing soluble OA. 33  At this 

point, various concentrations of substituents were added to the OA solution and further stirred at 

30ºC for 24 hrs.  The substituent level was determined by the amount of deprotonated to 

protonated nucleophile on the amino acid side group, i.e., [NH2]/[ ] or [S-]/[SH].  For OA, 

the lysine primary amines (K, pKR=10.8), cysteine thiols (C, pKR=8.3), and histidine secondary 

amines (H, pKR=6.0) yielded 12.6 potential reactive groups (PRG) per OA molecule at pH 9.  

The amines of asparagine (N) and glutamine (Q) were not counted because of the poor acid/base 

properties of the amide side groups, although this may not be entirely true.34  The side group of 

arginine (R) was not counted because the side group dissociation constant, pKR, was 12.5 

yielding very little potential deprotonated groups for nucleophilic addition.  Finally, the 

secondary amine of the α-carbon was assumed highly inaccessible because of its position on the 

protein main chain and potential to hydrogen bond to another main chain.  The N-terminus of the 

  NH3

+
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OA molecule was omitted because of potential post-synthetic modification yielding unreactive 

groups.  

Addition of EVS, BS, and MA did not affect pH.  Addition of AA reduced the solution pH to 

4 and 4N NaOH was added to adjust pH back to 9.  The solutions were then dialyzed against 

deionized water for 24 hours and the water was changed every 12 hours.  The dialyzed solution 

was poured onto Teflon-coated aluminum foil and dried at ambient conditions.  During reaction, 

the EVS and BS solutions gelled.  Water was added to the gelled solution and stirred for 1 hr 

before dialysis.  The dried samples were ground into fine powders using a mortar and pestle.  

 Nitrogen analysis. To determine reaction yields of substituted OA, nitrogen analysis was 

performed using an Elementar Vario MAX CNS Analyzer (Hanau, Germany).  The reaction 

yield was determined by comparing the experimentally determined amount of nitrogen to the 

expected amount of nitrogen as the protein was substituted.  

Thermal analysis. Thermal analysis was performed on 8-10 mg samples in a nitrogen 

atmosphere.  Given the difficulties associated with thermal analysis of biopolymers, at least three 

samples were analyzed using three different instruments so the glass transition (Tg) and thermal 

degradation (Td) temperatures could be well defined.35-37  The samples were analyzed on TA 

Instruments’ SDT Q600 simultaneous DSC/TGA (differential scanning 

calorimeter/thermogravimetric analyzer), DSC Q100, and TGA Q500.  For DSC, a two-cycle 

analysis was used.  In the first cycle, the sample was equilibrated at 30ºC then heated to 150ºC at 

a rate of 10ºC/min, equilibrated at 150ºC for two minutes, then air-cooled to 30ºC.  In the second 

cycle, the sample was heated to 300ºC at a rate of 10ºC/min. The glass transition temperatures 

were clearly defined and good agreement was found between samples and instruments.  For 

thermal stability analysis using TGA, the samples were heated to 600ºC at a rate of 10ºC/min. 
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       Fourier transform-infrared (FT-IR) spectroscopy. A Thermo-Nicolet 6700 FT-IR 

spectrometer with a Smart Orbit diamond ATR cell was used.  The spectrum was collected with 

a total of 64 scans and a resolution of 4 cm-1 and then baseline corrected and smoothed.  

Deconvolution of the Amide I band into individual components was accomplished with OMNIC 

v 7.3 software.  The spectral region 1750-1590 cm-1 of the original spectrum was fitted with 

Gaussian/Lorentzian peaks.  The number of peaks and their position were determined by the 

automatic peak finding feature of the program at low sensitivity and full width at half height of 

3.857.  

       X-ray powder diffraction (XRD). XRD patterns were recorded on a PANalytical X'Pert 

PRO X-ray diffractometer (Westborough, MA) using Co radiation generated at 40 kV and 40 

mA.  Scanning was done with a Theta/Theta goniometer from 2-70 °2θ with a step size of 

0.0668545 °2θ at a time of 600 s.  The incident wavelength was λ=0.179 nm.  

 

Figure 1. Change in glass transition temperature, Tg, with OA substitution. 
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Results and Discussion 

Glass transition temperature. The experimentally determined Tg of OA reduced with DTT 

was 221oC, which was close to the value of 208oC found by Katayama et al., for native OA using 

high ramp rate DSC.38  Discrepancies originated in our use of reduced OA, which would make 

more amino acids available for hydrogen bonding thus increasing Tg, and a more typical, slower  

DSC heating rate for polymers.  Figure 1 shows the reduction of OA Tg with substitution.  

Lines are fits of the Tg data to the Couchman-Karasz equation, which has been shown to fit 

biopolymer Tg data reasonably well 

    (1) 

where wp was the weight fraction of OA protein, wsg was the weight fraction of substituted 

group (EVS, AA, BS, and MA), and Tg,p was the glass transition temperature of OA which was 

494 K (221oC).37, 39  The glass transition temperature of the substituted group, Tg,sg, was treated 

as a fitting parameter with Tg,sg = 420, 465, 480, and 494 K providing the best fits for EVS, AA, 

BS, and MA data, respectively.  For comparison, the plasticization of OA with glycerol is 

included.  Figure 1 shows that EVS covalently attached to OA was a very efficient plasticizer, 

even more so than glycerol, up to a mild degree of substitution.  However, EVS could not reach 

the ultimate level of plasticization of glycerol, which was Tg reducing to room temperature.  

Figure 1 has the ratio of substituent groups to potential reactive groups, [SG]/[PRG], plotted on 

the abscissa.  Asymptotic behavior was observed after [SG]/[PRG]~5-10, which could have 

indicated that the maximum amount of EVS had been added to OA and would not change Tg 
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Figure 2 (a). dTGA analysis of OA substituted with  EVS. 

 

Figure 2(b). dTGA analysis of OA substituted with AA. 
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Figure 2(c). dTGA analysis of OA substituted with BS. 
 

 

 

Figure 2(d). dTGA analysis of OA substituted with MA. 
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Figure 3. Change in thermal degradation temperature, Td, with OA substitution. 
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OA-BS showed a decrease in Td until [SG]/[PRG]~8 then an increase in Td until saturating at 

[SG]/[PRG]~30 and it was upon the increase in Td that the degradation rate decreased. 

 Structural changes with substitution. In the FT-IR spectra, the 1300-1200 cm-1 and 1150-

1025 cm-1 regions were signature regions of the protein and substituent making quantitative 

assessment of structure difficult (data not shown).  The presence of substituent was easily 

discernible as sharper, more discrete peaks superimposed on top of broader protein peaks.   

Protein structural changes during plasticization manifested as changes in the Amide I peak.37  

Amide I described the state of protein carbonyls, mostly from the main chain, and were highly 

correlated with protein secondary structure.40  It was also sufficiently far from substituent peaks, 

with the AA carbonyl appearing at 1694 cm-1, the MA carbonyl appearing at 1687 cm-1, and 

ν(C=C) on EVS and BS appearing at 1611 cm-1.  As OA was substituted, the Amide I or ν(C=O) 

peak around 1630 cm-1 broadened.  The peak broadening originated in changing states of ν(C=O) 

on main chain amides, i.e., their participation in β-sheet, random coil, or α-helix conformations.  

The results of Amide I peak deconvolution are shown in Figure 4.  Included in each data set is 

the change in OA secondary structure between the native OA and reduced, solubilized, and 

solution cast OA.  The native OA deconvolution results show the same β-sheet and random coil  

content as Ngarize et al., but less α-helix.41  In our deconvolution we assigned peaks to β-turns at 

1668 cm-1 and antiparallel β-sheets at 1683 cm-1.  As these structures and α-helix all appeared at 

the highest wavenumbers in the peak, our deconvolution added a contribution from antiparallel 

β-sheets while reducing the α-helix contribution.  Predominantly, we were interested in the 

change in β-sheet relative to random coil, which described the maximum and minimum hydrogen 

bonding states, respectively, and therefore could potentially correlate with the glass transition.  

Upon reduction of OA, there was a loss of β-sheet structure with a concurrent and nearly equal  
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Figure 4(a). Results of Amide I peak deconvolution for OA substituted with EVS. 
 

 

Figure 4(b). Results of Amide I peak deconvolution for OA substituted with AA. 
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Figure 4(c). Results of Amide I peak deconvolution for OA substituted with BS. 
 

 

Figure 4(d). Results of Amide I peak deconvolution for OA substituted with MA. 
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Figure 5. Change in Amide II peak with OA substitution. 
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Increasing substitution did not change OA-EVS or OA-MA but OA-BS and OA-AA then shifted 

higher in wavenumber.  

Diffraction patterns from OA and substituted OA materials were typical of semi-crystalline 

proteins with two diffuse halos at Bragg spacings of about 0.46 and 1.10 nm.43  The 0.46 nm 

spacing represented the distance between two protein molecules in a native β-sheet independent 

of the protein’s primary structure.  The 1.10 nm spacing represented the inter-sheet distance 

between two stacked β-sheets and was a function of the shape and size of the amino acid side 

chains.43  The peaks were diffuse because of the non-uniform size of the β-sheets, their random 

arrangement in the powder diffraction experiment, and the presence of amorphous regions.  The 

diffraction patterns for OA materials were normalized at the 2θ=9.5o or d=1.10 nm peak for 

comparison.  OA-EVS and OA-BS showed similar behavior.  As substitution increased, the 1.10 

nm peak broadened and the 0.46 nm peak sharpened and grew in intensity as exemplified by 

OA-EVS XRD patterns in Figure 6(a).  OA-AA did not show much change as shown in Figure 

6(b).  The sharp peaks occurring at high substitution were consistent with crystallized acrylic 

acid .44 

Structural signatures of plasticization and thermal stability. The observed thermal 

behavior can be directly correlated to the structural changes of the OA protein as various 

functionality was added.  Figure 7 shows the structure of each substituent added onto the protein.  

EVS added medium chain branching with a hydrophobic end, AA added short chain branching 

with a hydrophilic end, BS added a slightly hydrophilic ring, and MA added a more hydrophilic 

ring.  By adding each onto OA, the native protein secondary, tertiary, and quaternary structures 

were modified.   
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It has been observed previously that the decrease in β-sheets and increase in random coils, as 

measured by Amide I peak deconvolution, and the broadening of the 1.10 nm peak and 

sharpening of the 0.46 nm peak, as measured by XRD, correlate with increasing external 

plasticization of proteins by glycerol.37  OA-EVS exhibited both behaviors and had the largest Tg 

decrease so these trends may be a signature of the protein structural rearrangements necessary to 

transition from a glassy to a rubbery state.  Taking the FT-IR and XRD data together, a potential 

mechanism could be substitution first occurred at available side groups on random coils at 

[EVS]/[PRG]~0-5.  The added free volume, manifesting as a decrease in Tg, allowed some of the 

previous random coils to now form β-sheets.  In other words, there was more probability of two 

main chains finding each other to hydrogen bond.  In the direction normal to the main chain on 

the side groups, any introduced β-sheets were now pushed apart, minimizing interactions in this 

direction.  So free volume at low substitution was in the side group direction.  Although there  

 

 

Figure 6(a). XRD results for OA substituted with EVS. 
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Figure 6(b). XRD results for OA substituted with AA. 
 

 

 

Figure 7. Chemical structure of substituents and schematic depicting how electron poor 

vinyl groups add to electron rich amines and thiols on the protein. 
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was an increase in β-sheets the amount per unit volume was smaller than in the native state 

resulting in the Tg decrease.  Further substitution, i.e., [EVS]/[PRG]~5-20 occurred on side  

groups and on main chain amines, both of which were available for reaction in solution.  There 

was then a decrease in β-sheets and an increase in random coils with free volume introduced 

between main chains and in the side group direction and a further decrease in Tg.  At these 

substitution levels, the chains had very little interaction with each other so the interactions per 

unit volume were small resulting in a low Tg.  At [EVS]/[PRG]>20, no further decrease in Tg 

occurred.  This was also the region where no further changes in the FT-IR Amide I and II were 

observed.  The limited internal plasticization of OA with EVS appeared related to the ability to 

continue to substitute.  Elemental analysis showed that the yield decreased to 70% at 

[SG]/[PRG]~25 and then dropped precipitously.  Further changes in the XRD could be related to 

excess EVS aggregating around the protein, which were not manifesting as protein changes at 

all.  Sharp peaks in the OA-AA and OA-BS XRD patterns at high substitution support the theory  

that excess substituent aggregated or crystallized around the protein and was too large or too 

bound to diffuse during dialysis.   

OA-AA and OA-BS exhibited less pronounced changes in protein secondary structure and 

the limited reduction of Tg appeared to be related to this.  In addition, AA added more hydrogen 

bonding potential to the protein and any structural change could be compensated for by more 

hydrogen bonding.  BS added stiffness to the protein chain that again could compensate for any 

structural changes to maintain Tg.  The addition of MA disrupted β-sheets and increased random 

coil content.  Again, the chain stiffness added by the ring compensated for this resulting in no Tg 

change. 
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Unlike the EVS system, the potential for interactions between protein molecules substituted 

with AA, BS, or MA was high.  For AA, it was through hydrogen bonding interactions forming 

AA dimmers.44, 45  For BS and MA, it was through cross-linking across the C=C bond in the ring. 

46-50  These interactions, along with the ring structure of BS and MA, maintained the high glass 

transition temperature of the protein even though the native protein structure was disrupted.  

These interactions also had an influence on the thermal stability of the protein.  Indeed, 

maleimide and sulfone have been used to stabilize thermoplastic polymers to high temperature.51, 

52  In this study, the sulfones did not impart thermal stability instead causing degradation at 

~285oC, which was lower than the native protein, but higher than some thermoplastic materials.  

Thermal stability was imparted through increased protein-protein interactions.  The smaller 

changes in Amide I in FT-IR analysis for these materials showed that more intermolecular 

interactions were contributing to thermal stability.  The fact that MA did not have marked 

decreases in thermal degradation rate could be because it had 2 C=O and 1 N-H on the ring that 

maintained degradation rate regardless of the shift in Td with intermolecular interactions.  

However, there was spectroscopic evidence that OA-MA intermolecular interactions may not 

have been as strong as OA-AA and OA-BS intermolecular interactions.  OA-AA and OA-BS 

displayed shifting in Amide II at the same points in substitution that reduced thermal degradation 

was observed indicating that this may be a signature of the strongest intermolecular interactions.  

Conclusions 

Glass transition temperature (Tg) could be reduced using EVS which is a linear substituent 

with hydrophobic end group. The thermal stability increased by increasing hydrogen bonding or 

covalent interactions between proteins as was observed in the case of protein substitution with 

AA, BS, and MA.  FT-IR spectroscopy and XRD quantitatively described changes in the 
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structure of the proteins that correlated with changes in the glass transition temperature and 

thermal stability.  The limiting factor for internal plasticization is the number of available 

potential reactive groups on the protein. However, the feasibility of the method to reduce the 

glass transition temperature has been successfully demonstrated in the current study. 
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Chapter V 

Chemistry between crosslinks affects the properties of peptide hydrogels 

 

Abstract 

Protein hydrogels were prepared by substituting ovalbumin with different concentrations of 

ethyl vinyl sulfone (EVS) or acrylic acid (AA) and crosslinking with divinyl sulfone (DVS).  

Fourier transform-infrared (FT-IR) spectroscopic studies confirmed the addition of EVS, AA, 

and DVS onto the protein.  Swelling was assessed as a function of pH in the range of 2.5 to 9.4 

and ionic strength.  The elastic modulus of the gels was determined in shear and compression.  

Stress relaxation was assessed in compression.  The substituent highly affected swelling and 

modulus with both hydrogels displaying non-Gaussian behavior in the range of hydrogel 

environments studied.  Acrylic acid substituted ovalbumin exhibited a decreasing modulus with 

increasing swelling behaving as a polyelectrolyte with low added salt content.  Ethyl vinyl 

sulfone substituted ovalbumin displayed an increasing modulus with swelling originating in the 

finite extensibility of the highly swollen chains.  AA substituted OA showed higher modulus and 

reduced swelling compared to EVS substituted OA because of its ability to hydrogen and ionic 

bond to other molecules.  
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Introduction 

The ability of hydrogels to swell to many times their original volume in water is one 

interesting property that makes them desirable for biological applications.  Hydrogels are used as 

stimuli-responsive materials 1-3 often termed smart materials 4, 5 for drug delivery applications 6-8, 

3D scaffolds for cell culture and tissue engineering  9-14, and superabsorbent gels in the sanitary 

industry. 15  The properties of hydrogels are often tailored to suit the end use.  Hydrogels made 

from synthetic polymers have been used because of their availability and superior swelling 

properties. 16-19  Hydrogels made of poly(acrylamide), poly(acrylic acid), and poly(methacrylate) 

are common.  However, for the biomedical industry it is desirable to have a hydrogel that is 

biocompatible and biodegradable.  Hence the research focus in recent years has shifted to 

hydrogels made of natural polymers.  Hydrogel synthesis by crosslinking polymers like chitosan 

20, dextran 3, 7, 21, and other polysaccharides 22 has been attempted.  Efforts were also made to 

create hydrogels by crosslinking proteins.6, 23-25 

Elastin and collagen based hydrogels have been prominently featured because of their elastic 

nature. 26-30  Annabi et al reported the synthesis of porous hydrogels at atmospheric conditions 

and in the presence of high pressure CO2 and obtained gels with modulus around 3-18 kPa and 

swelling ratio of 9-18 (g liquid/g protein). 26   Leach et al used α-elastin that swelled up to 250% 

and had modulus around 90-100 kPa. 28  De novo synthesis of proteins or peptides mimicking 

elastin is also one active research area. 31-35  Wang et al reported the synthesis of a protein that 

formed coiled coils and attached it to synthetic polymers to give hybrid hydrogels. 34  Genetically 

engineered Calmodulin protein that can bind to calcium and form hydrogels was reported by 

Ehrick et al. 33 The disadvantages of elastin are that it is scarce, expensive, and difficult to 
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solubilize.  In the case of de novo synthesis, the yield of the fermentation process is low forcing 

the product into high priced niche markets. 

The mechanical properties of hydrogels are also important in biological applications. 26  For 

soft materials like hydrogels there are not many established techniques for measuring the 

mechanical properties.  Commonly used mechanical characterization techniques are rheology 

and unconfined compression. 36-38  New methods for accurate determination of the mechanical 

properties are being researched. 39, 40  Mathematical models are also being developed to estimate 

the properties of hydrogels that are difficult to determine experimentally. 1, 11, 41 

The challenges involved in preparation and characterization of hydrogels serve as motivation 

for the current work.  The properties of hydrogels are determined by the amount of crosslinks 

and the length and chemistry of the sequence between crosslinks.  As such, we hypothesized that 

it was possible to influence hydrogel properties in any protein by chemically modifying the 

protein to have specific crosslinks and chemical groups between crosslinks.  This can be 

achieved using simple nucleophilic addition reactions in which vinyl containing groups can react 

with amines and thiols present on the protein. 42  Ovalbumin was chosen as a “model” protein 

because its structure and sequence have been well characterized and it has a variety of amino 

acids for chemical substitution. 43  This study focused on preparing hydrogels and characterizing 

them using vibrational spectroscopy, swelling studies, dynamic rheological, and static 

compression experiments.  

Materials and Methods 

Materials. Technical grade ovalbumin (mol. wt. 49.8 kDa), dithiothrietol (DTT, mol. wt. 

154.5 g/mol), divinyl sulfone (DVS, mol. wt. 118.15 g/mol) and acrylic acid (AA, mol. wt. 72.01 

g/mol) were purchased from Sigma Aldrich (USA).  Dialysis membranes with 3,500 g/mol 
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molecular weight cut off and 95% ethyl vinyl sulfone (EVS, mol. wt. 120.17 g/mol) were 

obtained from VWR (USA).  

Synthesis of ovalbumin hydrogels. The hydrogels were prepared using Michael type 

addition reactions.  The amines on the protein reacted with the vinyl group of AA, EVS, and 

DVS.  Ovalbumin (5 g) was added to 50 mL of deionized water followed by the addition of 

0.017 g of DTT.  DTT was used to reduce the cysteine bonds and make the protein soluble in 

water.  The pH of the solution was adjusted to 9.0 using borate buffer.  After 30 min, the protein 

was crosslinked by adding 0.5 g (427 µL) of DVS to the solution and reacting for 24 h at 30 ⁰C.  

The reacted solution was dialyzed against deionized water for another 24 h.  The water was 

changed every 12 h.  Solid disks were prepared by pouring the dialyzed solution into molds with 

diameter 12 mm and depth 3 mm at regular intervals until a thick gel formed.  Solid disks were 

formed by evaporating the water at ambient conditions. 

Synthesis of AA and EVS substituted ovalbumin hydrogels. Ovalbumin was solubilized 

as above and AA or EVS added to the solution.  The pH dropped to 4.0 after adding AA and was 

adjusted back to 9.0 using borate buffer.  The reaction was run for 24 h at 30 ⁰C and the solution 

was dialyzed for 24 h again changing the water after 12 h.  After dialysis, the pH of the solution 

was adjusted to 9.0, 0.5 g (427 µL) of DVS was added, and the reaction was run for another 24 h 

followed by 24 h of dialysis.  Solid disks were prepared as described above.  Three molar ratios 

of AA or EVS to ovalbumin (0.2, 0.4 and 0.5) were used.  These corresponded to the added 

volumes of 153 µL, 306 µL, and 383 µL for AA and 265 µL, 530 µL, and 663 µL for EVS.  It 

was found that crosslinking before substituting interfered with the substitution reaction but 

substituting before crosslinking did not.  Substituting first left the protein molecules soluble and 
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spaced far apart allowing for an easy crosslinking second step.  Crosslinking first did not allow 

this to happen. 

Notation. The following abbreviated names were used.  Ovalbumin and DVS hydrogel 

(OD), ovalbumin substituted with AA and crosslinked with DVS: OAD0.2, OAD0.4, and 

OAD0.5 (corresponding to the AA:ovalbumin molar ratio 0.2, 0.4, and 0.5, respectively), and 

ovalbumin substituted with EVS and crosslinked with DVS: OED0.2, OED0.4 and OED0.5. 

Swelling studies. Dry gels were weighed (wd) and placed in potassium phosphate buffer 

solution containing penicillin at the corresponding experimental pH.  Hydrogels were hydrated 

for 20 h, which was found to be long enough to reach equilibrium swelling.  The hydrated gels 

were removed from the solution, blotted with Kim wipes to remove excess water, and weighed 

again (wh).  The equilibrium swelling ratio (Q) was calculated from 

dry

eq

V

V
Q =      (1) 

where Veq was the hydrated hydrogel volume and Vdry was the dry hydrogel volume. 44  The 

volumes were found from wd and wh by using the polymer density of 1.41 g/cm3, calculated 

using reference 45, and a composite density of a swollen hydrogel. 

Fourier Transform-Infrared (FT-IR) spectroscopy. A Thermo-Nicolet 6700 FT-IR 

spectrometer with a Smart Orbit diamond ATR cell was used.  Dry hydrogel samples were 

ground into a fine powder using a mortar and pestle and placed on the ATR crystal.  The 

spectrum was collected over the range of 3400-400 cm-1 with a total of 64 scans and a resolution 

of 4 cm-1 and then baseline corrected and smoothed. 

Rheology. An AR 2000 rheometer (TA instruments, NJ, USA) was used to perform 

rheological measurements.  The sample was sandwiched between 8 mm diameter parallel plates 

held inside a custom full immersion container so the hydrogels could remain fully hydrated.  The 
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plates were separated by 2 mm.  Stress sweep tests were conducted from 1-100 Pa at 1 Hz 

frequency.  Potassium phosphate buffer, pH adjusted to 7.4 was used to hydrate the gels. 

Compression testing. The unconfined compression and stress relaxation tests were 

performed using a TA.HD plus (Stable Micro Systems, Surrey, UK) mechanical tester equipped 

with a 5 kg load cell.  For both tests, fully hydrated gels were cut into disks of 4 mm diameter 

and 2.5-3 mm height and submerged in a bath of potassium phosphate buffer at pH 7.4.  Elastic 

modulus was calculated from the linear region after applying a strain rate of 0.1 mm/s over 1% 

strain.  This was found to be in the linear viscoelastic range.  Stress relaxation experiments were 

performed similarly by straining the samples 1% for 300 min.  

Results and Discussion 

Appearance. After reaction, re-hydration of the samples showed they were insoluble.  OED 

samples were transparent while OAD and OD samples opaque as shown in Figure 1.  Opacity 

was indicative of structure formation in OAD, which refracted light.  The lack of structure in 

OED made it transparent. 

 

Table I. Stress Relaxation Parameters. 

Hydrogel σeq (kPa/kPa) τ (s
-1

) β r
2
 

OD 0.090 2589 0.234 0.979 

OAD0.2 0.099 668 0.579 0.988 

OAD0.4 0.147 606 0.296 0.988 

OAD0.5 0.064 879 0.649 0.987 

OED0.2 0.021 3999 0.305 0.990 

OED0.4 0.199 213 0.297 0.978 

OED0.5 0.099 1417 0.278 0.989 
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Figure 1. Photographs of hydrated protein hydrogels. 
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Figure 2a. FTIR AA- substituted OA hydrogels in the range of 1800-800 cm
-1

. 
 

 

Figure 2b. FTIR spectra of the region 1800-1700 cm
-1

 of AA- substituted OA hydrogels. 
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Figure 2c. FTIR of EVS- substituted OA hydrogels in the range of 1800-800 cm
-1

. 

 

FT-IR spectra. FT-IR spectra for dried hydrogels are shown in Figure 2.  Crosslinking of 

ovalbumin with DVS was best exemplified by the appearance of νs(S=O) at 1125 cm-1, which 

was not coincident with any groups on ovalbumin or AA.  The peaks around 1634 cm-1 and 1526 

cm-1 originated in the protein and were assigned to amide I and amide II absorbances, 

respectively.  The amide I absorbance formed from main chain ν(C=O) and amide II from δ(N-

H) present on the protein backbone and side chains.  The amide II peak at 1526 cm-1 for pure 

ovalbumin shifted to 1516 cm-1 in the crosslinked protein indicating the DVS reaction site on 

ovalbumin was amine groups.  The shift of the amide II absorbance was another method to 

quantify the crosslinking of ovalbumin. 

Carboxylic acid and carboxylate groups on acrylic acid made it distinctive to find relative to 

ovalbumin and DVS.  It was difficult to discern ν(COO-) on acrylic acid because it appeared near 

δ(CH) between 1400 cm-1 and 1500 cm-1.  However, the COOH absorbance appeared 
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prominently at 1740 cm-1 and increased with acrylic acid concentration as shown in Figure 2b.  

Although EVS and DVS had similar FT-IR spectra because of similar chemical structures, 

differences were still discernible.  Notably, EVS had a methyl group displaying δas(CH3) at 1457 

cm-1 that was absent in DVS, which contained no CH3.  EVS substitution produced a progressive 

shift of δas(CH3) from 1447 cm-1 on ovalbumin towards 1457 cm-1 on EVS.  The different 

environment of the sulfone on EVS produced ν(S=O) at 1049 cm-1, which was different than 

DVS.  This absorbance increased in intensity with EVS substitution on ovalbumin as shown in 

Figure 2c.  Although coincident with DVS, νas(SO2) at 1309 cm-1 and νs(SO2) at 1127 cm-1 on 

OED increased in intensity above and beyond that of OD and OAD, indicative of EVS 

substitution.  Amide I did not change in OAD hydrogels but shifted to lower wavenumber in  

 

 

Figure 3. Swelling ratio, Q, of hydrated OA hydrogels as a function of pH. 
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Figure 4. Compressive, E, and dynamic shear, G*, modulus of hydrated OA hydrogels at 

pH 7.4 as a function of molar ratio of AA- and EVS- to OA. 
 

OED hydrogels.  This was an indication that acrylic acid substitution maintained secondary 

structure and ethyl vinyl sulfone substitution re-arranged the ovalbumin secondary structure.  

Swelling studies. All the samples showed a similar trend with respect to pH as shown in 

Figure 3.  The swelling of the crosslinked protein can be attributed to ionic groups on protein 

amines and carboxylic acids. 23, 46, 47  At pH 2.6, negatively charged groups became protonated 

and neutral and only amines existed as positively charged groups thus swelling the hydrogels.  At 

pH 2.6, OD swelled the most because it contained the most positively charged amines.  The other 

hydrogels lost amine groups with substitution.  As pH increased a minimum in swelling was 

reached at pH~4.5, which was near the protein isoelectric point, pI. 48  OAD showed the least 

swelling because this was also the pI of acrylic acid.  Therefore, OED had the highest swelling 
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OAD gels lying below and OED gels lying above the swelling boundary.  This suggested that 

OED hydrogels had a higher overall charge than OAD hydrogels or perhaps a different structure.  

Mechanical properties. The compressive elastic, E, and dynamic shear, G*, moduli of the 

gels are shown in Figure 4.  In general, modulus increased with increasing substitution at low 

substitution before saturating.  In all cases, E~3G*, which was consistent with a linear elastic 

material and showed the high correlation between the uniaxial and shear experiments performed 

separately.  All hydrogels had weak loss moduli of G''~3-5 kPa (Figure 5b).  The storage 

modulus, G', was an order of magnitude higher than the loss modulus confirming the elastic 

nature of the gels as shown in Figure 5a.  The hydrogel storage modulus did not show any 

dependence on applied stress in the range of 10-100 Pa. 

 

 

Figure 5a. Storage, G',  modulus of hydrated OA hydrogels at pH 7.4 obtained from stress 

sweep experiments. 
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Figure 5b. Loss, G'', modulus of hydrated OA hydrogels at pH 7.4 obtained from stress 

sweep experiments. 
 

To compare stress relaxation behavior, stress values were averaged then normalized by the 

maximum value and the results are plotted in Figure 6 with short time behavior in the inset.  All 

stress relaxation curves were fit to a stretched exponential of the form 
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where σeq is the equilibrium stress value at long time and τ is the overall stress relaxation 

time. 49  The results are contained in Table I.  OAD0.5 relaxed the most while OD relaxed the 

least.  In other words, the highest modulus hydrogel relaxed the most and the lowest modulus 

hydrogel the least.  OAD0.4 and OED0.4 showed the fastest stress relaxation.  Interestingly, the 
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a function of swelling ratio, Q.  For an equal amount of crosslinking and substitution, ethyl vinyl 

sulfone and acrylic acid had profoundly different effects on the overall hydrogel.  OAD 

hydrogels displayed decreasing modulus with increasing swelling ratio, typical of most swollen 

rubbers.  For a Gaussian network where elasticity originates from chain entropy, the modulus 

should scale as G~Q-1/3. 50  However, the modulus decrease with swelling for OAD hydrogels 

was stronger with G~Q-1.  This was related to the ionic nature of the acrylic acid modified 

protein and appeared consistent with the modulus dependence of polyelectrolyte hydrogels with  

 

 

 

Figure 6. Stress relaxation results of hydrated hydrogels. The gels were relaxed for 18,000 

sec under an applied strain of 1%.  Y-axis represents normalized stress values.  Inset shows 

the early time data to highlight the faster relaxation of OAD0.4 and OED0.4 gels. 
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Figure 7. Compressive, E, and dynamic shear, G*, modulus of hydrated hydrogels vs. 

swelling ratio, Q, at pH 7.4. 
 

 

a low amount of ionic character as proposed by Skouri et al 51 and Rubinstein et al. 52  OED 

hydrogels displayed increasing modulus with increasing swelling ratio.  This result was 

consistent with a highly stretched network displaying non-Gaussian behavior. 51, 53, 54   
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as well. 20, 55  Lee et al attributed the decreased swelling to ionic bond formation between 

chitosan and acrylic acid. 20  Burkeev et al cited the denser structure of the copolymer (β- 

vinyloxyethylamide of acrylic acid with acrylic acid or methacrylic acid) as a reason. 55  Acrylic 

acid was known to form dimers through hydrogen bonding of the carbonyl on one acid to the 

hydroxyl on another and the bonding energy of dimers was more than peptide hydrogen bonding 

energy. 56  We hypothesized that acrylic acid formed ionic bonds with positively charged amines 

on the protein and hydrogen bonds with the protein and other acrylic acids.  These bonds acted as 

additional crosslinks, hindered the swelling of the OAD gels, and imparted higher modulus.  

Figure 8 displays the 3600-2000 cm-1 IR absorbance region, which was characteristic of 

hydrogen bonding. 57  Hydrogen bonding manifested as an increase in the area of the large peak 

in this absorbance region.  The addition of acrylic acid onto ovalbumin increased hydrogen 

bonding while the addition of EVS did not.  In fact, OED hydrogen bonding interactions  

 

 

Figure 8a. FTIR spectra of dry AA- substituted OA in the range of 3600 - 2000 cm
-1
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Figure 8b. FTIR spectra of dry EVS- substituted OA in the range of 3600 - 2000 cm

-1
. 

 
 

 

Figure 9. Swelling ratio, Q, of hydrated hydrogels as function of added NaCl concentration 

at pH 7.4. 
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decreased with increased substitution.  Although EVS was a hydrogen bond acceptor, the lack of 

donors from loss of amines upon substitution prevented additional hydrogen bonding in this 

system.  Specific hydrogen bonding interactions were not discerned but the increased hydrogen 

bonding in the OAD gels existed. 

To discern ionic interactions, the hydrogels at pH 7.4 were swelled in solutions with added 

NaCl.  At high added salt concentration, all hydrogels displayed Q~3 similar to the result at 

pH~pI~4.5 as shown in Figure 9 (note the data at 0 M Added NaCl is the same as in Figure 3).  

So when all charge was screened, either by adjusting pH to the isoelectric point or by adding 

anions and cations, all of the hydrogels behaved similarly, swelling to about 3 times their 

original dry volume.  At high salt concentration or pH~pI, the swelling was simply from the 

addition of water solvent to the network.  When charged, OED displayed higher swelling then 

OAD.  Since EVS was not charged, it was the intrinsic protein charge providing the additional 

swelling.  The longer EVS molecule may have prevented amino acid side groups from 

interacting.  The appearance of the sulfonyl in the middle of the substituent may have made it 

difficult to hydrogen bond.  The charged acrylic acid readily interacted with other chains to 

prevent swelling and increase modulus. 

The 0.4 molar substitution ratio represented a critical point, showing the highest swelling, 

asymptote in modulus, and fastest stress relaxation behavior.  The hydrogels were prepared by 

substituting then crosslinking.  There were 68 primary amines, 37 secondary amines, and 6 thiols 

on ovalbumin amino acid side groups.  The total of 111 potential reaction sites formed the basis 

for the molar ratios.  Based on the acid/base properties of the amino acids and the reaction pH of 

9, 12.6 potential reactive groups per ovalbumin molecules would be expected.  However, it was 

determined that the actual number of reactive groups on ovalbumin was at least 50 as measured 
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by Raman and UV-visible spectroscopy. 58  As such, at a molar substitution ratio of 0.4, about 87 

groups were reacted when counting the DVS crosslinker too.  At this substitution, the ovalbumin 

appeared saturated.  At higher substitution, i.e., 0.5 molar ratio, the hydrogels were more 

substituted than covalently crosslinked.  For OAD, the ability of acrylic acid to interact highly 

with other substituted protein chains further increased modulus.  However, the overabundance of 

substituents relative to covalent crosslinks did not allow for faster relaxation or increased 

swelling.  

Conclusions 

 Ovalbumin was successfully substituted and crosslinked using facile nucleophilic addition 

reactions.  All substituted ovalbumin hydrogels showed higher modulus than the unsubstituted 

control sample.  The chemistry of the substituent highly influenced the hydrogel, allowing for 

increased swelling or faster stress relaxation.  Hydrophilic substitutents like acrylic acid, which 

were capable of interacting with other substituted protein chains, increased modulus and 

decreased swelling.  Substituents like ethyl vinyl sulfone that were less capable of interacting 

with other substituted protein chains allowed for increased swelling but decreased modulus.     
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Chapter VI 

Self-assembled structures from modified alanine 

Abstract 

Structures like spheres and fibers have a lot of potential applications in the chemical and 

biomedical industries. It would be more desirable if these structures were synthesized from 

biomolecules in an energy efficient manner. Here we report synthesis of such structures using 

simple chemical reactions and characterization of the structures. Nucleophilic Michael-type 

addition reactions were used to conjugate L-alanine, a natural amino acid, with ethyl vinyl 

sulfone (EVS) under environmentally benign conditions. Alanine and EVS were reacted in 

different concentrations at pH 9.0 and 30 ⁰C. The resulting samples were subjected to FTIR, 

TGA, SEM and XRD analysis. The conjugated alanine self-assembled into different structures 

like bars and fibers depending on the concentration of EVS. This work demonstrated the 

feasibility of micron-scale structure synthesis using single component systems. 
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Introduction 

Nature routinely synthesizes structures in different shapes and sizes in water at neutral 

conditions. Most of these structures form through self-assembly, which is driven mainly by non-

covalent interactions.1 It has become evident that mimicking nature’s way to synthesize materials 

could be energy and economically efficient. As a result, a lot of the current self-assembly 

research is focused on bio-inspired technologies and materials.1 Recent efforts are more focused 

on self-assembly of biomolecules that offer less toxicity than their synthetic counterparts.2-6 

Cellulose and chitosan are examples of naturally available polymers that are being used for 

biomaterial synthesis.7, 8 Other biopolymers include proteins like silk and elastin.9, 10 The 

molecular weight of these biopolymers usually ranges from 103-106 g/mol. The individual 

components from which these superstructures are built are also of immense value. The naturally 

available amino acids with their chiral nature and reactive groups offer a lot of possibilities for 

the creation of biomaterials and self-assembled structures. Structures based on amino acid 

derivatives have already been reported and are being extensively researched.3, 11, 12  

Alanine is the smallest chiral molecule and hence there is a huge interest in using it for 

various applications.13, 14 However, derivatized alanine and alanine based polypeptides have 

found more use than pure alanine. Mostly fibrous structures have been reported from polyalanine 

while fibers, ribbons and tubes have been synthesized using derivatized alanine.15-17 Most of the 

structures from alanine derivatives that have been reported were prepared using two or three 

component systems.15, 18 

In this study we report the formation of various structures from a one component system 

obtained using modified L-alanine. L-alanine was conjugated with ethyl vinyl sulfone using 

nucleophilic Michael-type addition reactions in aqueous solution. Michael-type addition 
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reactions take place at amines and thiols present on amino acids and at room temperature. 

Though the reactions can occur at neutral pH, basic conditions will increase the kinetics.19 The 

vinyl group of sulfone reacted with amine on alanine (Figure 1), forming one dimensional bars 

and fibers at lower concentrations of EVS.  Fourier transform-infrared (FT-IR) spectroscopy, X-

ray powder diffraction (XRD), thermogravimetric analysis (TGA) and scanning electron 

microscopy (SEM) were used to investigate the structures.   

 

 

Figure 1. Primary amine group on alanine reacting with vinyl group on EVS in water at 

room temperature and pH 9. 
 

Materials and Methods 

 Materials. L-alanine (A, mol. wt. 89.09 g/mol) was purchased from EMD chemicals and 

ethyl vinyl sulfone (EVS, mol. wt. 120.17 g/mol) was purchased from VWR.  

Alanine substitution.  0.5 g of L-alanine was added to 50 mL of deionized (DI) water and 

the pH was adjusted to 9. After the amino acid completely dissolved, the desired amount of EVS 

was added to the solution and reacted for 24 hr at 30⁰ C. Following reaction, the solution was 

dried on Teflon-coated aluminum boats for 2 days at ambient conditions. The molar ratio of 

alanine to EVS was based on the number of potential reactive sites (amine groups) on amino 
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acid. Alanine has 1 NH2 and so the total number of reactive sites was counted as 2, since both 

primary and secondary amines can participate in the reaction.20  

Fourier Transform-Infrared spectroscopy (FT-IR). A Thermo-Nicolet 6700 FT-IR 

spectrometer with a diamond ATR cell was used.  The spectrum was collected with a total of 64 

scans and a resolution of 4 cm-1 and then baseline corrected. Data collection and analysis was 

done using OMNIC v. 7.3 software. The original spectrum was deconvoluted by fitting with 

Gaussian/Lorentzian peaks. The number of peaks and their position were determined by the 

automatic peak finding feature of the program at low sensitivity and full width at half height of 

3.857.  

X-ray powder diffraction. XRD patterns were recorded on a PANalytical X'Pert PRO X-ray 

diffractometer (Westborough, MA) using Cu radiation generated at 45 kV and 40 mA.  Scanning 

was done with a Theta/Theta goniometer from 2-70° 2θ with a step size of 0.0668545° 2θ at a 

time of 600 s.  The incident wavelength was λ=0.1541 nm.  

Scanning Electron Microscopy (SEM). A LEO (Zeiss) 1550 Field Emission Scanning 

Electron Microscope was used for measuring the modified alanine samples. The dried samples 

were mounted on aluminum stubs and coated with Au.  

Results and Discussion 

 SEM analysis. Different structures of modified alanine were observed using SEM as shown 

in Figure 2. The control sample, Alanine at pH 9.0, assembled into random structures while bars 

were observed for [EVS]/[NH] ~ 0.6 and fibers for [EVS]/[NH] ~ 1.2 followed by random 

structures at higher concentrations of EVS. This implied that there were upper and lower 

substitution limits within which the formation of ordered structures took place. 
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FT-IR characterization. We previously quantified the reaction of alanine with EVS using 

Raman spectroscopy (Chapter 3).21 Raman and IR are complementary techniques so the present 

data analysis is more focused on the IR spectra. Alanine conjugation with EVS was evident from 

IR spectra as shown in Figure 3. Strong absorbances from EVS in modified alanine can be 

observed confirming the presence of both alanine and EVS in the final product. The addition 

reaction takes place on amines and so the reaction efficiency can be estimated by following the 

loss of amine absorbances in the IR spectrum.  

The absorbances in the 1650 cm-1 – 1485 cm-1 region were from ν(C-N), δ(C-NH), δs(  NH3

+ ), 

δas(  NH3

+ ), and ν(COO-) bands (Figure 3b).22 We have shown changes in the amine absorbances 

as the amine is deprotonated and substituted (Chapter 7). In summary,   NH3

+  decreased in 

intensity and shifted to higher wavenumber with deprotonation and substitution, which is shown 

in Figure 3b.  For this reason, the peaks have been deconvoluted to quantify the contributions 

from NH3
+/NH2/NH and COO- groups on alanine. The peak areas of the deconvoluted peaks at 

1612 cm-1, corresponding to ν(C-N) and δ(C-NH) on primary amines and δas(NH3
+), 1577 cm-1 

corresponding to δas(COO-), and 1517 cm-1 corresponding to ν(C-N) and δ(C-NH) on secondary 

amines and δs(NH3
+) are plotted in Figure 4.22, 23 The NH intensity decreased with an increase in 

EVS concentration and saturated after [EVS]/[NH] ~ 2.  The opposite was observed with the 

COO- absorbance with intensity increasing until [EVS]/[NH] ~ 2 and then saturating.  Based on 

the number of available NH groups, the saturation after [EVS]/[NH]=2 was expected and show 

that secondary amines participate in the reaction, which was possible in the absence of steric 

hindrance.20  As another check on the role of primary and secondary amines in the reaction, the 

2590 cm-1 and 2505 cm-1 amine absorbances have been considered (Figure 3c).22 The intensities 

of these absorbances were compared by normalizing the peak at 850 cm-1 as there was no 
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contribution from EVS in this region.  As can be seen in Figure 5, the same trend as with NH in 

Figure 3 was observed where the peak intensities decreased until [EVS]/[NH] ~ 2 and then 

saturated. However the intensity started decreasing at [EVS]/[NH] ~ 0.5. The delay intimates that 

primary amines react first and that secondary amines react later so the 2590 cm-1 and 2505 cm-1 

absorbances arise from secondary amines.  The observed saturation at [EVS]/[NH] ~ 2 originated 

in the unavailability of primary and secondary amines. 

 

 

Figure 2. SEM images of (a) Alanine control pH 9.0 and [EVS]/[NH] = (b) 0.6, (C) 1.2, (d) 3, 

and (e) 6. 
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Figure 3a.  IR spectra of dried control and modified alanine samples along with EVS in the 

region of 1330 cm
-1

 to 1050 cm
-1

. EVS absorbances can be seen in the modified samples. 
 
 
 

 

Figure 3b. IR spectra of dried control and modified alanine samples along with EVS in the 

region 1650 cm
-1

 to 1400 cm
-1

. The 1650 cm
-1

 to 1400 cm
-1

 absorbances originate in various 

NH2, NH modes and COO
-
 present on the amino acid and CH3 present on alanine and 

EVS. 
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Figure 3c. IR spectra of dried control and modified alanine samples along with EVS in the 

region of 2700 cm
-1

 to 2400 cm
-1

.  The absorbances in this region are due to νννν(NH). 
 

 
 

 

Figure 4. Peak areas from the deconvoluted IR spectrum plotted as a function of molar 

ratio of EVS to NH on alanine. The absorbances in the 1700 cm
-1

 – 1485 cm
-1

 region were 

from νννν(C-N), δδδδ(C-NH), δδδδs(  NH3

+ ), δδδδas(  NH3

+ ), and ν(COO
-
) bands. 
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Figure 5. Intensities of the normalized νννν(NH) absorbances at 2590 cm
-1

 and 2505 cm
-1

 

plotted against the molar ratio of EVS to NH on alanine. 

 

 

The region from 1475 cm-1 to 1420 cm-1 was deconvoluted to evaluate the contribution from 

δas(CH3) groups (1470 cm-1) present on both alanine and EVS.23  The absorbance increased with 

an increase in EVS concentration and again saturated after [EVS]/[NH] ~ 2 (Figure 4).   The 

signature peak from νas(S=O) in EVS appeared at 1122 cm-1 as shown in Figure 3a.22  However, 

in the modified alanine samples the peak shifted to 1130 cm-1 while the absorbance at 1112 cm-1 

increased (on a normalized scale) with an increase in EVS concentration and a new absorbance 

emerged at 1095 cm-1 for [EVS]/[NH] ~ 3.  The νs(S=O) at 1277 cm-1 in the pure EVS shifted to 

1272 cm-1 in the substituted samples and a new absorbance from sulfone appeared at 1291 cm-1  

at [EVS]/[NH] > 2.22 The shifts could mean that both sulfonyls were hydrogen bonding 

because we observed bonding of only one sulfonyl as peak splitting (Chapter 7).  The 977 cm-1 

absorbance from the vinyl group C-H bend on EVS was observed in modified alanine at 
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[EVS]/[NH] > 2.22 This meant that there was unreacted EVS left over in the sample. This 

observation was more evident with Raman spectroscopy.21 

Thermal stability of modified alanine. Thermal stability of alanine and modified alanine 

was analyzed by taking the first derivative of the TGA weight loss curve with temperature 

(dTGA) as shown in Figure 6.  Peaks in the dTGA curve denote degradation temperature (peak 

position) and degradation rate (peak area).  Alanine had a high thermal degradation temperature 

of about 275 ⁰C because of an ordered structure caused by hydrogen bonding. Both the alanine 

control pH 9 sample and modified alanine samples showed lower degradation temperatures than 

pure alanine. Solubilizing alanine at pH 9 and recasting clearly disrupted some of the original 

hydrogen bonding and charged network. For the alanine control pH 9 a dTGA peak could be 

seen at 200 ⁰C. There was a charge imbalance at pH 9 and so the newer, lower temperature peak 

could have originated in deprotonated amines not ionically or hydrogen bound to other groups. 

The substitution of EVS onto alanine created a more complex thermal degradation behavior than 

in pure alanine. A large peak associated with the alanine portion of the material decreased with 

an increase in EVS concentration. While the EVS might have caused the alanine degradation 

temperature to decrease, two new peaks emerged in the 300 ⁰C – 375 ⁰C region. This implied 

that substitution induced increased order resulting in a thermal stability increase related to the 

presence of EVS. In the [EVS]/[NH] ~ 6 sample, a small peak was observed at ~ 100 oC, which 

is the boiling of unreacted EVS in the sample. 

EVS substituted alanine structure. The structure of L-alanine has been previously studied 

and is reported to be orthorhombic with the plane 120 on the c-axis being the longest axis.24 In 

the substituted alanine samples two new peaks at 1.19 nm and 1.07 nm appeared which were 

from EVS as can be seen in Figure 7. The 120 plane (0.43 nm) could still be seen in these 
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samples. However, with an increase in EVS concentration, the peaks in the wide angle region (> 

16⁰) decreased. As EVS attached to alanine the molecule became bulkier. This could induce a 

disorder in the other alanine crystalline planes due to the lack of bonding and hence a peak 

disappearance was observed. 

Bars were observed at [EVS]/[NH] ~ 0.6 so originated from one EVS attaching to alanine but 

not all alanines substituted. Fibers were observed at [EVS]/[NH] ~ 1.2 and formed because some 

alanine molecules had both amines substituted and some did not.  At higher EVS concentrations, 

completely substituted alanine resulted in random structures.  Taking the spectroscopy and XRD 

data together, it appeared as if partially substituted alanine formed sheets that grew into various 

micron-sized structures.  The appearance of new XRD peaks at 0.45 nm and 0.54 nm suggested 

these are inter-molecule distances potentially mediated by sulfonyl-amine hydrogen bonding 

given their similarity to typical carbonyl-amine hydrogen bonding between peptide molecules in 

β-sheets.  The new peaks at 1.09 nm and 1.17 nm related to the inter-sheet distance and at very 

high substitution were the highest intensity.  Aggregation was inhibited at this point resulting in 

random structures.  However, at intermediate substitutions the sheets could aggregate enough to 

form bars and fibers.  Either sulfonyl apparently participated in the aggregation as evidenced by 

the shifting rather than peak splitting.  As will be shown in Chapter 7, this was not the case for 

EVS substituted lysine.     
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Figure 6. dTGA of alanine samples. 
 

 

  
Figure 7. X-ray powder diffraction of pure alanine and modified alanine in the region 2θ = 

5⁰ to 40⁰. 

 

0

0.5

1

1.5

2

2.5

3

0 100 200 300 400

Pure Alanine
Alanine pH 9.0
[EVS]/[NH] = 1.2
[EVS]/[NH] = 3
[EVS]/[NH] = 6

d
(%

W
)/

d
T

Temperature (
o
C)

0

2 10
5

4 10
5

6 10
5

8 10
5

1 10
6

1.2 10
6

1.4 10
6

1.6 10
6

0

2 10
6

4 10
6

6 10
6

8 10
6

5 10 15 20 25 30 35 40

[EVS]/[NH] = 1.2

[EVS]/[NH] = 3.0

[EVS]/[NH] = 6

Pure Alanine

In
te

n
s
it
y

P
u

re
 A

la
n

in
e

 In
te

n
s
ity

o
2θ

1
.1

9
 n

m

1
.0

7
 n

m

0
.4

3
 n

m



127 

 

Conclusions 

A single component system to self-assemble large structures was prepared using simple 

nucleophilic addition reactions. The number of modified amino acids in the sample defined the 

final structure of the product as observed by SEM. The reaction efficiency in terms of degree of 

substitution could be discerned by following signature peaks in the FT-IR spectra and by 

deconvoluting the overlapping regions. FT-IR revealed substitution of both primary and 

secondary amines at higher concentration of EVS. dTGA analysis displayed increased thermal 

stability in EVS substituted alanine. XRD analysis revealed the transitions from pure crystal to 

bars to fibers and finally random structures in the modified alanine.  
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Chapter VII 

Self-assembly of peptide-like microtubules 

 

Abstract 

Self-assembly has emerged as a unique method to produce ordered structures over many 

length scales.  The unique feature of self-assembly is the minimization of free energy through 

molecular interaction leading to structure formation.  Many morphologies have been produced 

from self-assembly including spheres, ribbons, sheets, cylinders, and tubes.  Of these, the tube is 

a fairly complicated structure.  Here, we show the spontaneous formation of micron-sized tubes 

from a single component system.  Ethyl vinyl sulfone substituted lysine formed sheets that then 

rolled up under the natural chirality of the amino acid to form the tube.  The sheets were formed 

by secondary amine-sulfonyl hydrogen bonds as determined by Fourier transform-infrared and 

Raman spectroscopy.  X-ray diffraction showed the inter-molecular distance to be similar to that 

between two protein molecules in a β-sheet.      
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Introduction 

Self-assembly is an interesting processing concept because it relies on minimizing the free 

energy of interaction embodied in the molecules to create structures rather than the application of 

external energy.  Thus self-assembly is not an energy intensive process and could be a very 

pragmatic and inexpensive method to make materials if the right system were found.  Nature 

relies heavily on self-assembly to produce structures.  Nature does this by very precisely forming 

molecules that will spontaneously interact in aqueous solution and presumably is its way to 

conserve energy.  Millions of years of evolution have honed this process.  Attempts by 

researchers to self-assemble structures can be more complicated compared to nature, using 

complex solutions with organic solvents and multiple components and not aqueous solutions at 

standard conditions.  However, the structures observed, ribbons, tubes, and sheets along with 

other shapes, are formed by noncovalent interactions between the molecules of the various 

components, which is very similar to a natural motif.1-10  Two component systems in particular 

have been used in the past because of the ease of having different charged ends, geometries, and 

amphiphilic properties that can interact to form a shape. 

Bio-based molecules are of particular interest because of the connection to the natural motif 

and potential use in biomedical applications.  Most assembly of bio-based molecules relies on 

the same principles as the synthetic systems: multicomponent systems or molecules with various 

chemical moieties to initiate assembly.  Peptides and peptide-like materials10 and amino acid-

based dendrimers11 have been used for the synthesis of amphiphilic molecules that can then self-

assemble in solution based on preference of the molecules for themselves and the solvent.  A 

variety of resulting structures can be obtained from short peptide amphiphiles including 

nanotubes and nanofibers.12  Varying the type and concentration of metal ions allowed peptides 
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to assemble into rosettes and spores.13  Self-assembly of peptides can result in structures such as 

fibers, tubes, spheres, and sheets.14 

Using smaller bio-based molecules is a rather interesting motif because of a potentially easier 

synthesis and less complicated assembly.  Derivatives of lysine1, alanine15, glycine,16 aspartic 

acid,16 and phenylalanine17 have been reported in the synthesis of structures.  The largest 

drawback to most of these approaches is the deviation from the aqueous standard conditions at 

which nature operates.1  Hirst et al. reported fibrous and flat platelet structures from two 

component gel systems containing lysine based dendrites and diaminododecane.8  Fibers from 

derivatives of glycine and aspartic acid were developed by Kuang et al.16 while Battacharya et 

al.17 used bipolar urethane amides of L-phenylalanine.  Jang et al. synthesized fibers, wires, 

ribbon-like structures, tubules and plate-like structures using a three component system of 

terephthaloylbisalanine, dodecylamine and one of the metal complexes of zinc, cadmium, and 

copper.15 

Tubes are a common structure in nature, for instance in the form of veins or viruses like 

tobacco mosaic virus.18  Compared to spheres or fibers, tubes are thermodynamically more 

complex to assemble.  In addition to the previously cited reports, tubes have been formed from 

glycylglycine amphiphiles by inducing helix unraveling with a decrease in pH.19  It was shown 

that the assembly into tubes was driven by acid-acid interactions while acid-base interactions at 

high pH caused helix formation.  Ghadiri et al. synthesized a cyclic unit with eight peptides that 

assembled into tubes by stacking into β-sheets.20 Other studies include tubes from glutamic acid 

based lipophilic molecules21 and from simple amphiphilic groups and aromatic cores.22  All tube 

formation fell into two categories: 1) close packing of helices into tubes through hydrogen 

bonding and 2) stacking of ring-type structures held together by non-covalent interactions.  
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The goal of this project was to self-assemble microtubules from one component, small 

molecule systems.  In this study we report tubular structures obtained using modified lysine.  

Lysine was chemically substituted with ethyl vinyl sulfone (EVS) using nucleophilic Michael-

type addition reactions in aqueous solution.  The vinyl group of EVS reacted with amines on 

lysine.  At the correct pH, temperature, and EVS substitution, dried solutions yielded tubes and 

sheet-like structures.  Fourier transform-infrared and Raman spectroscopy, x-ray diffraction, and 

scanning electron microscopy were used to investigate the structures.  

Materials and Methods 

Materials. L-lysine (Lys or K, mol. wt. 146.19 g/mol) was purchased from Sigma Aldrich 

and ethyl vinyl sulfone (EVS, mol. wt. 120.17 g/mol) was purchased from VWR.  

Lysine substitution.  0.5 g of L-lysine was added to 50 ml of pure water and the pH was 

adjusted to 9.  After the lysine completely dissolved, the desired amount of EVS was added to 

the solution and reacted for 24 hr at 30 oC.  At the end of the reaction, the pH dropped to 6.  

Following reaction, the solution was dried in Teflon-coated aluminum boats for 2 days at 

ambient conditions.  The molar ratio of lysine to EVS was based on the number of potential 

reactive sites (amine groups) on lysine.  Lysine has 2 NH2’s and so the total number of reactive 

sites was counted as 4, since both primary and secondary amines can participate in the reaction.23 

Fourier Transform-Infrared (FT-IR) spectroscopy. All samples were analyzed with a 

Thermo-Nicolet 6700 FT-IR spectrometer.  Dried samples were collected on a SmartOrbit 

diamond ATR cell with a total of 64 scans and a resolution of 4 cm-1.  Solution samples were 

collected on a ZnSe trough also in ATR mode over 256 scans and a resolution of 4 cm-1.  Spectra 

were baseline corrected and analyzed using OMNIC v. 7.3 software.   
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Raman spectroscopy. A Bruker Senterra dispersive Raman spectrometer was used to 

characterize the modified lysine samples.  Samples were analyzed as dried films without further 

sample preparation.  Each spectrum was collected using a 20x objective at 785 nm excitation 

with a laser power of 100 mW, a spectral resolution of 9–15 cm-1, and a sample integration time 

of 20 s with 10 co-additions.  Raman spectra were collected over nine different regions on the 

sample surface, baseline corrected, and averaged.  OPUS v. 6.5 software was used for data 

collection and analysis. 

X-ray powder diffraction (XRD). XRD patterns were recorded on a PANalytical X'Pert 

PRO X-ray diffractometer (Westborough, MA) using Cu radiation generated at 45 kV and 40 

mA.  Scanning was done with a Theta/Theta goniometer from 2-70° 2θ with a step size of 

0.0668545° 2θ at a time of 600 s.  The incident wavelength was λ=0.1541 nm.  

Scanning Electron Microscopy (SEM). A Zeiss LEO 1550 Field Emission Scanning 

Electron Microscope was used for measuring the modified lysine samples.  Dried lysine samples 

were mounted on stubs, Au coated, and imaged at 5kV and 5 mm working distance.  

Results 

Microtubes. At Lys:EVS molar ratios of ~1:0.5 to 1:1 sheet, rosette, and microtubular 

structures were observed as shown in Figure 1.  The relative amount of each structure depended 

on the level of EVS substitution.  Pure lysine prepared in the same manner without EVS 

(Control) showed no discernible structure formation (Figure 1a).  Pores began to appear at low 

EVS substitution (Figure 1b).  Around Lys:EVS 1:0.5 discernible tubes appeared as shown in 

Figure 1c.  Closer examination revealed that the tubes were rolled sheets with the sheet thickness  
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Figure 1. SEM images of (a) control, Lys:EVS (b) 1:0.2, (c) 1:0.5 and (d) 1:1. 
 

 

defining the inner and outer diameters of the tube.  The sheets were 0.16±0.11 and 0.34±0.16 µm 

thick at Lys:EVS 1:0.5 and 1:1, respectively.  As the molar ratio of Lys:EVS in the tube forming 

regime increased, less tubes and more rosettes and sheets were observed (Figure 1d). 

X-Ray diffraction and vibrational spectroscopy of microtubes. X-ray powder diffraction 

showed that EVS substituted lysine had a very different crystal structure from lysine treated 

under the same conditions.  While some of the lysine crystal structure was conserved (Figure 2a), 

new length scales at 1.240, 0.750, 0.622, 0.600, 0.467, and 0.312 nm appeared in EVS 

substituted lysine (Figure 2b).  The length at 0.533 nm was retained but the peak ratio at 0.504  
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Figure 2a. X-ray powder diffraction of modified Lysine samples. The intensities of 

Lys:EVS 1:0.5 and 1:1 are plotted on the primary Y-axis and the control on secondary axis. 
 

 

Figure 2b. X-ray powder diffraction of modified Lysine samples. The intensities of 

Lys:EVS 1:0.5 and 1:1 are plotted on the primary Y-axis and the control on secondary axis. 
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nm/0.533 nm was >1 in lysine and ~1 in EVS substituted lysine.  Tube formation showed distinct 

features in the Raman spectrum.  The following observations were made of the strongest tube 

former, Lys:EVS 1:0.5: 1) CH2 scissoring on lysine shifted from 1440 cm-1 to 1420 cm-1 and the 

CH2 scissor on EVS at 1405 cm-1 was of low intensity (Figure 3a), 2)  δ(α-NH) at 1097 cm-1 

reached a maximum intensity (Figure 3b),24 3) ν(C-C) split at 900 cm-1 (Figure 3c), 4) ν(C-S) at 

780 cm-1 appeared and the ratio of ν(C-S) at 700 cm-1/665 cm-1 was closer to 1 (Figure 3d), and 

4) C-S Raman shifts around 500 cm-1 formed one Raman shift at 500 cm-1 and the tube former 

was shifted to higher Raman shift (Figure 3e). 

The first sign of a reacting system was a drop in the reaction pH from 9 to approximately 6 

with a noticeable change in solvent color within four hours of adding EVS.  After the addition of 

EVS, the solution was scanned at intervals using FT-IR in an attempt to determine the time of 

reaction and beginning of aggregation of the final crystal structure.  For the nucleophilic addition 

of an electrophilic vinyl group to a nucleophilic amine, the amine must first be deprotonated, 

which occurred at pH 9.  Reaction proceeded by opening up the carbon-carbon double bond on 

EVS and adding to a lysine primary amine.  The amine on the α-carbon (α-NH2) had pKa=8.9 

and the amine on the side group (ε-NH2) had pKR=10.3.  Therefore, reaction at the α-NH was 

favored at pH 9 and the Raman spectroscopy results showed this.24  Solutions of pure L-lysine at 

pH 7-10 were prepared and dried in a procedure similar to that described above and the results 

are shown in Figure 4.  A closer look at δs(  NH3

+ )~1504 cm-1 revealed it to be split.  The overall 

peak reduced in absorbance with increasing pH suggesting amine deprotonation.  Larger peak 

changes including splitting were observed at pH 9-10.  The absorbance at ~1504 cm-1 reduced, 

the shoulder at 1495 cm-1 became a sharper peak, and the peak at ~1511 cm-1 shifted to higher  
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Figure 3a. Raman spectra of modified Lysine samples (dried) and pure EVS (solution) in 

the region 1440 cm
-1

 – 1360 cm
-1

.  
 
 

 

Figure 3b. Raman spectra of modified Lysine samples (dried) and pure EVS (solution) in 

the region 1150 cm
-1

 – 1000 cm
-1

. 
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Figure 3c. Raman spectra of modified Lysine samples (dried) and pure EVS (solution) in 

the region 920 cm
-1

 – 870 cm
-1

.  
 

 

Figure 3d. Raman spectra of modified Lysine samples (dried) and pure EVS (solution) in 

the region 800 cm
-1

 – 600 cm
-1

.  
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Figure 3e. Raman spectra of modified Lysine samples (dried) and pure EVS (solution) in 

the region 600 cm
-1

 – 400 cm
-1

.  
 
 

 

Figure 4. FTIR spectra of pure Lysine solubilized and dried at different pHs. 
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wavenumber until finally manifesting as a new peak at ~1516 cm-1.  So the absorbance showed 

the relative amount of   NH3

+  to NH2, with the peak shifting to higher wavenumber as lysine was 

deprotonated.  At constant pH, the spectra showed a loss of the right hand side of the δs(  NH3

+ ) 

absorbance with increasing EVS substitution (Figure 5a).  In chapter 6, the IR spectra were 

normalized at 850 cm-1 since no peak shift was observed.  However, in the case of lysine the 

peaks shifted with an increase in EVS concentration.  Hence, all spectra were normalized at 

νs(COO-) ~1400 cm-1, which showed no shifting with reaction conditions, suggesting the 

carboxylate was not affected by EVS substitution or subsequent aggregation.  A new shoulder 

appeared at 1540 cm-1 at increased substitution, also observed as a new peak in solution, which 

was potentially the appearance of the secondary amine on the α-carbon.  Microtubes required the 

sulfonyls be in a defined state as well as the amines.  There was well-defined splitting of the 

νs(S=O) at 1306 cm-1.  Part of the peak at 1280 cm-1 originated in S=O of EVS and part was the 

C-N reaction product of lysine and EVS, which was why this peak increased in intensity over 

νs(S=O) at 1306 cm-1 as EVS substitution increased (Figure 5b). 

Discussion 

The experimental results suggested that microtubes formed under very well defined 

conditions.  Further experiments revealed that several events were critical.  The drop in pH 

during the reaction prevented all of the added EVS from reacting and was the initiator of tube 

formation.  Reactions as a function of varying EVS amount were conducted at constant pH 9.  

Tubes did not form in any case.  However, when the reaction pH was decreased to 6 after 24 

hours of reaction, tubes formed at Lys:EVS~1:0.25 to 1:0.36.  FT-IR spectra of the resulting 

materials were similar to the microtube forming Lys:EVS 1:0.5.  This showed that about 1/3 to 

1/2 of the EVS was reacting when pH was not controlled over the several hour reaction time.   
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Figure 5a. FTIR spectra of Lys: EVS (dried) and pure EVS (solution) in the region 1400 

cm
-1

 – 1200 cm
-1

.   
 

 

Figure 5b. FTIR spectra of Lys: EVS (dried) and pure EVS (solution) in the region 1350 

cm
-1

 – 1100 cm
-1

. 
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Observations of the amine and sulfonyl behavior indicated that an optimum amount of 

interaction had to occur between the two for microtubes to form.  Taking the Raman and FT-IR 

spectroscopy results together, microtube formation appeared when about half of the NH groups 

on the lysine α-NH were substituted with EVS and one of the sulfonyls hydrogen bonded with a 

remaining secondary amine on α-NH.   

Figure 6a shows that tubes will not form without available NH.  When reaction pH was kept 

constant at 9 and Lys:EVS 1:0.5, the reaction ran to completion substituting all available NH2 on 

the lysine α-carbon as evidenced by the loss of absorbance around 1510 cm-1.  Manually 

dropping the pH to 6 did not form microtubes.  However, some available NH will allow 

microtubes to form as shown by the shift but still finite absorbance in this region for Lys:EVS 

1:0.25 and Lys:EVS 1:0.36.  Note that Lys:EVS 1:0.5 is shown as a positive tube forming 

“control” but it was obtained by allowing the solution pH to drop from 9 to 6 naturally not by 

fully reacting at pH 9 then manually decreasing pH.  Using Figure 6a as a guide, the actual 

substitution before the pH dropped too far to stop the experiment was slightly more than 

Lys:EVS 1:0.25 but much less than Lys:EVS 1:0.36, which was where the figure of about ½ of 

the α-NH group substituted originated. 

Figure 6b shows the splitting/peak distortion of the νas(S=O) absorbance at 1125 cm-1.  The 

change in the peak shape indicated that one sulfonyl had restricted motion relative to the other 

one and that the sulfonyl could stretch in one direction but not the other.  This would be 

consistent with it hydrogen bonding differently.  The sulfonyl could accept hydrogen bonds.  The 

lack of change in the carboxyl suggested the amines as the hydrogen bond donor. 

It was possible to discern the δ(α-NH) at 1097 cm-1 from the δ(ε-NH) at 1050 cm-1 on lysine in 

the Raman spectrum (Figure 3b).24  Compared to alanine (Figure 7) the δs(  NH3

+ ) in lysine was  
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Figure 6a. FTIR spectra of Lys: EVS (dried) and pure EVS (solution) in the region 1550 

cm
-1

 – 1400 cm
-1

. For pH 9 to 6, samples were run for 24 hrs at pH 9.0 and then the pH was 

manually adjusted to 6. For other experiments the pH was not controlled and was let to 

drop as the reaction proceeded. 
 
 

 

Figure 6b. FTIR spectra of Lys: EVS (dried) and pure EVS (solution) in the region 1350 

cm
-1

 – 1080 cm
-1

. For pH 9 to 6, samples were run for 24 hrs at pH 9.0 and then the pH was 

manually adjusted to 6. For other experiments the pH was not controlled and was let to 

drop as the reaction proceeded. 
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Figure 7.  FTIR spectra of Alanine modified with various concentrations of EVS (dried) 

and pure EVS (solution) samples in the region 1650 cm
-1

 – 1350 cm
-1

.   
 

different, showing splitting and increased absorbance.  The substitution of EVS obscured some 

of the changes in these regions but we can make a hypothesis about which amines participated in 

the hydrogen bonding with the sulfonyl.  Although δ(ε-NH) coincided with an EVS Raman shift 

and increased with substitution, it showed no change in shape or shift.  However, δ(α-NH) 

increased then decreased with substitution, with the decrease coinciding with microtube 

formation, suggesting that available NH at the α-carbon was now in a different state.  The CH 

groups on the lysine side chain appear distinctively as δ(CH) at 1350 cm-1.25  Figures 8a and 8b 

show the loss of δ(CH) in the microtube forming materials.  The lysine side groups were packing 

in the microtube formers but not in the non-microtube forming materials. 
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Figure 8a. FTIR spectra of Lys: EVS (dried) and pure EVS (solution) in the region 1400 

cm
-1

 – 1320 cm
-1

. 

 

Figure 8b. FTIR spectra of Lys: EVS (dried) and pure EVS (solution) in the region 1400 

cm
-1

 – 1300 cm
-1

. For pH 9 to 6, samples were run for 24 hrs at pH 9.0 and then the pH was 

manually adjusted to 6. For other experiments the pH was not controlled and was let to 

drop as the reaction proceeded. 
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The microtubes shown in Figure 1 were rolled sheets.  Scanning electron micrographs show 

that the sheets emerged from a larger patch of material then rolled left.  Therefore, it appeared as 

if the natural chirality of the lysine played a role in microtube formation.  Recent observations in 

our research group have shown that D-lysine tubes roll right when the point of emergence is 

taken at the point of reference.  The EVS substituted L-lysine molecule was built in 

MarvinSketch (ChemAxon, v 5.3, 2010) and is shown in Figure 9a.  Looking down the EVS 

axis, the left-handed chirality of the molecule is observed.  In an alignment simulation, the 

sulfonyl on one molecule aligns with the α-NH on another pointing to the sulfonyl and α-NH as 

the hydrogen bonding moieties (Figure 9b).  In the alignment simulation, the lysine was turned 

counter clockwise as shown in Figure 9c again looking down the EVS axis.  A possible 

mechanism of aggregation and tube formation may be flat sheets formed through the aggregation 

of sulfonyls on one molecule to α-amines on another.  If there is not enough EVS, the sheet will 

not form.  At just the right amount of EVS, a sheet forms of sufficient thickness that can curl into 

a tube like rolling up a piece of paper.  The tubes were formed by rolling the sheet to the left as 

shown in Figure 1, following the natural chirality of the molecule.  If there is too much EVS, 

sheets form but cannot curl instead remaining flat or slightly curling into rosettes.  The XRD data 

displayed the appearance of a 0.467 nm dimension, which is very close to the hydrogen-bonding 

distance between a main chain carbonyl and main chain secondary amine in a protein β-sheet.  

The FT-IR analysis does not suggest a carbonyl-amine bond but the sheets could be forming 

through a sulfonyl-amine hydrogen bond on the α-NH mimicking an actual protein β-sheet.   
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Figure 9a. MarvinSketch drawing of final EVS substituted lysine. 
 

 

 

Figure 9b. MarvinSketch drawing of aggregated Lys-EVS molecules showing S=O—H-N 

alignment. 
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Figure 9c. Alignment simulation of EVS substituted lysine molecule. 

 

Conclusions 

Substitution of EVS on Lysine at various concentrations resulted in the formation of different 

self-assembled structures.  Microtubes were observed for moderate EVS substitutions while 

sheets and rosettes formed at higher concentrations.  The microtubes were observed only when 

about ½ of the α-NH groups on lysine reacted with EVS as observed from reaction experiments 

where pH was varied.  The FT-IR, Raman and XRD results suggested the formation of a β-sheet 

analog between sulfonyls and α-NH.  
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Chapter VIII 

Conclusions  

 It is possible to internally plasticize proteins by substitution thereby avoiding the migration 

of plasticizer. The stability of the product can be increased through internal plasticization of the 

protein. The glass transition temperature depends on the type of molecule substituted onto the 

protein.  For instance, ethyl vinyl sulfone (EVS), which is a linear molecule with hydrophobic 

end groups, showed the highest plasticization efficiency. On the other hand, an increase in Tg 

was observed for hydrophilic acrylic acid (AA) since it formed ordered structures through 

hydrogen bonding. The stiffness of ring substituents maleimide (MA) and butadiene sulfone 

(BS) compensated for any free volume increase from the bulky substituent. The Tg decrease with 

EVS substitution was limited because of the limited availability of amine groups on the protein 

and the limited size of EVS. The properties of the substituted proteins could be elucidated using 

FT-IR, TGA and XRD techniques.  

The ability of Raman spectroscopy to determine the degree of substitution and reaction site 

specificity was successfully demonstrated. This was done by substituting alanine, cysteine, lysine 

and ovalbumin with EVS in different molar ratios and characterizing the product. The reactive 

sites that most accurately described the substitution were ν(C=C), CH on C=C, and ν(C-S) 

Raman shifts on EVS and the NH rock and disulfide/thiolate Raman shifts on amino acids and 

protein. The Raman spectroscopic results were in good agreement with UV-vis based ninhydrin 

tests, which is prominently used to quantify these types of reactions. The distinction of 

substitution site on cysteine (thiol or amine) is difficult to discern using the ninhydrin test while 

this was possible using Raman spectroscopy. Raman spectroscopy was able to discern reactions 
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on α- and ε-amines on lysine and differentiate primary and secondary amines on all amino acids.  

The other distinct advantages Raman offers over traditional tests is that it is non-destructive, 

requires minimal to no sample preparation, and results can be obtained in less time. 

 Hydrogels were prepared from ovalbumin using nucleophilic addition reactions. Significant 

differences in properties were observed between the EVS and AA substituted hydrogels and the 

unsubstituted control. For the substituted hydrogels, higher swelling was observed in EVS 

modified gels while higher modulus was obtained with AA modified gels. The additional 

hydrogen bonding crosslinks in EVS/AA modified gels contributed to the modulus and also 

increased the elasticity of the gel as compared to the control. Hence the properties could be tuned 

by changing the chemistry between the crosslinks using substituents.  

Interesting microstructures were obtained from the addition reactions of EVS with alanine or 

lysine. Owing to the three dimensional arrangement of the substituted amino acids, different 

structures could be obtained. The shape and size of the nanostructures depended on the degree of 

substitution of amino acids, the type of solvent, and surface energy of the platform that was used 

to dry the solution. Fibers and rods were obtained from substituted alanine while microtubes and 

rosettes were observed in substituted lysine. Scanning Electron Microscopy (SEM), X-ray 

diffraction (XRD), Raman spectroscopy, and Fourier transform-infrared (FT-IR) spectroscopy 

were used to characterize the self assembled structures to discern the aggregation mechanisms.  
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