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Abstract 

Biomaterials act at the interface of biology to enhance, impart, or recapitulate function to 

biologic systems. Incorporation of bioactive peptides within these materials is often 

necessary to improve function, however, the stability of these peptides is often unclear. 

Current methods of peptide quantification are laborious, and are mostly designed to test 

one substrate, or one protease at a time. A more functional assay capable of quantifying 

peptide stability in the presence of cells, with all the proteases and inhibitors that cells 

produce is needed to better understand cell-material interactions. Presented in this thesis is 

a novel liquid chromatography – mass spectrometry (LC-MS) based assay capable of 

multiplex quantification of peptides in the presence of cells and all the proteases they 

excrete. Medium is sampled and directly injected into the LC-MS to maintain sample 

integrity, at the cost of chromatography column lifespan. This method was used show 

simple chain-end modifications to peptides provides the most control over non-specific 

degradation of those peptides. Also, a novel N-terminal acetylated β-alanine was shown to 

impart the most protection against non-specific aminopeptidases. Additionally, data to 

support the theory that non-specific degradation of peptides tethered to biomaterials 

influence cell behavior 

This work 1) develops new LC-MS based analytical techniques quantification of peptide 

stability in the presence of cells, 2) using RGEFV as a model peptide, demonstrate the 

importance of chain-end chemistry on peptide fidelity, and 3) demonstrate that non-specific 

degradation of peptides incorporated into hydrogels influences biological performance. 

Our results show that N-terminal amines were almost completely degraded in the presence 
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of hMSCs, hUVECs, and Macrophages by 48 hours of culture independent of the terminal 

amino acid. Peptides with C-terminal carboxylic acids were also mostly degraded 

independent of terminal amino acid. However, simple chain-end modifications may 

prevent non-specific degradation of peptides, preserving function. 
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Chapter 1: Introduction 

1.1 Introduction   

Biomaterials act at the interface of materials and biology to impart, enhance, or recapitulate 

function. For example, composite hydrogels combining natural and synthetic materials 

demonstrated wound healing was accelerated when the combination materials was used as 

opposed to any one material1. Drug delivery may be achieved by physically and chemically 

linking them to a hydrogel via hydrostatic and physical peptide conjugation techniques2. 

Upon enzymatic cleavage these drugs are then delivered to the site of interest2. 

Biomaterials are also used study cells in three-dimensional tissue culture using a variety of 

different techniques. Camacho and colleges are able to print three-dimensional scaffolds 

with high resolution polycaprolactone inks, capable of printing multiple bioactive cues into 

scaffolds with a high degree of spatial organization3. Hydrogels are often used for such 

applications because they are soft, mostly water, and resembling much of physical 

characteristics of our own human tissues4. The study of biomaterials may be performed 

from two directions: 1) new biomaterials may be developed and cell behavior observed, or 

2) cell-behavior is observed and biomaterials are designed based on that observation. This 

thesis develops a novel liquid chromatography – mass spectrometry (LC-MS) technique 

for multiplex quantification of peptides. Findings were then utilized to inform design 

parameters for the incorporation of peptides into hydrogels containing human 

mesenchymal stem cells (hMSCs), human umbilical vein endothelial cells (hUVECs), or 

macrophages in order to optimize peptide stability when desired.   
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The extracellular matrix (ECM) is a complex network of biomolecules that provides 

structural and biochemical support to surrounding cells in tissues5. Common components 

of the ECM include collagens, glycosaminoglycans, proteoglycans, fibronectin, elastins, 

and other proteins6,7, each have unique structures and functions that support normal 

physiological function. Tissue development, regeneration, and homeostasis involves 

constant feedback between cells and the ECM, in which the ECM signals cells, and cells 

both producing and degrading the ECM8. Cell-ECM interactions are important for most 

physiological processes, including proliferation, differentiation, and cell survival9. A key 

feature of the ECM is that cells are able to directly bind the matrix using cell surface 

proteins. Many ECM proteins, such as collagens and fibronectin, have adhesion domains 

containing peptide sequences like RGD which enable the physical coupling of the cell to 

the local matrix. Cells can modulate and regulate the local ECM is via four main processes: 

1) Force mediated remodeling, 2) ECM deposition, 3) post-translational chemical 

remodeling of the ECM, and 4) proteolytic degradation through secretion of proteases10. 

Proteolytic degradation of the ECM is known to releases bioactive factors, enables cell 

migration through a covalently matrix10, and degrade ECM bound components11.  One 

overarching themes of biomaterials research is to utilize native signaling strategies to 

elicited a desired result12. This may be done by modulating ECM signaling molecules, 

proteolytic modification of the extracellular matrix, and changing the cell-matrix 

interactions12. Proteolytic degradation offers a promising strategy for cell responsive 

materials because proteases are diverse in structure and function. Some are attached to the 

cell membrane13 are hypothesized to act within nanometers of the cell causing a highly 
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localized biomaterials response, and may induce cell signaling once activated13. Others are 

secreted and capable of action hundreds of microns away from the cell14 capable of causing 

bulk changes in the biomaterial15. 

Extracellular matrix proteins are regularly used as a source of inspiration for smaller 

peptide design. Where a protein may have many ECM and cell regulating functions16, one 

small section of a protein, known as a peptide, may induce a more specified function to a 

cell17. For example, within the fibronectin amino acid sequence18 is the commonly utilized 

cell adhesion peptide RGD which was first recognized as the smallest peptide unit within 

the fibronectin protein that would induce cell adhesion17. Peptides are numerous in 

structure and function: While some promote adhesion, others are proteolytically 

cleavable19. Othres will influence cell fate inducing osteogenic differentiation in stem 

cells20. There are many more peptides that induce a variety of different functions in cells21. 

While many scientists and engineers will incorporate peptides into biomaterials to impart 

function, quantification of those peptides incorporated into biomaterials in the presence of 

cells is often not reported and remains technologically challenging. While some peptides 

are designed to degrade, others are designed to impart function and, degradation of that 

peptide will likely have a negative impact on bioactivity. 

1.2 Introduction to Peptide Quantification 

Current methods for quantifying the degradation of proteins and peptides include 

zymography22, fluorogenic assays, and LC-MS using the UV trace. Fluorogenic assays 

have been developed such as one that utilizes 7-Amino-4-methylcoumarin (AMC)23. As a 
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protease cleaves the peptide, the AMC will fluoresce23. This fluorescence may be measured 

and quantified23. The advantage is this technique may be done in liquid, in the presence of 

cells, is rapid, and may be measured using a plate reader23. The main disadvantage of this 

technique is only one protease substrate may be measured at a time. One other technique 

worth mentioning is the use of the UV-detector from LC-MS24. Zymography involves 

isolating proteases, loading them into an electrophoretic gel which is comprised of a 

protease substrate, typically gelatin22. The proteases are then separated based on size, and 

buffer is exchanged allowing activation of those proteases22. After incubation overnight, 

the gel is stained for protein, and lack of stain will appear as a band indicating proteolytic 

activity22. That band may then be quantified22. Modifications to this technique have been 

made by the Leight lab wherein the gelatin was substituted with polyacrylamide containing 

a peptide containing a fluorescent molecule on the N-terminal end, and a quencher 

molecule on the C-terminal end25. Upon proteolytic cleavage, the quencher molecule be 

released from the gel, and a fluorescent band will become visible when imaged. This band 

may then be quantified and degradation kinetics may be quantified25. Disadvantages 

include only being able to test one substrate at a time, lengthy protocol requiring at least 

24 hours, and is designed to visualize one-substrate at a time without the presence of cells. 

The technique will also separate regulating molecules that may naturally inhibit proteolytic 

behavior, so observed characteristics may not be representative of invitro or in vivo activity. 

This protocol incubated peptides with blood isolated immediately prior to incubation where 

degradation occured24. These analytes where separated using liquid chromatography, 

analytes were identified using mass spectrometry, and quantified using the peaks from the 
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UV detector (absorbance 214 nm)24. The advantages of this technique are being able to 

measure proteolytic degradation within a complex fluid, the ability to observe metabolic 

products from the parent peptide, and the ability to identify each analyte. A major 

disadvantage is peptides that co-elute from the liquid chromatography system will be 

convoluted.  

Quantification of peptides and proteolytic activity remains challenging. Especially if more 

than one protease or substrate needs to be quantified.LC-MS is a powerful technique for 

quantifying peptide amount due to its combination of separation by high pressure liquid 

chromatography and analyte identification/quantification by mass spectrometry. This 

technique has a major advantage that an aliquot from cell culture medium can be injected 

directly onto the LC-MS, separated, and quantified. This thesis shows that multiplex 

quantification of peptides is possible using optimized internal standards, sample 

preparation and storage, and careful experimental design26.  

1.3 Introduction to Synthetic Hydrogels 

The extracellular matrix that surrounds cells is a hydrogel, and significant efforts have been 

made to recapitulate the important properties of the ECM within engineered systems27. 

There are two common routes to forming hydrogels for cell culture: using biologically-

derived materials and using synthetic materials.28 The ECM is incredibly complex, 

containing dozens or more different proteins, each of which can have numerous signaling 

functions or have bound signaling molecules. A distinct advantage of biologically derived 

materials is that they often contain  much of this signaling complexity29. Matrigel is an 
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example of a biologically-derived cell culture matrix that is widely-used in research labs30. 

Matrigel is a made from the matrix produced by Engelbreth-Holm-Swarm mouse tumors, 

and contains many desirable bioactive components such as collagens, laminins31. While 

Matrigel is an excellent material for mimicking the native extracellular matrix, it suffers 

from batch-to-batch variation31, and empirically driven results are not reliably 

representative of physiological/pathological processes that occur in humans32.  Matrigel 

has been described as a “black box,” due to its complexity, limited tunability33, and 

production of hard to explain results34. Another issue with biologically derived materials, 

and specifically reconstituted ECMs, is that they typically form weak gels whose 

mechanical properties is below that of most human tissues. Furthermore, modulating the 

mechanical properties without significantly reducing the bioactivity is often not possible.   

Another approach to designing hydrogels is to use synthetic materials that have a high 

degree of tunability and reproducibility. These materials often have minimal interaction 

with the surrounding cells/tissue, and need to be modified with bioactive groups to enable 

many crucial physiological processes, such as cell adhesion and spreading28. Polyethylene 

glycol (PEG), also known as polyethylene oxide (PEO), is a bioinert molecule35 that resist 

protein adsorption and readily modifiable36,37. PEG is commonly used in biomaterials 

research38–40 because it offers diverse control in terms of molecular weight, structure, and 

functionality36. This allows for targeted, reliable, and repeatable design of structure, which 

ultimately translates to function.  

PEG is synthesized as a polymer with terminal hydroxyl groups, 36 which can be readily 

functionalized into a variety of different chemistries including: chloro41, amine36, 
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dibenzoazacyclo-octyne42 and more36,41,42. Importantly, PEG molecules in a variety of 

architectures, molecular weights, and functionalities can be readily purchased 

commercially.  

PEG hydrogels are also convenient for engineered uses due to their tunable physical 

properties and their ability to modulate cell behavior. The mechanical properties of PEG 

hydrogels can be finely tuned through molecular weight, concentration and structure of the 

PEG polymer used43. The crosslinking density can also be used to tune the mechanical 

properties, however it is also coupled with the diffusivity of solute molecules within the 

PEG network44,45. Tuning the mechanical properties of PEG hydrogels has been shown to 

influence the rate of cell migration, with stiffer gels producing a slower migration rate46. 

In total, PEG based biomaterials are highly versatile platforms that can be readily tuned by 

biomaterials laboratories for a range of different biomedical applications. 

1.4 Introduction to Peptide Synthesis and Their Use in Biomaterials 

Peptides are short protein fragments that are comprised of amino acids and have been 

widely used within biomaterials research21,47–49. Peptides are easy to synthesize, can be 

modified with a variety of functional groups for biomaterial conjugation, and can be 

utilized for diverse range of bioactive functions. Peptides synthesis was revolutionized in 

1963 by Bruce Merrifield when he published his work on Solid Phase Peptide Synthesis 

(SPPS)50, allowing for the synthesis of peptides on a solid support. This approach vastly 

simplified the separation of desired products, which are attached to the solid support, from 

the soluble chemical byproducts. Since then peptide synthesis has been advanced through 
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the development of the 9-fluorenylmethoxycarbonyl (Fmoc) protected amino acids51, the 

development of new solid-support linkers and resins52–56, and the development 

advancement of automated peptide synthesizers 57. The importance of SPPS was noted 

when Bruce Merrifield, who designed both solid phase peptide synthesis and the first 

automated peptide synthesizer, won the Nobel Prize in chemistry in 1984 for his 

“development of methodology for chemical synthesis on a solid matrix”58. 

Peptides are routinely conjugated into biomaterials to selectively impart bioactive 

functions59,60. These functions include cell adhesion peptides that enable cell mobility and 

spreading61–63, which may be attached to biomaterials through either the N-terminus, the 

C- terminus, or through an amino acid side chain. Another common method to conjugate 

peptides into network is by the N- and C- termini simultaneously to crosslink polymer 

chains and induce hydrogel formation62. Peptides attached in this manor are generally 

designed to be cleavable by endopeptidases secreted by cells,  which enables spreading and 

migration throughout the hydrogel 62.  A variety of approaches have been used to attach 

peptides to biomaterials, including covalent conjugation, photoinitiated reactions, 

enzymatic coupling and non-covalent interactions64. Canonical peptides contain multiple 

functional groups which are amenable to bioconjugation, including amines, carboxylic 

acids, and thiols,64 which can be found on the side chains of lysine, glutamic & aspartic 

acid, and cysteine respectively. It is often desirable to have peptides and other molecules 

undergo reactions in the presence of cells, which is a challenge because of problems with 

unwanted cross reactivity with biomolecules present in the local environment. A class of 

biologically orthogonal “click” reactions have been developed to circumvent these issues. 
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This is most commonly done using cycloaddition between an azide and alkyne,64 although 

this technique suffers from a significant drawback that it typically requires the presence of 

Cu(I), which is cytotoxic26. A strained alkyne, such as cyclooctyne, dibenzocyclooctyne 

(DBCO) or bicyclo[6.1.0]non-4-yne (BCN), will enable the reaction  of azide 

functionalized molecules with alkynes to form a triazole linker under physiological 

conditions without needed a catalyst65. Attaching peptides to PEG is a powerful method 

for imparting engineered function to a synthetic biomaterial to improve bioactivity, 

including signaling, cell adhesion, and synthetic matrix modification21. This is most 

frequently done using the cell adhesion peptide RGD, which dramatically improves cell 

spreading and migration when covalently bonded to a synthetic PEG matrix facilitates. 

1.5 Introduction to RGD 

The extracellular matrix (ECM) is a rich source of inspiration for biomaterials design66. 

Fibronectin was first described by Vaheri and Rouslahti as a “specific surface glycoprotein 

(SF)” in 197467, and independently by Hynes and Bye who described it as “a large, external, 

transformation-sensitive (LETS) glycoprotein” also in 197468. Four years later Hynes and 

Destree noted fibroblast spreading occurred when cultured on the “LETS” [fibronectin] 

protein69. This was the first major clue that fibronectin plays an important role in cell 

adhesion, integrins, and that ECM components may induce cell spreading. From here, 

Pierschbacher first describes the fibronectin derived amino acid sequence RGD, as the 

smallest peptide unit that will enables cell attachment 17. The RGD cell adhesion motif was 



12 

 

subsequently found to conserved in ECM 

proteins vitronectin, von Willebrand factor, 

fibrinogen, osteopontin, and thrombospondin70.  

Cell adhesion proteins such as RGD enable 

cell-spreading and motility through temporary 

binding to transmembrane proteins known as 

integrins70. RGD plays a vital role in cell-matrix 

interactions in vivo, and as a tri-peptide it can 

be easily integrated into biomaterials to 

improve cell adhesion. As a result, peptides 

containing the RGD sequence have been the 

subject of intense study has resulted in much 

research71. While the RGD tripeptide can facilitate cell adhesion, addition of amino acids 

to the sequence will modulate how cells interact with the peptide. A variety of RGDs, 

GRGDSP, GRGDNP, cyclic GPenGRGDSPCA have been used72,73. Changing RGD 

sequence can tune which integrin a cell uses for adhesion and mobility73. Interestingly, 

replacing the aspartate in RGD with a with a glutamate creates the cell adhesion control 

peptide RGE (Figure 1), in which cell-adhesion does not occur74, and is a major inspiration 

for experimental design within this thesis.  

1.6 Introduction to Proteases 

Enzymes provide function in all essential processes including cell migration, 

differentiation, gene expression, immune function, and others75. With more than 3,500 

Figure 1 - Shows the difference between ARG-
GLY-ASP, RGD (top) and ARG-GLY-GLU, 
RGE (bottom). Note the RGE cell-adhesion 
control peptide is only different by 1 carbon and 
2 hydrogens. 
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enzymes reported in the human proteome76, enzymes are categorized into seven enzyme 

classes according to the reactions they catalyze. These classes consisting of: 1) 

oxidoreductases, 2) transferases, 3) hydrolases, 4) lyases, 5) isomerases, 6) ligases, and 7) 

translocases labeled EC 1 – EC 7 respectively75.  There are about 600 known proteases in 

the human body76 which fall under the hydrolytic enzyme class (EC 3) and  cleave amide 

bonds75.  Proteases may be broken down into two general categories, endopeptidases or 

exopeptidases75,77. Endopeptidases cleave proteins/peptides in the middle of a 

protein/peptide chain77. Exopeptidases cleave peptides/proteins at either the N or C 

terminus of a peptide, and may cleave anywhere from one-to-three amino acid residues77. 

Exopeptidases that cleave peptides at the N-terminus are known as aminopeptidases78. 

Exopeptidases that cleave peptides at the C-terminus are known as carboxypeptidases 78. 

Exopeptidases may be found within different organelles throughout the cell including 

cytoplasm, lysosomes and membranes or excreted into the extracellular matrix78. They are 

coordinated with other proteases for diverse functions including amino acid retrieval from 

proteins consumed by an organism, endogenous protein turnover, protein maturation, and 

have a role in controlling the cell-cycle78. Most scientists and engineers design protease 

sensitive peptides to be degraded by endopeptidases, however as long as cells are present 

exopeptidase are likely present as well within these engineered systems and should be 

considered anytime there is an N- or C- terminus of a peptide. 

One such subclass of endopeptidases are metalloproteinases (MMPs)75, which can be 

further broken down into a matrix metalloproteinase subclass79 commonly utilized by 

scientists and engineers in biomaterials design80–83. As a quick note, protease refer to endo- 
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and exo-peptidases, while proteinases are specific to endopeptidases78. It is common for 

scientists and engineers to incorporate protease sensitive peptides into biomaterials 

design80–83 to increase crosslinks84, degrade crosslinks85, and dynamically change materials 

over time86. This may be designed in support of drug delivery purposes, wherein cleavage 

of a drug conjugated to a hydrogel will allow it to diffuse out of that hydrogel2. They are 

used for proteolytic remodeling of engineered scaffolds83, and have been shown to be 

decrease crosslink density, facilitating cell migration87. One peptide crosslinker is 

GPQGIWGQ, which has been demonstrated to mimic MMP-mediated cell invasion 

engineered matrix scaffolds.87. By introducing peptide-based crosslinkers that are 

proteolytically degradable, scientists and engineers are able to impart desired functions 

such as release of a bioactive model, or planned matrix remodeling into an engineered 

construct. This is in stark contrast to other function-imparting peptides, like RGD, where 

long-lasting function is desired.  

1.7 The Problem 

While peptides such as RGD are routinely used in biomaterials to impart function, the long-

term stability of these function peptides are generally unknown,  but are assumed to be 

stable throughout the length of the study88. This surprising, since the proteolytic 

remodeling of matrices with peptide crosslinks often utilized by scientists and engineers to 

achieved planned changes in mechanical properties89 and/or achieve cellular migration84. 

Peptides are degraded by two distinct classes of protease: 1) endopeptidases and 2) 

exopeptidases. Endopeptidases hydrolyze amide bonds in the center of peptides, whereas 

exopeptidases hydrolyze amide bonds at either the N or C terminus of a peptide (Figure 2) 
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and are generally considered non-specific in nature90. In addition, it is known that peptide-

based therapeutics 

are susceptible to 

non-specific 

proteolytic 

degradation and 

remains one of the 

largest barriers to 

efficacy 91–93. The 

half-life of most peptides based therapeutics being less than 5 hours91. Peptide stability 

with biomaterials is not commonly reported. Highlighted is a fundamental knowledge 

gap regarding the stability of peptides within biomaterials, in the presence of cells, 

and the influence this has on cell behavior. This thesis introduces technology 

development in the area of LC-MS based quantification of peptides, and applies that 

development to gather data to support the theory that exopeptidase degradation of bioactive 

peptides in biomaterials influences cellular behavior. 

  

Figure 2 - (top) Illustrates endopeptidase hydrolyzation of a peptide along the 
interior  and (bottom) exopeptidase hydrolyzatoin of a peptide along the N- or C- 
terminal end.   
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Chapter 2: Developing a Method for Quantifying Peptide Degradation by Cells using 

LCMS 

2.1 Introduction 

Peptides are often incorporated into bioengineered systems due to their ease of synthesis, 

diversity of structure/function, and ability to directly and predictably modify the local or 

bulk environment. For example, some peptide have the ability to modify crosslinking 

density84–86, others allow motility and spreading of cells61,94, and influence cell 

differentiation95–97 and more.  However, cells produce many more proteases than the ones 

engineers typically design systems for, and without characterization of how the total 

proteolytic activity of cells degrade peptide sequences there is a significant chance that 

peptides will undergo unwanted degradation. As a result, there is a need to quickly and 

accurately quantify peptides amount as peptide stability directly influences function.  

There are numerous methods of quantifying peptide degradation. Zymography-based 

techniques incorporate a proteolytic substrate, typically gelatin, into the gels typically used 

for electrophoresis98. Non-heat deactivated samples are loaded into the gel, and after 

electrophoresis active proteases reform proteins are stained98–100. Lack of protein staining 

is indicative of gelatin degradation from proteolytic activity, which can then be 

quantified98–100. The Leight Lab has performed fluorogenic modifications to zymography 

by attaching a fluorescent and quenching molecule to the N- and C- terminal end of a 

protease substrate respectively25. Upon proteolytic cleavage of that substrate, the 

quenching molecule is released from the matrix, producing a fluorescent band which can 
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be measured and quantified25. Although a sensitive technique, the sample preparation is 

time consuming, and assay length takes at least a day for data acquisition, and the technique 

is ill-suited to examination of multiple substrates at once.  

Others quantify protease degradation using fluorogenic assays in solution23. One such 

example is illustrated by Ihssen and colleagues, wherein aminomethyl coumarin is attached 

on the c-terminus of a protease substrate of interest and, when proteolytically cleaved from 

the substate produces fluorescence that may be measured23. However, this technique is 

typically limited to assessing the degradation of a single peptide per sample. Another 

method quantifying degradation of peptides is by using HPLC, and LC-MS comparing the 

area under the curve  of the UV (absorbance 214 nm) trace and normalizing that to a time 

zero trace,24 with the mass spectrometer only being used to identify the species being 

quantified24. While this method is suitable for one, or even multiple peptides that elute at 

different times, it is ill-suited at quantifying co-eluting peptides.  

LC-MS quantification of peptides and proteins in the literature is mostly focused on 

quantifying a specific analyte of interest, such as a therapeutic peptide. This is typically 

quantified using LC-MS-MS, in which a complex mixture is separated using LC, the mass 

of interest is identified in the first MS and then a second round of mass spectrometry is 

performed after the mass of interest has been fragmented. LC-MS-MS gives information 

on both the parent mass, and the fragmented masses, which can be needed to validate that 

the identified molecule in highly complex biological samples where many masses may 

overlap 101. Internal standards are commonly applied as a calibration technique for 
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correcting errors associated with experiential procedure to improve reliability of 

quantitative techniques102–104.  

Internal standards correct for volumetric changes throughout an experiment caused by 

sample preparation, evaporation, or instrumentation sampling errors103,104. Wieling 

describes four classes of LC-MS internal standards: 1) no internal standard, 2) A 

structurally related compound, 3) a structurally similar compound, or 4) a stable isotope 

labelled (SIL) compound104. A structurally similar compound contains the same mass, 

same chemical formula, however contains a different elution time due to structural 

dissimilarities104. A structurally related compound is contains a similar structure with the 

same functional groups, with a different mass, and perhaps a different elution time104. 

Finally SIL peptides contain 2H, 13C, and/or 15O isotopes integrated into their structure to 

allow for chemical, structural, and elution time similarities104. However, in the context of 

small peptide quantification in which the starting amount is known, a stable peptide-based 

standard should be sufficient for quantification.  

In addition, LC-MS quantification of analytes with complex sample preparation is subject 

to sample preparation bias105,106 and requires careful consideration. This sample bias may 

selectively screen for or deplete analytes of interest, affect reproducibility, or skew results 

in a non-representative way105,106. However, quantification of peptides directly from a 

crude sample matrix will limit sample losses and variance from preparation. Using a 

peptide-based internal standard that is proteolytically stable is a believed to be a sufficient 

and cost-effective solution to track the stability of multiple peptide-based targets.  
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Figure 3 – Proposed experimental workflow for LC-MS based quantification of peptides. 1) Peptides with 
unique masses are mixed together along with a proteolytically stable internal standard. 2) Peptides are 
incubated with cells and subjected to cell-secreted proteases. 3) Conditioned media is sampled and placed 
directly into an LC-MS microtiter plate. 4) Glacial acetic acid is added to each sample well to a final 
concentration of 10%. 5) Sample is injected into LC-MS, quantified, and 6) analyzed and visualized.  

In this Chapter we developed a convenient strategy for assessing peptide stability in the 

presence of cells using LC-MS (Figure 3). In our approach peptide libraries are added to 

cell culture media and incubated with cells. The conditioned medium is injected directly 

onto the LC-MS, limiting losses or modifications of analytes from the sample matrix, as 

well as enhancing separation of endogenous proteins from the peptides being studied. A 

drawback of this methodology is that several classes of molecules present in conditioned 

cell culture media, including proteins and lipids, can permanently damage chromatography 

columns which will eventually reduce the ability of peptides to be quantified using LC-

MS. To validate this protocol, we characterized multiple variables involved in sample 

collection and LC-MS analysis, including internal standard selection, the influence of 

injection conditions on separation, quantifying chromatography column failure, and 

sample preservation. This method may be generally applicable for the quantitative 

characterization of peptide stability within a complex solution using LCMS.  
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2.2 Experimental 

2.2.1 Peptide Synthesis  

Peptides were synthesized using standard solid phase peptide synthesis (SPPS) protocols 

using either manual synthesis or an automated peptide synthesizer (CEM Liberty Blue) 

using standard Fmoc-protected amino acids (Chemscene) on a Rink amide resin (Supra 

Sciences) unless a C-terminal carboxylic acid was desired, in which case 2-chlorotrityl 

resin was used. All amide couplings were done using O-(6- chlorobenzotriazol-1-yl)-

N,N,N′,N′-tetramethyluronium hexafluorophosphate (HCTU) in DMF unless otherwise 

noted. For each coupling the amino acid, HCTU, and DIPEA were added in a 4:4:6 molar 

ratio to the peptide. During peptide synthesis a ninhydrin test was performed after every 

addition to test for the presence of free amines. Upon a positive test, the coupling was 

replicated until the test was negative. A capping step was then performed with acetic 

anhydride (Sigma-Aldrich) in a 10:5:100 acetic anhydride:DIPEA:DMF solution twice for 

5 min, and then a ninhydrin test was performed to check for complete capping of the free 

amines. After successful coupling, the Fmoc group was removed, washing the resin with 

20% piperidine in DMF twice for 5 min. A ninhydrin test was performed to check for a 

positive result. 

Split-and-pool methods107 were used to rapidly create peptide libraries. For the split and 

pool steps, the resin was washed 3× with DMF and then the entire amount of resin was 

weighed on a scale. This number was divided by approximately 22 and this was split 19 

ways into 19 separate tubes, with some excess to account for resin loss during transport 

and weighing. The reactions were performed in 15 mL tubes and upon successful coupling 
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of all 19 amino acids all 19 fractions of resin were re-combined. Peptide libraries attached 

to the C-terminal end were completed in one vessel.  

Table 1 – List of all peptides used to develop method LC-MS method of peptide quantification. An NH2 on 
the N-terminus stands for an amine, βA for β-Alanine, βF for β-phenylalanine, and X stands for every 
canonical amino acid except for cysteine.  

Peptide Amino Acid Sequence Peptide Amino Acid Sequence 

2.1 NH2-βA6-Amide 2.2 Ac-βA6-Amide 

2.3 NH2-βA3FβA3-NH2 2.4 Ac-βA3FβA3-Amide 

2.5 NH2-βA3βFβA3-NH2 2.6 Ac-βA3βFβA3-Amide 

2.7 NH2-FβA6-NH2 2.8 Ac-FβA6-Amide 

2.9 NH2-βFβA6-NH2 2.10 Ac-βFβA6-Amide 

2.11 AcβA-XRGEFV-βA 2.12 AcβA-RGEFVX-Amide 

 

2.2.2 Peptide Cleavage from Solid Phase 

Peptides libraries and all peptides containing tryptophan were cleaved using 92.5% 

trifluoroacetic acid (TFA), 2.5% H2O, 2.5% triisopropylsilane (TIPS), and 2.5% 

dithiothreitol (DTT). Peptides which lacked a tryptophan were cleaved without DTT. 

Peptides were typically cleaved for 2-3 hours at room temperature using approximately 25 

mL of cleavage solution per mM of peptide. However, peptides containing azides were 

cleaved for 30 minutes to prevent degradation of the azide group. Peptide mass was 

checked using electrospray ionization and if protecting groups remained the peptide was 

re-cleaved for 30 minutes. The masses of the peptide libraries were checked using liquid 

chromatography mass spectrometry (LCMS) and if protecting groups remained the 

peptides were re-cleaved for 30 minutes. At the end of the cleavage the peptides were 

precipitated in diethyl ether. These were then centrifuged for 5 minutes at 4,000 rpm, and 
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the supernatant was discarded. The peptide pellet was washed with diethyl ether, and 

centrifuged, and this was repeated twice. The peptide pellet was allowed to dry, and then 

dissolved in water and neutralized with ammonium hydroxide prior to purification. 

2.2.3 Peptide Purification  

All peptides were purified using HPLC using a Phenomenex Gemini 5 μm NX-C18 110 Å 

LC Column 150 × 21.2 mm. Gradients were run from 95% Mobile Phase A (water with 

0.1% TFA) and 5% Mobile Phase B (acetonitrile with 0.1% TFA) to 100% Mobile Phase 

B. A typical HPLC run featured a two-minute equilibration step, followed by a 10-minute 

ramp from 95% Mobile Phase A to 100% Mobile Phase B, and then two minutes of 

equilibration at 100% Mobile Phase B, before ramping back down to the starting 

conditions. Notably, the split-and-pool libraries were ramped up to 100% Mobile Phase B 

over two minutes, since these libraries consisted of approximately 19 different peptides 

which weren’t intended to be separated from each other. The protected cyclic RGD 

peptides was purified using a gradient that ramped from 30% Mobile Phase B to 100% 

Mobile Phase B. After purification all peptides evaluated for purity using LC-MS. If unpure 

peptides were repurified via preparative HPLC). were lyophilized and were ready to use. 

2.2.4 Degradation of Peptides by Human Mesenchymal Stem Cells on Tissue 

Culture Plastic 

Human mesenchymal stem cells (hMSCs) (Rooster Bio) at passage 3 were seeded into 24 

well plates at a seeding density of 75,000 cells per well in 1ml of RoosterBasal™-MSC-

CC (RoosterBio, SU-022) containing RoosterBooster™-MSC (RoosterBio SU-003). After 

24 hour the media was changed. 24 hours later and peptides of interest were added to the 
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cell media for a final concentration of 37 µM per peptide. Each peptide was tested with 

three experimental replicates each with three technical replicates for a total of 9 wells. 40 

µl samples were collected from the media at hours 0, 1, 4, 8, 24, and 48. Studies were 

performed using Lot 310268 a 19-year-old Eritrean/east african female. 

2.2.5 Sample Treatment 

Human mesenchymal stem cells (hMSCs) (Rooster Bio, LOT 310368) at passage 3 were 

seeded into 24 well plates at a seeding density of 75,000 cells per well in 1ml of 

RoosterBasal™-MSC-CC (RoosterBio, SU-022) containing RoosterBooster™-MSC 

(RoosterBio SU-003). After 24 hour the media was changed, and peptide library AcβA-

RGEFV-X-NH2 was added to the cell media for a final concentration of 37 µM per peptide. 

Each Library was tested with three experimental, each in triplicate for a total of 9 wells. 40 

µl samples were collected from the media at hours 0, 1, 4, 8, 24, and 48 in duplicate.  

In-between timepoints, one set of samples was loaded directly within the LC-MS and 

measured as soon as possible, then stored at 4°C. The second set of samples was 

immediately frozen at -80°C. After 48 hours, samples were kept frozen and thawed just 

prior to LC-MS, and 4μl of acetic acid was added to each well. After three weeks the 

samples were tested again.  

2.2.6 Standard Selection 

hMSCs (Rooster Bio, LOT 310368) at passage 3 were seeded into 24 well plates as 

described above. After 24 hour the media was changed, and Standard peptides (Table 1,  

peptides 2.1-2.10) was added to the cell media for a final concentration of 37 µM per 
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peptide. The library was tested in three times, each in triplicate with three technical repeats 

for a total of 9 wells. 40 µl samples were collected from the media at hours 0, 1, 4, 8, 24, 

and 48 in duplicate. After 48 hours, samples were kept frozen and only thawed immediately 

prior to LC-MS, and 4μl of acetic acid was added to each well and analyzed via LC-MS.  

2.2.7 Injection Solvent Effects 

Peptide Library AcβA-X-RGEFV-βA was added to solvents: Water, 50% Acetonitrile in 

Water, PBS, RoosterBasal™-MSC-CC (RoosterBio, SU-022) containing 

RoosterBooster™-MSC (RoosterBio SU-003), VascuLife Basal Media (Lifeline Cell 

Technology™, LM-0002), and macrophage serum free media with L-Glutamine (Gibco 

12065-074) with 1% antibiotic-antimycotic (Gibco, 15240-062) at a concentration of 37 

µM per peptide. This was also repeated with each solvent containing 10% acetic acid at a 

concentration of 37 µM for a total of 12 different solvents tested. The library within any 

given solvent was tested three times, each in triplicate with three technical repeats for a 

total of 9 wells. Samples were immediately loaded into the LC-MS for data collection.  

2.2.8 Column Performance 

A new column (ProntoSIL C18 AQ, 120 Å, 3 µm, 2.0x50 mm HPLC column, PN 

0502F184PS030) was first primed by flushing 0.1% acetic acid in ultrapure water, 

followed by 0.1% acetic acid in acetonitrile, and last with 0.1% acetic acid in ultrapure 

water all at a volumetric flow rate of 300 μl/min for 20 minutes. Peptide Library AcβA-X-

RGEFV-βA was dissolved in ultrapure water containing 10% acetic acid and was used to 

track performance of the HPLC column. Conditioned media containing 10% fetal bovine 

serum (FBS) was used as a fouling agent. After every injection of the peptide library into 
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the HPLC, the fouling agent was injected four times. This was continued until column 

failure was observed via LC-MS.  

2.2.9 Liquid Chromatography – Mass Spectrometry  

Immediately after the 96-well sample plate were removed from the -80°C freezer, 4 µL of 

neat acetic acid was added to each well to acidify the media and prevent further peptide 

degradation by proteases, except for the solvent study and sample treatment study. From 

each sample, 10 µL of sample solution was introduced by the LC-MS through an Thermo 

Scientific Vanquish LC System (Thermo Fisher Scientific) and then to a Thermo Scientific 

LTQ XL Linear Ion Trap Mass Spectrometer (Thermo Fisher Scientific). The sampled 

mixture was trapped on a column (ProntoSIL C18 AQ, 120 Å, 3 µm, 2.0 x 50 mm HPLC 

Column, PN 0502F184PS030, MAC-MOD Analytical Inc.). The samples were loaded onto 

the column with a solvent containing acetonitrile/water, 5:95 (v/v) containing 1% acetic 

acid at a flow rate of 300 µL/min and held for one minute. The sample was then eluted 

from the column with a linear gradient of 5-40% Solvent B (1% acetic acid in acetonitrile) 

at the same flow rate for five minutes. This was followed by a 1 min ramp up to 100% 

Solvent B, where it was re-equilibrated with Solvent A (1% acetic acid) to 5% solvent B 

over the course of 1 min and held there for 2 min. The column temperature was a constant 

29 °C. The mass spectrometer was operated in positive ion mode. Using a heated ESI, the 

source voltage was set to 4.1 kV, and the capillary temperature was 350 °C. 

Data analysis was performed on Xcalibur Software (Thermo Scientific). Peptides were 

identified automatically using the Thermo Xcalibur Processing Setup window where the 

mass (m/z) ±0.5 atomic mass units and expected retention times for each quantified peptide 
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were inputted. This was later used to isolate individual peptide species from the total ion 

count (TIC) trace using the Thermo Xcalibur Quan Setup window, where the area under 

the curve was calculated and visually inspected for accuracy. All peptides were normalized 

to a non-degradable internal standard, NH2-βFβA6-Amide, where βA is a β-alanine and βF 

is β-homophenylalanine. The integrated peak area of the peptide of interest was divided by 

the NH2-βFβA6-amide internal standard to create an area ratio. Relative amounts of a 

peptide of peptide were then calculated by normalized all values to their corresponding 

time zero area ratio. Calculated data was visualized using RStudio. 

2.3 Results and Discussion 

2.3.1 Internal Standard Selection 

 The degradation of peptides was determined by quantifying the amount of peptides present 

a given time points and normalizing it to the initial amount present. This was done by 

injecting a specified sample volume of sample onto the LC-MS column for each run.  

However, a variety of factors can influence the concentration of peptide that is present 

within the samples independently of the peptide degradation, including sample 

evaporation, dilution, or errors in the amount of peptide injected due to factors such as air 

bubbles. Furthermore, the amount of peptide that is measured on the MS can vary due to 

changes in instrument parameters over time.108 To compensate for this variability, 

quantitative studies in LC-MS typically use stable internal standards in each run to 

benchmark each of the analytes to in order to compensate for sources of error. Internal 

standard selection is important to ensure accurate and reliable analysis of LC-MS based 

quantification of peptide based systems to compensate for variability in external factors on 
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the LC-MS109,110. The complexity of biological systems necessitates careful internal 

standard selection, as these standards are subject variation in technique, processing, 

biologic interaction, and the sample matrix110. To that end, a systematic approach was taken 

to choosing and assessing the appropriateness of the standard based on need.  

It is typically desired to have an internal standard that is chemically similar to the analyte 

of interest in order to best mimic losses and modifications due to processing steps and 

better track LC-MS based variations in ionization efficiency110. The processing steps in the 

proposed workflow are limited to sample collection, the opportunities for sample loss are 

limited to interactions between sample and micropipette tip and LCMS microtiter plate. 

The major concern is that the internal standard needs to be stable through cell-culture and 

compensate variances within the LC-MS. A polypeptide would make an ideal internal 

standard for peptide degradation studies as long as it tracks the analyte of interest during 

LC-MS. That said, the ability of enzymes to degrade peptides is a challenge for using 

polypeptides. Non-canonical amino acids, including β-amino acids which have two 

carbons between amide bonds instead of one, have been shown to be particularly resistant 

to most proteolytic degradation111–113. We designed a series of 10 different β-alanine based 

peptides as candidate internal standards. These peptides were incubated with hMSCs for 

48h and evaluated for signal intensity, retention time, and peptide stability.  

NH2-βA6-Amide, where the N-terminal NH2 is an amine, shows poor affinity to the LC-

MS column, eluting before the chromatography gradient begins (Figure 4.A). This is a 

problem because salts from cell culture media elute before the gradient begins, and salts 

influence the ionization process, and are non-volatile molecules that can damage or dirty 
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the mass spectrometer.   To account for this, the first 60 seconds of the mobile phase is sent 

to waste prior to ionization to prevent salts from entering the mass spectrometer and 

peptides and internal standards which elute before the gradient begins will not enter the 

mass spectrometer for quantification. N-terminal acetylation, the addition of a 

phenylalanine, or β-phenylalanine improves retention time by increasing they 

hydrophobicity of the polypeptide and increases the affinity to the column (Figure 4.A). 

After 48 hours of degradation, three internal standards candidates appeared viable with the 

fraction of peptides remaining measuring over 90% (Figure 4.B, green), 1) Ac-βA6-NH2, 

where the N-terminal Ac is acetyl group; 2) NH2-βFβA6-amide; and 3) Ac-FβA6-amide 

Ac-βA6-amide was ruled out due to weak signal intensity of the LC-MS (not shown), due 

to lack of charge. NH2-βFβA6-amide was chosen for its highly repeatable peptide elution 

time of 2.68 minutes, its repeatability in measurement within 48 hours of incubation with 

Figure 4 - Evaluation of 10 β-alanine based standards to identify molecules with both desired retention 
times and stability during culture. A) The retention time of peptides can be tuned through N-terminal 
modifications to the peptide sequence and the incorporation of hydrophobic residues. B) The stability 
of peptide sequences after 48 hours in culture with hMSCs was dependent on peptide sequence. Those 
with a fraction remaining of greater than 90% are shown in green. 
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within the sample matrix, and its net charge of +1 under the acidic conditions of the LC-

MS mobile phase. 

2.3.2 Sample linearity  

Sample linearity must be assessed to ensure the experimental range can produce 

quantifiable results by LCMS. A linear correlation is important because they 

experimentally confirm that results may be obtained in an accurate and precise manor114. 

The accuracy of peptide quantification by LC-MS is heavily dependent on the choice of 

internal standard, as well as the sample preparation protocol115 In this workflow, peptides 

are incubated with cells, and timepoints are sampled from the same well. Sample 

preparation focused on collecting and treating samples with acetic acid to prevent 

proteolytic activity, ensuring the internal standard remains constant across all paired 

samples.  The internal standard NH2-βFβA6-amide was used as an internal calibrant, and 

the linearity of the sample within the sample matrix was assessed by incubating peptide 

libraries AcβA-RGEFV-X-βA and AcβA-X-RGEFV-βA within RoosterBasal media. By 

keeping the internal standard constant and varying the level of analyte (Figure 5) linearity 

was observed, quantified, and can be seen in four representative samples where K, N, I/L, 

and F occupies the X position in the peptide libraries. The rest of the libraries are quantified 

in Table 2. Note: 100% is indicative of a peptide concentration of a 37 μM in the cell 

culture media, followed by an injection of 10 μL of sample onto the LC-MS. We observed 

a high degree of sample linearity across all peptides, with R2 values typically above 0.97. 



30 

 

 

Figure 5 – A) Calibration curves for libraries AcβA-RGEFV-X-Am and B) AcβA-X-RGEFV-βA, where X 
is all canonical amino acids except for cysteine. Shown are representative calibration curves where X is K, 
N, I/L, and F along with coefficients of correlation. 

Table 2 – Slopes, Intercepts, and coefficients of correlation for linear fit of peptide libraries AcβA-RGEFVX-
Am (top), and AcβA-XRGEFV-βA (bottom).  

 

2.3.3 Effect of Acetic Acid Treatment on Reproducibility 

In most of our studies peptide libraries were incubated with hMSCs for 48 hours, after 

which the extent of peptide degradation was quantified using LC-MS. However, LC-MS 

is not typically done immediately after culture, and in most cases the samples are stored in 

a -80°C freezer prior to analysis. Since the collected cell culture media contains proteases, 

including MMPs87 and other cell-secreted proteases, these enzymes have the potential to 

further degrade peptide libraries after the sample time point, which is undesirable.  
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To study the influence that sample processing can have on peptide degradation, the peptide 

library AcβA-RGEFV-X-βA was selected because it was previously shown to degrade in 

the presence of hMSCs within a 48 hour period26 and shown in Chapter 3 Figure 22. The 

goal of this study was to obtain conditions under which LC-MS based quantification could 

be obtained in a consistent manor over a three-week period. Untreated samples are defined 

as samples that were collected, placed in an LC-MS 96 well microtiter plate, and injected 

as is. 40 μL of untreated samples were collected and immediately the amount of peptide 

present in the samples was immediately quantified. These plates were then placed in fridge 

at 4°C for storage. Treated samples were frozen at -80°C until after the 48-hour timepoint, 

where they were treated with 4μL of acetic acid, injected onto the LC-MS, and then stored 

again at -80°C. Note, that the all samples were taken from the same well and are therefore 

paired. After 23 days the samples were injected again onto the LC-MS and it was seen that 

the acetic acid treated samples had minimal additional degradation, whereas untreated 

samples showed significant degradation after 24 hours (Figure 6.A). The area ratio was 

used to quantify observations and is defined by normalizing the raw measurement to that 

of the internal standard. That was then normalized a second time to the time zero area ratio 

to quantify if the measurement was consistent 23 days after sample collection. Acetic acid 

treatment was not observed to alter the LC-MS area ratio measurement as compared to the 

untreated samples (Figure 6 – Green). After 23 days the treatment was observed to yield 

consistent results (Figure 6 – Red). 
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Figure 6 - The graph shows average consistency of all peptides within the peptide library, where the error 
bars are the standard deviation of the entire peptide library consistency. Consistency is reported for each 
timepoint. Acetic acid Treated (T) and Untreated samples (U) are compared for consistency of measurement. 
U1 is untreated samples injected on the LC-MS immediately after sample collection at any given timepoint, 
U2 are the same untreated samples collected 23 days later. T1 are the treated samples collected immediately 
after the 48-hour timepoint, and T2 are the treated samples collected 23 days later.  

2.3.4 Effects of Injection Solvent on LC-MS performance 

Reverse-phased chromatography is a highly effective technique for separating peptides116. 

The use of a hydrophobic sorbent as the stationary phase results in affinity-based partitions, 

determined by the interactions of the solute with the mobile phase and the stationary 

phase116. Convenient parameters that can be optimized include solvent, temperature of the 

column, alkyl tail length of the stationary phase, choice of ion pairing reagent. The 

stationary phase (C18 alkyl tails), solvent composition (water and acetonitrile), and ion 

pair reagent (acetic acid) were held constant. Investigation of initial, common solvents 

peptides were dissolved in was performed. 

To study effects of peptide solvent on column performance we used the peptide library 

AcβA-X-RGEFV-βA, where X is each of the canonical amino acids except cysteine. 
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Previous work has shown that chemistry of peptide termini is the most effective means by 

which non-specific degradation of peptides may be controlled as compared to 

concentration or even PEGylation26. The acetylated-β-alanine was shown to be the most 

proteolytically resistant to degradation within a 48 hour period when incubated with 

hMSCs, hUVECs, and pro inflammatory macrophages26. This resistance to proteolytic 

degradation makes the AcβA-X-RGEFV-βA library a good model system to study the 

effects of the sample matrix on peptide affinity to the stationary phase of the LC-MS, as 

well as performance on the mass spectrometer.  

The AcβA-X-RGEFV-βA library was dissolved in 12 solvents commonly found in a 

biomaterials lab, and immediately injected into the LC-MS for analysis (Figure 8.A). 

Solvents were chosen based on utility and include three different mediums, PBS, water, 

and acetonitrile which conveniently helps to dissolve more hydrophobic peptides. In all 

cases, peptide libraries were dissolved in any given solvent in triplicate, with three 

technical repeats, for a total of 9 wells per solvent. In most cases, the presence of salt 

(solvents 5-12) does not appears to affect the area ratio to an appreciable degree (Figure 

8.B– top), but does effect the retention time of the stationary phase (Figure 8.B– bottom, 

solvents 5-12), especially noticeable on peptides where the variable X position contains 

positively charged residues H, K, and R. The presence of salts decreased the retention time 

of those positively charged residues, but this effect largely dissipates by the time AcβA-

NRGEFV-βA elutes from the column. Salt has a known effect of altering relative 

separation and retention times of species within the sample matrix due to changes in 

adsorption due to the electrical double layer repulsion117.  
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Organic solvents have a profound effect on LC-MS performance. Although sometimes 

necessary for peptide dissolution, adding 50% acetonitrile in water has significant 

detrimental effects on chromatographic performance (Figure 8.B, solvents 3 - 4). The 

presence of significant amounts of acetonitrile caused peak splitting in the internal standard 

(Figure 8.A – Right) such that much of it elutes from the column prior to gradient initiation. 

This is a problem for quantification because when collecting data from biological samples 

the mobile phase prior to the start of the gradient is typically sent to the waste, so peptides 

in these breakthrough peaks will not be quantified by the LC-MS. The observed area ratio 

(Figure 8.B) was correlated to an artificial increase in area ratio (Figure 8.B top) as the 

difference between the breakthrough peak of the analyte and the internal standard stop 

tracking with each other (Figure 8.B). The increased acid within the sample appears to 

increase column performance after the more hydrophilic residues as seen in solvent 4, in 

which 10% acetic acid is present within the sample.  
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Figure 7 - AcβA-X-RGEFV-βA library, where X is amino acid A, D, E, F, G, H, I, K, L, M, N, P, Q, R, S, 
T, V, W, and Y, was dissolved at total concentration of 37uM in A) different solvents. B) Shows area ratio 
of each peptide in the library normalized to NH2-βF(βA)6-NH2 (top) with its  corresponding retention time 
(bottom). 
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Figure 8 - A) Shows the internal standard peak NH2-βF(βA)6-NH2 in water. The left pane is representative 
of what was observed in solvents 1, 2, and 5-12; while the right pane demonstrates peak splitting and is 
representative of solvent’s 2 and 3. B) Quantifies the proportion internal standard (IS) and analytes that are 
in the breakthrough peak as compared to what elutes at the expected retention time. 

2.3.5 Quantifying column Failure 

Proteins and lipids are present in most cell culture conditioned media in substantial 

concentrations. These biomolecules can frequently become irreversibly bound to the 

matrix within an HPLC column which will degrade performance and reliability. It is 

typically recommended that proteins and lipids are removed from each of the samples prior 

to LCMS analysis, and a variety of products are available to separate analytes from fouling 

agents, such as solid phase extraction (SPE) plates. However, these sample purification 

methods have three significant drawbacks. The first is that a single use 96-well SPE plate 

costs approximately $375, which is 50% more than an LC-MS column. The second is that 

processing hundreds of samples via solid phase extraction can take ten hours or more of 

A 

B 
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lab time. Finally, sample purification protocols are typically optimized for a single analyte 

of interest to ensure that there is minimal sample loss during each of the steps. Our studies 

involve libraries of peptides having a range of physiochemical properties, and sample 

purification techniques have previously shown lack of consistency, and high variance of 

sample measurements by LC-MS (data not shown) compared to when samples were 

directly injected onto the column. By injecting crude material onto the LC-MS, losses from 

purification and processing steps are mitigated, at the cost of column lifespan. 

We quantified the effects of repeatedly injecting cell culture samples that contain proteins, 

such as 10% fetal bovine serum (FBS), and lipids on column lifetime and consistency in 

data collection. We used the AcβA-X-RGEFV-βA peptide library as a control and injected 

it onto the column every fifth injection after four injections of cell culture samples that 

contained 10% FBS. This was repeated until column failure was observed (Figure 9) and 

allowed us to quantify how column degradation influenced parameters such as retention 

time, peak area, and peak splitting on peptides with a range of physiochemical properties. 

The area ratio appears to remain relatively constant (Figure 9.A) over time. It is important 

to note that an individual set of runs will typically consist of dozens of injections in series, 

however our data shows that the first two or three injections of a run (Figure 9, all arrows) 

can have substantially altered chromatographic characteristics from the other injections, 

and that this is independent of column health. Pressure at the beginning of an injection can 

be observed to increase by ~100 bar when failure started to occur (Figure 9.D), however, 

the pressure differential is not an effective metric to quantify failure. This is evident 

because column failure was only observed in the hydrophobic residuals, that elute from the 
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column after 3 minutes and twenty-four seconds are still viable for quantification.  Failure 

only started to appear after 348 injections of the media containing 10% FBS and 87 

injections of the library (Figure 9.B). At this point failure becomes more visible and was 

analyzed further. First area ratio measurement numbers 3 - 23 were averaged. The first 2 

data points were avoided as the data showed irregularities at the start of a set of 

measurements. Next all data-points were normalized to that average value. The number 1 

was subtracted by that normalized value such that any value below zero represented a lower 

area ratio measured than the average of area ratios 3 – 23, and values above zero represent 

a higher area ratio measured than the average of area ratios 3 – 23. This value, which can 

be thought of as an error or deviation from when the column was new from the factory, 

was then propagated by taking the square root sum (Figure 9.B – inset pane) where it can 

be seen that peptides with the hydrophobic residuals are seen to increase higher than the 

rest, shown in red) by injection 124. After 348 injections of media with 10% FBS. The 

increase in column pressure and decrease in column performance is attributed to protein 

precipitation and lipid accumulation, some of which is irreversible on the column, 

introducing a less predictable stationary phase of the HPLC system with the LC-MS. This 

suggests that the useful lifetime of a column not only depends on the column, but also the 

characteristics of the analyte and internal standard. Fetal bovine serum from 3 lots was 

tested and shown to contain 32 - 42 mg/mL of total proteins118. Since each injection was 

10 µL, failure started to occur after at least 111 – 146 µg of peptide was injected onto the 

column. In previous studies it was seen that using cell culture conditions that featured low 

serum or serum-free media generally extended the lifespan of the LC columns.  
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Figure 9 - Evaluation of column lifespan and performance can be seen. Evaluation would start with injection 
of peptide library AcβA-X-RGEFV-βA, followed by four injections of media containing 10% FBS, and 
finally that cycle was repeated. So injection #/4 represents the number of peptide libraries that were injected 
onto the column. A) Shows the Area ratio, while C) shows how the retention time of every peptide. B) 
contains the legend of every peptide for within A, B, and C as well as the area ratio normalized to injection 
number 3-20 of the peptide library minus 1. The pane within B contains the square root sum of the normalized 
area ratio to quantify the total error of each quantified peptides within the library. D) shows how the pressure 
within the HPLC at time zero of the injection. The black and red arrows point to when the first injection was 
performed after at least 24 hours of non-use. The red arrow points to where failure of the column is initiated. 

2.4 Conclusion 

Here, a new LC-MS based method of quantifying peptide is introduced. A series of β-

amino acid based internal standard were identified with two peptides were shown be 

capable of withstanding proteolytic degradation within a 48-hour period.  Excellent 

linearity was demonstrated between the two peptide libraries that were tested, within the 

concentration range tested. An appropriate sample treatment was shown to be effective in 

inhibiting proteolytic degradation while also maintaining consistent results via LC-MS. 
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Injection solvent was demonstrated to potentially negatively impact LC-MS results, 

however, an injection solvent of PBS or media showed consistent characteristics, indicating 

that media could be used as an injection solvent. Finally, the use of a crude sample, with 

minimal processing, negating the need for an expensive SIL peptide comes at the cost of a 

chromatography column, which has been shown to last about 400 LC-MS injections. 

Demonstrated is a novel LC-MS based method for multiplex quantitative analysis of 

peptides degraded by cells. 
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Chapter 3: Chain End Modification Modulates Non-Specific Degradation of Peptides 

3.1 Introduction  

This chapter has been adapted from work previously published. Reprinted with permission 

from ACS Biomater. Sci. Eng. 2024, XXXX, XXX, XXX-XXX. Publication Date: July 5, 

2024. https://doi.org/10.1021/acsbiomaterials.4c00736. Copyright 2024 American 

Chemical Society.  

It is well-understood that non-specific degradation of therapeutic peptide drugs 

significantly limits their clinical potential92. However, bioactive peptides are frequently 

incorporated into biomaterials to better mimic native ECMs119–121 but typically without any 

characterization of their stability during culture. This includes the canonical RGD cell 

adhesion peptide72 and also signaling peptides which mimic growth factors, among other 

sequences122,123. These peptides are generally intended to be present throughout the lifetime 

of the material and any degradation is undesirable and could reduce the efficacy of the 

biomaterial system. Cell-secreted proteases, such as MMPs87 or cathepsins124, are often 

used as stimuli to modify biomaterials76. However, MMPs and cathepsins are only a 

fraction of the total number of proteases expressed by cells119.   

The enzymes harnessed within bioengineered systems, including MMPs and cathepsins, 

are almost exclusively endopeptidases76,125 which cleave interior of peptides and protein 

sequences. Exopeptidases, another  class of proteases which cleave amino acids at the 

termini of peptides and proteins, are ubiquitously expressed in human tissues119 and have 

https://doi.org/10.1021/acsbiomaterials.4c00736
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been used to tailor the adhesion 

environment within 

biomaterials126. Notably, 

exopeptidases are believed to 

be largely responsible for the 

rapid degradation of peptide 

drugs127,128, and modifications 

to the N-terminus of peptides 

can slow non-specific 

degradation127,129. Modification 

of the N-terminus of proteins is 

widespread, and more than 80% of human proteins have acetylated N-termini130. The 

exopeptidase family of proteases includes both aminopeptidases that are active against the 

N-terminus of peptides and carboxypeptidases that are active against the C-terminus, and 

the extent to which these classes of proteases degrade peptides is known to be heavily 

dependent upon the chemistry of the termini131. 

 In this chapter we synthesized a series of peptide libraries to better understand how cell-

secreted proteases degrade bioactive peptides (Table 3). Peptide libraries were synthesized 

with a range of N- and C- terminal modifications to all canonical amino acids except 

cysteine (Table 1). Peptides with N-terminal amines were rapidly degraded by human 

mesenchymal stem/stromal cells (hMSCs), human umbilical vein endothelial cells 

(hUVECs), and pro-inflammatory macrophages across almost all terminal amino acids. 

Figure 10 - Design of N-terminal and C-terminal peptide libraries. 
Split-and-pool with four different N-terminal modifications and 
three different C-terminal modifications. 
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However, simple modifications could significantly reduce this non-specific degradation 

across most cell types. These results offer generalized design rules to improve the design 

and bioactivity of peptide-functionalized hydrogels 

3.2 Experimental 

3.2.1 Solid Phase Peptide Synthesis  

Peptides were synthesized using standard solid phase peptide synthesis (SPPS) protocols 

using either manual synthesis or an automated peptide synthesizer (CEM Liberty Blue) 

using standard Fmoc-protected amino acids (Chemscene) on a Rink amide resin (Supra 

Sciences) unless a C-terminal carboxylic acid was desired, in which case 2-chlorotrityl 

resin was used. All amide couplings were done using O-(6- chlorobenzotriazol-1-yl)-

N,N,N′,N′-tetramethyluronium hexafluorophosphate (HCTU) in DMF unless otherwise 

noted. For each coupling the amino acid, HCTU, and DIPEA were added in a 4:4:6 molar 

ratio to the peptide. During peptide synthesis a ninhydrin test was performed after every 

addition to test for the presence of free amines. Upon a positive test, the coupling was 

replicated until the test was negative. A capping step was then performed with acetic 

anhydride (Sigma-Aldrich) in a 10:5:100 acetic anhydride:DIPEA:DMF solution twice for 

5 min, and then a ninhydrin test was performed to check for complete capping of the free 

amines. After successful coupling, the Fmoc group was removed, washing the resin with 

20% piperidine in DMF twice for 5 min. A ninhydrin test was performed to check for a 

positive result.  



44 

 

Loading the first amino acid on the 2-chlorotrityl resin was performed by swelling the resin 

in DCM for 10 minutes. While the resin was swelling, first amino acid was dissolved in 

dichloromethane, at a molar ratio of 1:1 per chain amino acid chain on resin, and mixed 

with the resin. If amino acid did not dissolve, DMF was added dropwise until amino acid 

dissolved prior to mixing with the resin. Next five molar equivalents of DIPEA was added 

to the synthesis vessel, which was placed on a wrist-action shaker for 5 minutes. After 5 

minutes another 1.5 molar equivalents of DIPEA were added, and the synthesis vessel was 

allowed to shake for 1 hour. After 1 hour, the synthesis vessel was drained and an excess 

of methanol was added to the vessel with another 5 equivalents of DIPEA. After 30 minutes 

the resin was washed with DCM and DMF, and deprotected with Piperidine. At this point, 

presence of a positive ninhydrin test indicated successful coupling of the first amino acid, 

and the rest of the amino acids were performed using standard FMOC SPPS techniques.  

Split-and-pool methods107 were used to rapidly create peptide libraries. For the split and 

pool steps, the resin was washed 3× with DMF and then the entire amount of resin was 

weighed on a scale. This number was divided by approximately 22 and this was split 19 

ways into 19 separate tubes, with some excess to account for resin loss during transport 

and weighing. The reactions were performed in 15 mL tubes and upon successful coupling 

of all 19 amino acids all 19 fractions of resin were re-combined. Peptide libraries attached 

to the C-terminal end were completed in one vessel. Peptide libraries attached to the N-

terminal end were washed with DMF 3×, weighed and split four ways followed by adding 

the desired chain-end chemistry. Once the N-terminal libraries were split four ways, they 

were not recombined again. Peptides with C-terminal carboxylic acids were synthesized 
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using 2-chlorotrityl chloride resin. For the COOH library 2 mmol of resin was weight out 

and 52.6 µmol of each amino acid (1 mmol total synthesis scale) was added into a single 

50 mL tube. 25 mL of DCM was added and then DMF was added dropwise until all of the 

amino acids went fully into solution. The 2-chlorotrityl chloride resin was washed with 

DCM for five minutes to swell the resin, at which time the DCM was drained and the amino 

acid solution was added with 5 equivalents of DIPEA. After 30 minutes another 1.5 

equivalents of DIPEA were added. After another 30 minutes 5 mL of methanol was added 

to cap the resin, at which time the Fmoc groups were deprotected and the peptides were 

synthesized using standard Fmoc-peptide synthesis procedures.  All peptides used in in this 

chapter can be found in below and validated via LC-MS (Appendix Figure 1– 140). 

Table 3 - List of all peptides used to demonstrate how chain end modification modulates non-specific 
degradation of peptides. Asides from peptide 3.1, four N-terminal modifications including an acetylated β-
Alanine (AcβA), a β-Alanine (βA), Acetylation (Ac), and amine (NH2). Three C-terminal modifications 
include amidation (Amide), a carboxylic acid (COOH), and a β-Alanine (βA). For peptide libraries, X 
represents a variable amino acid which includes: A, D, E, F, G, H, I, K, L, M, N, P, Q, R, S, T, V, W, and Y.  

Peptide/Library # Amino Acid Sequence Peptide/Library #  

3.1 NH2-βFβA6-Amide 3.2 AcβA-X-RGEFV-βA 

3.3 Ac-X-RGEFV-βA 3.4 βA-X-RGEFV-βA 

3.5 NH2-X-RGEFV-βA 3.6 AcβA-RGEFV-X-Amide 

3.7 AcβA-RGEFV-X-COOH 3.8 AcβA-RGEFV-X-βA 

3.9 AcβA-GLIAANK-βA 3.10 Ac-GLIAANK-βA 

3.11 βA-GLIAANK-βA 3.12 NH2-GLIAANK-βA 

3.13 AcβA-LIAANKG-Am 3.14 AcβA-LIAANKG-COOH 

3.15 AcβA-LIAANKG-βA 3.16 AcβA-GIVKVA-βA 

3.17 Ac-GIVKVA-βA 3.18 βA-GIVKVA-βA 

3.19 NH2-GIVKVA-βA 3.20 AcβA-IVKVAG-Am 

3.21 AcβA-IVKVAG-COOH 3.22 AcβA-IVKVAG-βA 
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3.2.2 Peptide Cleavage from Solid Phase 

Peptides libraries and all peptides containing tryptophan were cleaved using 92.5% 

trifluoroacetic acid (TFA), 2.5% H2O, 2.5% triisopropylsilane (TIPS), and 2.5% 

dithiothreitol (DTT). Peptides which lacked a tryptophan were cleaved without DTT. 

Peptides were typically cleaved for 2-3 hours at room temperature using approximately 25 

mL of cleavage solution per mM of peptide. However, peptides containing azides were 

cleaved for 30 minutes to prevent degradation of the azide group. Peptide mass was 

checked using electrospray ionization and if protecting groups remained the peptide was 

re-cleaved for 30 minutes. The masses of the peptide libraries were checked using liquid 

chromatography mass spectrometry (LCMS) and if protecting groups remained the 

peptides were re-cleaved for 30 minutes. At the end of the cleavage the peptides were 

precipitated in diethyl ether. These were then centrifuged for 5 minutes at 4,000 rpm, and 

the supernatant was discarded. The peptide pellet was washed with diethyl ether, and 

centrifuged, and this was repeated twice. The peptide pellet was allowed to dry, and then 

dissolved in water and neutralized with ammonium hydroxide prior to purification. 

3.2.3 Peptide Purification 

All peptides were purified using HPLC using a Phenomenex Gemini 5 μm NX-C18 110 Å 

LC Column 150 × 21.2 mm. Gradients were run from 95% Mobile Phase A (water with 

0.1% TFA) and 5% Mobile Phase B (acetonitrile with 0.1% TFA) to 100% Mobile Phase 

B. A typical HPLC run featured a two-minute equilibration step, followed by a 10-minute 

ramp from 95% Mobile Phase A to 100% Mobile Phase B, and then two minutes of 

equilibration at 100% Mobile Phase B, before ramping back down to the starting 
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conditions. Notably, the split-and-pool libraries were ramped up to 100% Mobile Phase B 

over two minutes, since these libraries consisted of approximately 19 different peptides 

which weren’t intended to be separated from each other. The protected cyclic RGD 

peptides was purified using a gradient that ramped from 30% Mobile Phase B to 100% 

Mobile Phase B. After purification all peptides evaluated for purity using LC-MS. If unpure 

peptides were repurified via preparative HPLC). were lyophilized and were ready to use. 

3.2.4 Degradation of Peptides by Human Umbilical Vein Endothelial Cells Stem 

Cells on Tissue Culture Plastic 

Human umbilical vein endothelial cells (hUVECs) (Lifecell Technology) at passage 2 were 

seeded into 24 well plates at a seeding density of 150,000 cells per well in 1ml of Basal 

media (Lifeline Cell Technology, LM-0002) containing ascorbic acid, hydrocortisone, 

FBS, L-Glutamine, rh-EGF, heparin, and EnGS-US (All supplements LifeFactors, LS-

1122). After 24 hour the media was changed. Peptide libraries, each containing 19 peptides 

and the non-proteolytically degradable βFβAβAβAβAβA-NH2 internal standard, were 

added to the cell media for a final concentration of 37 µM per peptide. Each library was 

tested in triplicate per cell type per study. 40 µl samples were collected from the media at 

hours 0, 1, 4, 8, 24, and 48. In-between timepoints samples were frozen -80°C. After 48 

hours, samples were kept frozen and thawed just prior to LCMS. The following donors 

were used for these studies: Lot 08119 from a Caucasian male, Lot 08478 from a 

Caucasian/African American female, and Lot 04608 from an African American male. 

Initial degradation studies with cells on tissue culture plastic were done using all three 

donors, sequence specific degradation studies were done using Lot 04608.   
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3.2.5 Degradation of Peptides by Human Mesenchymal Stem Cells on Tissue 

Culture Plastic 

Human mesenchymal stem cells (hMSCs) (Rooster Bio) at passage 3 were seeded into 24 

well plates at a seeding density of 75,000 cells per well in 1ml of RoosterBasal™-MSC-

CC (RoosterBio, SU-022) containing RoosterBooster™-MSC (RoosterBio SU-003). After 

24 hour the media was changed and peptide libraries were added to the cell media for a 

final concentration of 37 µM per peptide. Each library was tested simultaneously, in 

triplicate per cell lot for a total of 63 wells. 40 µl samples were collected from the media 

at hours 0, 1, 4, 8, 24, and 48. In-between timepoints samples were frozen -80°C. After 48 

hours, samples were kept frozen and thawed just prior to LCMS. The following donors 

were used for these studies: Lot 310264 a 20-year-old African-american male, Lot 310268 

a 19 year old Eritrean/east African female, and Lot 210280 a 26 year old Asian male. Initial 

degradation studies with cells on tissue culture plastic were done using all three donors, 

sequence specific degradation studies were done using Lot 310268. 

3.2.6 Degradation of Peptides by Peripheral Blood Mononuclear Cell Derived 

Macrophages on Tissue Culture Plastic 

Peripheral blood mononuclear cells (PBMCs) were purchased from Allcells placed in a 24 

well plate with a seeding density of one million cells per well using RPMI (Cytiva, 

SJ30027.1) containing 10% FBS (Foundation Fetal Bovine Serum, Gemini Bioproducts) 

and 1% antibiotic-antimycotic (Gibco, 15240-062).  Human M-CSF (Peprotech, 300-25-

50UG) was immediately added at a concentration of 20ng/ml for five days to induce 

differentiation to M0 macrophages. After day 5 the media was changed to RPMI containing 
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interferon gamma (IFN-γ) (Peprotech, 300-02-20UG), and 100 ng/ml Lipopolysaccharide 

(LPS) (Sigma L4391-1MG) and allowed to polarize for three days (Day 8 of culture). On 

Day 9, the media was changed to macrophage serum free media with L-Glutamine (Gibco 

12065-074). Peptide libraries were added 24 hours later to the cell media for a final 

concentration of 37 µM per peptide. Each library was tested simultaneously, in triplicate 

per cell lot for a total of 63 wells. 40 µl samples were collected from the media at 0, 1, 4, 

8, 24, and 48 hours. In-between timepoints samples were frozen -80°C. After 48 hours, 

samples were kept frozen and thawed just prior to LCMS. Three donors and one cell line 

was used for these studies. The donors came from Lot 3087423 a 26-year-old Asian male, 

Lot 3088202 a 52-year-old White male, and Lot 3091412 a 21-year old African-american 

Female. The primary PBMC-derived macrophages were used for initial studies on tissue 

culture plastic, THP-1-derived macrophages were used for sequence specific degradation 

studies.   

3.2.7 Degradation of Peptides by THP1 Derived Macrophages on Tissue Culture 

Plastic 

THP-1 cells were placed into a 24 well plate with a seeding density of one million cells per 

well using RPMI (Cytiva, SJ30027.1) containing 10% FBS and 1% anti-anti, with PMA at 

a concentration of 100ng/ml for two days. After day 2 the media was changed to RPMI 

containing IFN-γ, 20 ng/ml MCSF, and 100 ng/ml LPS and allowed to polarize for three 

days (Day 5 of culture). After six days the media was changed to macrophage serum free 

media with L-Glutamine (Gibco 12065-074) Peptide libraries were added 24 hours later to 

the cell media for a final concentration of 37 µM per peptide. Each library was tested 
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simultaneously, in triplicate for a total of 21 wells. 40 µl samples were collected from the 

media at hours 0, 1, 4, 8, 24, and 48. In-between timepoints samples were frozen -80°C. 

After 48 hours, samples were kept frozen and thawed just prior to LCMS. The THP-1 cell 

line was used for initial degradation experiments on tissue culture plastic and all other cell 

studies. 

3.2.8 Liquid Chromatography – Mass Spectrometry  

Immediately after the 96-well sample plate were removed from the -80°C freezer, 4 µL of 

neat acetic acid was added to each well to acidify the media and prevent further peptide 

degradation by proteases. From each sample, 10 µL of crude solution was introduced by 

the LC-MS through an Thermo Scientific Vanquish LC System (Thermo Fisher Scientific) 

which outputted to a Thermo Scientific LTQ XL Linear Ion Trap Mass Spectrometer 

(Thermo Fisher Scientific). The sampled mixture was trapped on a column (ProntoSIL C18 

AQ, 120 Å, 3 µm, 2.0 x 50 mm HPLC Column, PN 0502F184PS030, MAC-MOD 

Analytical Inc.). The samples were loaded onto the column with a solvent containing 

acetonitrile/water, 5:95 (v/v) containing 1% acetic acid at a flow rate of 300 µL/min and 

held for one minute. The sample was then eluted from the column with a linear gradient of 

5-40% Solvent B (1% acetic acid in acetonitrile) at the same flow rate for five minutes. 

This was followed by a 1 min ramp up to 100% Solvent B, where it was re-equilibrated 

with Solvent A (1% acetic acid) to 5% solvent B over the course of 1 min and held there 

for 2 min. The column temperature was a constant 29 °C. The mass spectrometer was 

operated in positive ion mode. Using a heated ESI, the source voltage was set to 4.1 kV, 

and the capillary temperature was 350 °C. 
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Data analysis was performed on Xcalibur Software (Thermo Scientific). Peptides were 

identified automatically using the Thermo Xcalibur Processing Setup window where the 

mass (m/z) ±0.5 atomic mass units and expected retention times for each quantified peptide 

were inputted. This was later used to isolate individual peptide species from the total ion 

count (TIC) trace using the Thermo Xcalibur Quan Setup window, where the area under 

the curve was calculated and visually inspected for accuracy. All peptides were normalized 

to a non-changing internal standard, NH2-βFβA6-Am, where βA is a β-alanine and βF is 

β-homophenylalanine. The integrated peak area of the peptide of interest was divided by 

the NH2-βFβA6-Am internal standard to create an area ratio. Relative amounts of a peptide 

of peptide were then calculated by normalized all values to their corresponding time zero 

area ratio. Calculated data was visualized using RStudio. 

3.3 Results and Discussion 

3.3.1 Degradation of RGEFV Peptide Libraries 

There are dozens of human exopeptidases132,133 and the activity of each protease is typically 

dependent on the amino acid at the termini of the peptide78. Significant effort has gone into 

preventing degradation of therapeutic proteins, and it modification of the N-terminal amine 

or C-terminal carboxylic acid or the inclusion of β-amino acids frequently reduces non-

specific  peptide degradation112,129,134 . While most work assessing proteolytic degradation 

of peptides has focused on the substrate preferences for individual proteases135, or 

degradation of specific peptides24, we set out to better understand peptide degradation due 

to the total protease expression of entire cell types across a range of terminal chemistries. 

In order to characterize the effects of non-specific proteolytic degradation as a function of 
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end group, we designed a series of RGEFV peptide libraries based upon the widely-used 

RGD peptide. Seven peptide libraries were synthesized, each having a different terminal 

chemistry and containing 19 of the 20 canonical amino acids (excluding cysteine) to 

quantify peptide degradation by cell type (Table 3. Entries 3.2 - 3.8). The aspartic acid (D) 

on the RGD was mutated to glutamic acid (E) to prevent the peptides from binding cell-

surface integrins while retaining their physiochemical properties136, and also included a 

hydrophobic Phe-Val utilized in the RGDFV adhesion peptide137 to improve 

chromatographic retention during analysis.  

Each of the seven peptide libraries (Appendix Figure 1-126) was added to the cell culture 

media of three cell types commonly used in biomedical research: human mesenchymal 

stem/stromal cells (hMSCs), human umbilical vein endothelial cells (hUVECs), and 

classically polarized macrophages (Macrophages) cultured on tissue culture plastic. 

Samples of each peptide library were taken in cell culture media at 0, 1, 4, 8, 24, and 48h, 

acidified with acetic acid to prevent further enzymatic degradation, and quantified using 

LCMS. The extent of degradation was determined by calculating the ratio of peptide found 

at later time points to the zero-hour time point. While peptides with 19 different terminal 

amino acids were present in every library, isoleucine and leucine have identical masses, 

elute from the LC-MS column at approximately the same time, and were combined for 

analysis. It should be noted that any chemical modification to the peptide that changes the 

mass of the peptide will reduce the intensity of the peptide peak in mass spectrometry 

(Figure 22 -Figure 22) which is visualized in two different ways: 1) grouped by time 

(Figure 22 - Figure 15) and grouped by end group chemistry 1) grouped by end group 
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chemistry (Figure 16 - Figure 22). While our data suggest that a significant fraction of 

degradation is due to exopeptidase activity, it is possible and even likely that 

endopeptidases or other enzymes are also degrading these peptides. 

 
Figure 11 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified at 1 hour. 

 
Figure 12 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified at 4 hours. 
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Figure 13 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified at 8 hours. 

 

 
Figure 14 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified at 24 hours.  
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Figure 15 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified at 48 hours. 

 

 
Figure 16 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified by the chemistry of the peptide termini Ac-βA. 
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Figure 17 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified by the chemistry of the peptide termini Ac. 

 

 
Figure 18 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified by the chemistry of the peptide termini N-βA. 
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Figure 19 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified by the chemistry of the peptide termini NH2. 

 
Figure 20 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified by the chemistry of the peptide termini C-βA. 
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Figure 21 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified by the chemistry of the peptide termini Am. 

 

 

Results show that non-specific degradation is controlled by the chemistry of the peptide 

termini, and that simple modifications can drastically reduce peptide degradation (Figure 

22 - Figure 22). The amino acids present at the termini influenced how quickly a peptide 

was degraded, but the difference between amino acids was much smaller than terminal 

chemistries. Peptides with N-terminal amines were rapidly degraded for almost every 

Figure 22 - Degradation of soluble peptides cultured with cells on tissue culture plastic. Degradation was 
quantified by the chemistry of the peptide termini COOH. 
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amino acid by all three cell types. In hMSCs after eight hours in culture 15 of the 18 

peptides with N-terminal amines (NH2) had less than 50% of the peptide remaining, 13 

peptides had less than 25% remaining, and 9 peptides had less than 5% of the original 

peptide remaining. hUVECs demonstrated less degradation of NH2 peptides, but 13 

peptides had less than 50% remaining after 8 hours, and 9 peptides had less than 25% 

remaining. Macrophages had the least degradation, but nine of the 18 peptides had less 

than 50% remaining after 8 hours in culture. For all cell types, modifications of the N-

terminus reduced peptide degradation, although they different levels of efficacy in 

preventing degradation. While peptides with N-terminal β-alanines (N-βA) were 

completely degraded by 48 hours when cultured with hMSCs, 42% of N-βA peptides 

remained after eight hours versus 17% for peptides with N-terminal amines, suggesting 

that the N-βA does slow down degradation in hMSCs. The N-βA modification was more 

effective at inhibiting peptide degradation in hUVECs, which increased the fraction of 

peptides remaining after 48 hours from 7% in NH2 to 58% in N-βA, and macrophages, 

which went from 25% remaining for NH2 to over 90% for N-βA. Described are findings 

from Figure 22 - Figure 22 which are summarized in Figure 23 where the error bars 

represent the standard deviation of all peptides within the library.  

The positive charge of the N-terminal amine can play a role in aminopeptidase recognition 

of the peptide substrate138. Both the NH2 and N-βA termini are positively charged, and the 

uncharged acetylation (Ac) and acetylated β-alanines (Ac-βA) were both more effective at 

preventing degradation. While there was essentially complete degradation of all peptides 

with N-terminal amines or N-terminal β-alanines when cultured with hMSCs on tissue 
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culture plastic, 10% of acetylated peptides remained, and 37% of Ac-βA peptides. For 

hUVECs, 82% of acetylated peptides remained, and 78% of peptides with acetylated β-

alanines, and for macrophages approximately 91% of peptides remained for both Ac and 

Ac-βA. 

 

 

 

 

 

 

 

The chemistry of the C-terminus also had a significant effect on peptide degradation, 

although to a lesser extent than the chemistry of the N-terminus. Peptides with C-terminal 

carboxylic acids typically had the most degradation, with hUVECs having the most 

degradation, with 19% remaining, followed by hMSCs (21%) and macrophages (59%). 

Modification of the C-terminus reduced degradation for all cell types. C-terminal 

amidation and an amidated C-terminal β-alanine both had 31% of peptide remaining after 

48 hours for hMSCs. However, the C-βA modification was superior to C-terminal 

Figure 23 - Non-specific degradation of peptides with N-terminal amines across three different cell types.  
The amount of degradation at different time points was quantified. Averaging over all amino acids, 
quantified the effects of N-terminal modifications for (A) hMSCs, (B) hUVECs, and (C) macrophages, and 
C-terminal modifications for (D) hMSCs, (E) hUVECs, and (F) macrophages. Error bars represent the 
standard deviation across all terminal amino acids.   
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amidation in preventing peptide degradation hUVECs (85% remaining in C-βA versus 

59% in Am) and macrophages (99% remaining in C-βA versus 90% for Am) than peptides 

which had C-terminal amides, and those with C-terminal β-alanines had the least. Current 

strategies to prevent exopeptidase degradation of peptides are largely focused on non-

natural amino acids or acetylation of the N-terminus. Peptides with N-terminal acetylated 

β-alanines and C-terminal amidated β-alanines would largely have reduced degradation 

over existing strategies for all cell types. Acetylated N-terminal β-alanines result in reduced 

degradation compared to standard acetylation for hMSCs, and amidated C-terminal β-

alanines have significantly reduced degradation for hUVECs and macrophages. Globally 

peptide degradation varied by cell type, and across all peptides hMSCs had more 

degradation than hUVECs, which had more degradation the macrophages for every end 

group at 24 and 48 hours, with the exception of the C-terminal carboxylic acid, which was 

more degraded at 48 hours by hUVECs than hMSCs.  

3.3.2 Quantification of Biological Variance 

Primary cells are widely used in biomedical research because they typically have more 

physiological relevance than transformed cell lines which will proliferate indefinitely. 

However, a challenge when drawing conclusions from studies using primary cells are that 

there are genetic differences between donors, and it is important to ensure that results are 

broadly applicable across the entire population. Furthermore, quantifying biological 

variance can help isolate sources of variance when making conclusions139. To ensure that 

our results are robust and not specific to a single donor, all degradation studies performed 

on RGEFV peptide libraries within this chapter were performed using at least three primary 
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biologic replicates, including donors from both sexes and multiple ethnicities. Degradation 

of peptide libraries by macrophages also included the commonly used THP-1 cell line as a 

fourth biologic replicate. Each peptide library was degraded in three independent 

experimental replicates for each biologic replicate. Each degradation study contained three 

technical repeats for a total of 27 wells for every peptide library. This experimental design 

was applied to three commonly studied cell-types: hUVECs, hMSCs, and Macrophages 

with vendor and donor information found in Table 4.  

Table 4 - Contains information on cell type and donor used to degrade RGEFV peptide libraries. 

Cell Type Vendor Lot # Gender Ethnicity Age 

hUVEC Lifeline Cell 

Technology 

08119 Male Caucasian Neonate 

hUVEC Lifeline Cell 

Technology 

08478 Female Caucasian/African 

American 

Neonate 

hUVEC Lifeline Cell 

Technology 

04608 Male African American Neonate 

hMSC RoosterBio 310264 Male African American 20 

hMSC Rooste Bio 310268 Female Eritrean/east African 19 

hMSC RoosterBio 310280 Male Asian 26 

PBMC ALLCELLS 3087423 Male Asian 26 

PBMC ALLCELLS 3088202 Male White 52 

PBMC ALLCELLS 3091412 Female Black or African 

American 

21 

THP1   Male Japanese Young 
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RGEFV peptide libraries were separated by donor and visualized in Figure 44. Each of the 

peptide libraries which underwent degradation followed the same trends, irrespective of 

donor. The 48-hour timepoints from Figure 44 were compared using an ANOVA followed 

by a Tukey-Kramer post hoc test (Appendix Figure 173.A) and summarized in Table 5. 

The macrophage donors that failed to reject the null hypothesis were dissimilar in age, sex, 

and race. hMSC donors that failed to reject the null hypothesis were similar in age and 

race, but not sex. hUVEC donors that failed to reject the null hypothesis in age and race, 

but not in sex. Although donors tested as statistically significant, except for hUVECs, their 

degradation trends typically varied by less than 10%.  
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Table 5 – RGEFV libraries were degraded and lots were compared after 48 hours. Lots are compared along 
the row, and the P value is the result of an ANNOVA followed by a Tukey-Kramer post hoc analysis. 
Highlighted are comparisons that failed to rejected the null-hypothesis defined at P=0.05.  

Cell Type Lot Age Sex Race Lot Age Sex Race P 

Macrophage 3088202 52 M White 3087423 26 F Asian 0.87 

3091412 21 F African 

American 

3087423 26 F Asian 0.00 

3091412 21 F African 

American 

3088202 52 M White 0.00 

THP1 Young M Asian 3087423 26 F Asian 0.00 

THP1 Young M Asian 3088202 52 M White 0.00 

3091412 21 F African 

American 

THP1 Young M Asian 

hMSC 310264 20 M African 

Amerin 

310268 19 F African 0.98 

310264 20 M African 

America 

310280 26 M Asian 0.00 

310268 19 F African 310280 26 M Asian 0.00 

hUVEC 04608 neonate M African 

American 

08119 Neonate M White 0.04 

08478 neonate F White / 

African 

American 

08119 Neonate M White 0.99 

08478 neonate F White / 

African 

American 

04608 neonate M African 

American 

0.33 
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Figure 24 - Comparison of peptide degradation by different hUVEC donors. hUVECs were cultured with 
RGEFV libraries containing end group Ac-βA. 

 
Figure 25 - Comparison of peptide degradation by different hUVEC donors. hUVECs were cultured with 
RGEFV libraries containing end group Ac. 
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Figure 26 - Comparison of peptide degradation by different hUVEC donors. hUVECs were cultured with 
RGEFV libraries containing end group N-βA. 

 
Figure 27 - Comparison of peptide degradation by different hUVEC donors. hUVECs were cultured with 
RGEFV libraries containing end group NH2. 
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Figure 28 - Comparison of peptide degradation by different hUVEC donors. hUVECs were cultured with 
RGEFV libraries containing end group C-βA.  

 

Figure 29 - Comparison of peptide degradation by different hUVEC donors. hUVECs were cultured with 
RGEFV libraries containing end group Am. 
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Figure 30 - Comparison of peptide degradation by different hUVEC donors. hUVECs were cultured with 
RGEFV libraries containing end group COOH. 

 
Figure 31 - Comparison of peptide degradation by different hMSC donors. hMSCs were cultured with 
RGEFV libraries containing end group Ac-βA. 
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Figure 32 - Comparison of peptide degradation by different hMSC donors. hMSCs were cultured with 
RGEFV libraries containing end group Ac. 

 
Figure 33 - Comparison of peptide degradation by different hMSC donors. hMSCs were cultured with 
RGEFV libraries containing end group N-βA. 
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Figure 34 - Comparison of peptide degradation by different hMSC donors. hMSCs were cultured with 
RGEFV libraries containing end group NH2. 

 
Figure 35 - Comparison of peptide degradation by different hMSC donors. hMSCs were cultured with 
RGEFV libraries containing end group C-βA. 
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Figure 36 - Comparison of peptide degradation by different hMSC donors. hMSCs were cultured with 
RGEFV libraries containing end group Am. 

 

Figure 37- Comparison of peptide degradation by different hMSC donors. hMSCs were cultured with 
RGEFV libraries containing end group COOH. 
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Figure 38 - Comparison of peptide degradation by different donors. Macrophages were cultured with RGEFV 
libraries containing end group Ac-βA. 

 
Figure 39 - Comparison of peptide degradation by different donors. Macrophages were cultured with RGEFV 
libraries containing end group Ac. 
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Figure 40 - Comparison of peptide degradation by different donors. Macrophages were cultured with RGEFV 
libraries containing end group N-βA. 

 
Figure 41 - Comparison of peptide degradation by different donors. Macrophages were cultured with RGEFV 
libraries containing end group NH2. 
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Figure 42 - Comparison of peptide degradation by different donors. Macrophages were cultured with RGEFV 
libraries containing end group C-βA. 

 
Figure 43 - Comparison of peptide degradation by different donors. Macrophages were cultured with RGEFV 
libraries containing end group Am. 
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Figure 44 – Comparison of peptide degradation by different donors. Macrophages were cultured with RGEFV 
libraries containing end group COOH. 

 

3.3.3 Sequence Specific Degradation 

Initial peptide libraries were derivatives of an RGEFV peptide based upon the RGD cell 

adhesion peptide. To ensure that the results are not specific to this sequence we synthesized 

two other peptide libraries, an IVKVA peptide based upon the IKVAV laminin-mimetic 

peptide140, and an LIAANK based upon the LIANAK TGF-β mimetic peptide141. We made 

peptides with each of the terminal chemistries having glycine at the terminus (Appendix 

Figure 127 - 140), since both LIAANK and IVKVA peptides do not have any special 

chemical groups and had degradation in the RGEFV peptides near the average for each 

condition (Figure 50 - Figure 50). The same broad trends held, with most peptides having 

more C-terminal degradation in the COOH condition, and acetylating the N-terminus, 

either Ac or Ac-βA reduced N-terminal degradation. 
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Figure 45 - Effects of different peptide sequences on non-specific degradation. Degradation was quantified 
for cell type hMSC. 

 

Figure 46 - Effects of different peptide sequences on non-specific degradation. Degradation was quantified 
for cell type hUVEC. 
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Figure 47 - Effects of different peptide sequences on non-specific degradation. Degradation was quantified 
for cell type Macrophage. 

 

 
Figure 48 - Effects of different peptide sequences on non-specific degradation. Degradation was quantified 
for peptide IVKVA. 
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Figure 49 - Effects of different peptide sequences on non-specific degradation. Degradation was quantified 
for peptide LIAANK. 

 
Figure 50 – Effects of different peptide sequences on non-specific degradation. Degradation was quantified 
for peptide RGEFV. 
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3.3.4 Statistical Analysis 

Statistical analysis was done using multi-way analysis of variance (ANOVA) with a Tukey 

post-hoc test. All comparisons in this chapter are statistically significant (p <0.05) unless 

otherwise noted. Statistical data can be found in Appendix Figure 173.A-D. 

3.4 Conclusion 

Here, the first comprehensive study on peptide degradation examining the effects of chain 

end chemistry was performed wherein each chain end was tested in libraries with all 

canonical amino acids immediately adjacent to the chain end. This indicates all quantified 

degradation within any given RGEFV library is paired, increasing confidence in accuracy 

of observed relative degradation within each library. First, hUVECs, hMSCs, and 

macrophages were all observed to degrade N-terminal amine and C-terminal carboxylic 

acid libraries faster than any other chain end for their respective termini. Second, hUVECs, 

hMSCs, and macrophages were all observed to degrade N-terminal acetylated β-alanine 

and C-terminal β-alanine libraries slower than any other chain end for their respective 

termini. The presence of positively charged amino acids (lysine and arginine) on the N-

terminus of the peptide increased the degradation rate, and tryptophan was also degraded 

more rapidly across all N-terminal chemistries. Interestingly, proline slowed down 

degradation for N-terminal amines, but increased degradation for N-terminal β-alanines. 

For N-terminal amines the presence of negatively charged amino acids (glutamic acid or 

aspartic acid) reduced degradation rates. While acetylation was typically effective in 

preventing non-specific degradation of cells in gels, histidine was a significant exception 

and was substantially degraded by all three cell types. On the C-terminus tryptophan 
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increased the rate of degradation across all chemistries, and alanine, phenylalanine, lysine, 

and tyrosine had increased degradation for the carboxylic acid library, and aspartic acid, 

glutamic acid, and valine had decreased degradation. Third, hMSCs were observed to be 

the most proteolytically active while macrophages were observed to be the least 

proteolytically active. Chain-end dependent degradation was largely observed to be 

conserved when examined in regards to peptides LIAANK and IVKVA for all-three cell 

types tested, with the exception that for the IVKVA peptide in the context of an N-terminal 

βA appears to degrade faster than an N-terminal amine. These data support the notion 

peptides may not be stable in the presence of cells, chain end chemistry plays a role in 

peptide stability, and whenever peptides are used to impart function their stability should 

be taken into account.   
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Chapter 4: Other Methods of Modifying Degradation Rate 

4.1 Introduction 

This chapter has been adapted from work previously published. Reprinted with permission 

from ACS Biomater. Sci. Eng. 2024, XXXX, XXX, XXX-XXX. Publication Date: July 5, 

2024. https://doi.org/10.1021/acsbiomaterials.4c00736. Copyright 2024 American 

Chemical Society.  

Peptide are widely used in biomedical applications because of their biologically selectivity, 

efficacy, and safety142.  However, peptides are often more prone to degradation than 

proteins or other therapeutic molecules, and this remains a significant challenge in using 

peptide-based technologies142. Simple strategies can be used to improve the stability of 

peptides within biomaterials, such as increasing the initial peptide concentration of a 

peptide which decreases degradation rate143, and modifying peptide with covalent 

chemistries, such as PEGylation,  which can inhibit proteolytic degradation through steric 

hinderance142,144. Increasing the concentration of a peptide within a hydrogel is a 

commonly done, however a drawback to this approach is that bioactive peptides frequently 

exhibit concentration-specific activity, and biomolecules degradation introduces a time-

dependent variable into the system.  PEGylation of peptides and proteins is a widely studied 

because presence of PEG chains has been shown to improve the stability and circulation 

time of protein drugs. 145,146. Notably, several PEG-protein conjugates have approved by 

the FDA and are used clinically.  

https://doi.org/10.1021/acsbiomaterials.4c00736
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Within the context of biomaterials, poly(ethylene glycol) is widely used as a polymer 

matrix within hydrogels. A key feature of PEG is that it resists protein adsorption, and as 

a result cells are typically unable to use adhesion proteins to bind PEG matrices. Most PEG 

hydrogels are modified with cell adhesion sequences, such as RGD, to enable cells to 

spread and migrate within these matrices. It is typically assumed that these adhesion 

peptides are stabile throughout the lifetime of the hydrogel, however this is almost never 

quantified. Modifying soluble peptides with PEG chains can thus simulate the covalently 

bonded bioactive peptide to a PEG hydrogel, while enabling degradation to be easily 

quantified using methods we have already established for soluble peptides.  

To examine the effects of concentration on peptide degradation, RGEFV peptides were 

synthesized with a glycine on either the C- or N- terminus of the peptide, with the end 

group chemistry being studied immediately adjacent to the terminal glycine. Glycine was 

chosen as a model peptide because it contains the peptide backbone but lacked any specific 

side group chemistry, having just a hydrogen atom, and had a degradation rate in the middle 

of all of the amino acids in our library studies. We incubated the glycine peptides with 

human mesenchymal stem/stromal cells (hMSCs), human umbilical vein endothelial cells 

(hUVECs), and pro-inflammatory macrophages and all N-terminal and C-terminal 

chemistries had slower degradation rates as the concentration of peptide increased. The 

presence of PEG modifications attenuated peptide degradation for all end group 

chemistries, however these peptides still showed degradation after 24 hours. PEGylating 

peptides does not perfectly recapitulate the covalent conjugation of peptides to hydrogel 

matrices because the PEG-peptide conjugates are still freely soluble in solution, unlike 
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peptides grafted onto a crosslinked polymer network. However, this system still gives 

insight into the influence that conjugation with bulky polymer chains can have on 

enzymatic activity against the peptide termini. While PEGylation did slow degradation, 

peptides containing an N-terminal amine or C-terminal carboxylic acid had increased 

degradation over other N-terminal and C-terminal chemistries, and those with an N-

terminal Ac-βA and C-terminal βA were seen to degrade the slowest, consistent with 

results Chapter 3.  These results imply a need for studying peptide stability in the context 

of hydrogels., This will reinforce generalized design rules to improve the design and 

bioactivity of peptides by preventing their non-specific degradation within peptide-

functionalized hydrogels.  

4.2 Experimental 

4.2.1 Solid Phase Peptide Synthesis 

The procedure for solid phase peptide synthesis remained the same as in section 3.2.1. All 

peptides used in this chapter can be found in Table 6 and have been validated via LC-MS 

in Appendix Figure 141 – 162. 
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Table 6 - List of all peptides used to evaluate other methods of modifying degradation rates. Note: N3 stands 
for an azide moiety, and PEG12 stands for monodisperse polyethylene glycol containing 12 monomers. 

Peptide # Amino Acid Sequence Peptide # Amino Acid Sequence 

4.1 NH2-βFβA6-Amide 4.2 AcβA-GRGEFV-βA 

4.3 Ac-GRGEFV-βA 4.4 βA-GRGEFV-βA 

4.5 NH2-GRGEFV-βA 4.6 AcβA-RGEFVG-Am 

4.7 AcβA-RGEFVG-COOH 4.8 AcβA-RGEFVG- βA 

4.9 AcβA-K(N3)GRGEFV-βA 4.10 Ac-K(N3)GRGEFV-βA 

4.11 βA-K(N3)GRGEFV-βA 4.12 NH2-K(N3)GRGEFV-βA 

4.13 AcβA-GRGEFVK(N3)-Am 4.14 AcβA-GRGEFVK(N3)-COOH 

4.15 AcβA-GRGEFVK(N3)-βA 4.16 AcβA-K(PEG12)GRGEFV-βA 

4.17 Ac-K(PEG12)GRGEFV-βA 4.18 βA-K(PEG12)GRGEFV-βA 

4.19 NH2-K(PEG12)GRGEFV-βA 420 AcβA-(PEG12)-Am 

4.21 AcβA-GRGEFVK(PEG12)-COOH 4.22 AcβA-GRGEFVK(triazole-PEG12)-βA 

 

4.2.2 Peptide Cleavage from Solid Phase 

The procedure for Peptide cleavage from solid phase remained the same as in section 3.2.2 

4.2.3 Reagent Preparation for peptides of different concentrations.  

After purification and lyophilization, peptides were dissolved and, if needed, pH adjusted 

to 7 using 2M ammonium hydroxide, then validated using LCMS (Table 6,peptides 4.2 – 

4.8). Peptides were then lyophilized a second time peptides and dissolved at 50 mM in cell 

media containing 10 mM of standard NH2-βF(βA)6-NH2 to be used in the degradation 

study. Since degradation was performed using seven RGEFV variants degraded by three 

cell-types, this is 21 solutions. Each solution was diluted 4X a total of 5 times, using the 

corresponding cell media containing 10 mM standard NH2-βF(βA)6-NH2 as the diluent, for 
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final concentrations of: 1) 50 mM, 2) 12.5 mM 3.12 mM 780 µM 195 µM for a total of 105 

different solutions.  

4.2.4 PEGylation of peptides  

Chain end chemistries studied remain the same as in Chapter 3. N-terminal chemistries of 

interest are an Acetylated β-Alanine, acetyl group, β-Alanine, and an amine. C-terminal 

chemistries of interst are an amide, carboxylic acid, and β-Alanine. Immediately adjacent 

to the chain-end chemistry of interest, on the N or C terminus of RGEFV peptide, an Fmoc-

Azidolysine-OH was added (Table 6, 4.9 - 4.15). Once seven variations of the azidolysine 

functionalized RGEFV peptides were synthesized, HPLC purified, and dissolved in water 

at 10mM, and verified via LCMS, they were PEGylated. PEGylation was performed by 

aliquoting 20 mg of peptide into new conical 15 mL centrifuge tubes. In the manufacture 

provided vial, 100 mg of m-dPEG12-DBCO was dissolved in 1ml of reverse osmosis 

double distilled water and evenly distributed seven ways amongst all azide-functionalized 

RGEFV peptides previously aliquoted. The strained alkyne from the DBCO was allowed 

to click to the azide-functionalized peptides overnight on the wrist action shaker (Table 6. 

4.16 – 4.22). The next day, the PEGylated peptides were HPLC purified, lyophilized, 

dissolved at 10 mM, and validated via LCMS.  

4.2.5 Degradation of Peptides by Human Umbilical Vein Endothelial Cells on Tissue 

Culture Plastic 

Human umbilical vein endothelial cells (hUVECs) (Lifecell Technology) at passage 2 were 

seeded into 24 well plates at a seeding density of 150,000 cells per well in 1ml of expansion 

media (Lifeline Cell Technology, LM-0002) containing ascorbic acid, hydrocortisone, 
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FBS, L-Glutamine, rh-EGF, heparin, and EnGS-US (All supplements LifeFactors, LS-

1122). After 24 hour the media was replaced with 900 µL. 24 hours later a glycine RGEFV 

peptides and the non- degradable NH2-βF(βA)6-Amide internal standard, were added to the 

cell media for final concentrations of 5000 µM, 1250 µM, 312 µM, 78 µM, and 19.5 µM 

per peptide, with the standard held constant at 100 µM. Each peptide was tested 

simultaneously, in triplicate with three technical repeats for a total of 9 wells/conditions 40 

µl samples were collected from the media at hours 0, 1, 4, 8, 24, and 48. Samples were 

frozen -80°C until they were ready for analysis by LC-MS. The cell donor used for this 

study was from Lot 04608 from an African American male.  

The above protocol was used to study was slightly modified to study the degradation of 

peptide libraries containing LIAANK and IVKVA peptides. The peptides were added at a 

concentration of 37.5 µM, the same concentration used in the RGEFV library degradation 

from chapter 3.  

4.2.6 Degradation of Peptides by Human Mesenchymal Stem Cells on Tissue 

Culture Plastic 

Human mesenchymal stem cells (hMSCs) (Rooster Bio) at passage 3 were seeded into 24 

well plates at a seeding density of 75,000 cells per well in 1ml of RoosterBasal™-MSC-

CC (RoosterBio, SU-022) containing RoosterBooster™-MSC (RoosterBio SU-003). After 

24 hour the media was changed. 24 hours later a glycine RGEFV peptides and the non- 

degradable NH2-βF(βA)6-Amide internal standard, were added to the cell media for final 

concentrations of 5000 µM, 1250 µM, 312 µM, 78 µM, and 19.5 µM per peptide, with the 

standard held constant at 100 µM. Each peptide was tested simultaneously, in triplicate 
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with three technical repeats for a total of 9 wells/conditions. 40 µl samples were collected 

from the media at hours 0, 1, 4, 8, 24, and 48. Samples were frozen -80°C until they were 

ready for analysis by LC-MS. For these studies hMSC Lot 310268 a 19-year-old 

Eritrean/east African female was used.  

4.2.7 Degradation of Peptides by THP-1 Derived Macrophages on Tissue Culture 

Plastic 

THP-1 cells were placed into a 24 well plate with a seeding density of one million cells per 

well using RPMI (Cytiva, SJ30027.1) containing 10% FBS and 1% anti-anti, with PMA at 

a concentration of 100ng/ml for two days. After day 2 the media was changed to RPMI 

containing IFN-γ, 20 ng/ml MCSF, and 100 ng/ml LPS and allowed to polarize for three 

days (Day 5 of culture). After six days the media was changed to macrophage serum free 

media with L-Glutamine (Gibco 12065-074). After 24 hour the media was changed. 24 

hours later a glycine RGEFV peptides and the non- degradable NH2-βF(βA)6-Amide 

internal standard, were added to the cell media for final concentrations of 5000 µM, 1250 

µM, 312 µM, 78 µM, and 19.5 µM per peptide, with the standard held constant at 100 µM. 

Each peptide was tested simultaneously, in triplicate with three technical repeats for a total 

of 9 wells/conditions. 40 µl samples were collected from the media at hours 0, 1, 4, 8, 24, 

and 48. Samples were frozen -80°C until they were ready for analysis by LC-MS. The 

THP-1 cell line was used for initial degradation experiments on tissue culture plastic and 

all other cell studies.  

4.2.8 Liquid Chromatography – Mass Spectrometry 

For LIAANK and IVKVA peptides the LC-MS was performed as previously described. 
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Immediately after the 96-well sample plate were removed from the -80°C freezer, 4 µL of 

neat acetic acid was added to each well to acidify the media and prevent further peptide 

degradation by proteases. From each sample, 10 µL of crude solution was introduced by 

the LC-MS through an Thermo Scientific Vanquish LC System (Thermo Fisher Scientific) 

which outputted to a Thermo Scientific LTQ XL Linear Ion Trap Mass Spectrometer 

(Thermo Fisher Scientific). The sampled mixture was trapped on a column (ProntoSIL C18 

AQ, 120 Å, 3 µm, 2.0 x 50 mm HPLC Column, PN 0502F184PS030, MAC-MOD 

Analytical Inc.). The samples were loaded onto the column with a solvent containing 

acetonitrile/water, 5:95 (v/v) containing 1% acetic acid at a flow rate of 300 µL/min and 

held for one minute. The sample was then eluted from the column with a linear gradient of 

5-30% Solvent B (1% acetic acid in acetonitrile) at the same flow rate for one minute. This 

was followed by a 1 min ramp up to 100% Solvent B, where it was re-equilibrated with 

Solvent A (1% acetic acid) to 5% solvent B over the course of 1 min and held there for 2 

min. The column temperature was a constant 29 °C. The mass spectrometer was operated 

in positive ion mode. Using a heated ESI, the source voltage was set to 4.1 kV, and the 

capillary temperature was 350 °C. 

Data analysis was also performed as previously described for all peptides.  

4.3 Results and Discussion  

4.3.1 Concentration effects of Peptides on Degradation 

Degradation studies were performed using an individual RGEFV peptide with a glycine at 

the terminus being studied at concentrations ranging from 19.5 µM to 5,000 µM. It was 
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generally observed that peptides at lower concentrations were more rapidly degraded than 

peptides at higher concentrations (Figure 53 - Figure 54) and is in agreement with the 

literature143. The effects of terminal chemistry on peptide degradation were broadly 

conserved across concentration ranges, with peptides having N-terminal amine-Gly being 

rapidly degraded even at 5 millimolar concentrations. After 48 hours only 5% of amine-

Gly-terminated RGEFV peptides remained after starting with an initial concentration was 

5,000 µM in hMSCs and Macrophages (Figure 53.D & Figure 53.D). C-terminal 

degradation was also observed to be rapid with only 26% of the initial peptide remained of 

an initial concentration of 5,000 µM Gly-COOH terminated peptide when cultured with 

hUVECs (Figure 52.G). It is notable that C-terminated Gly-COOH peptides were mostly 

degraded by 48 hours when cultured with hMSCs and hUVECs, but only showed modest 

degradation when cultured with THP-1-derived macrophages (Figure 51, Figure 52.G and 

Figure 53.G respectively). Overall, these results indicate that increasing peptide 

concentration leads to a slower degradation rate and a higher amount of peptide at later 

time points; however, modifying the chemistry at the terminus is a more effective method 

for controlling concentration of peptide after 48 hours. In addition, general degradation 

profiles are consistent with those observed in Chapter 3. 
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Figure 51 - Degradation of peptides at different concentrations. Data was quantified for hMSCs (A) Ac-βA, 
(B) Ac, (C) N-βA, (D) NH2, (E) C-βA, (F) Am, (G) COOH 
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Figure 52 - Degradation of peptides at different concentrations. Data was quantified for hUVECs (A) Ac-βA, 
(B) Ac, (C) N-βA, (D) NH2, (E) C-βA, (F) Am, (G) COOH. 
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E F 
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Figure 53 – Degradation of peptides at different concentrations. Data was quantified for macrophages (A) 
Ac-βA, (B) Ac, (C) N-βA, (D) NH2, (E) C-βA, (F) Am, (G) COOH. 

A B 

C D 

E F 

G 
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4.3.2 PEGylation/Matrix Mimicking effects on Peptide Degradation  

In addition to their roles as adhesion ligands or growth factor mimetic peptides, peptides 

are also widely used to crosslink hydrogel matrices87,147. This is often done by utilizing 

chemistries that can react with canonical amino acids, such as thiol-maleimide reactions148 

or incorporating non-natural chemistries into the peptide side chain, such as azides, which 

can then undergo click reactions 

with reactive groups present on 

polymers149. To better understand 

how these peptide modifications 

influence degradation kinetics, A 

series peptides were synthesized, 

and an azido-lysine was placed on 

either the N-terminus or C-

terminus immediately adjacent to each of the seven different terminal chemistries being 

studied (Figure 54.top). A portion of these peptides were then functionalized with a 

(PEG)12 chain modified with a dibenzocyclooctyne (DBCO) group (Figure 54.bottom) that 

is commonly used in biomaterial synthesis. Also, azide-containing peptides and PEG-

modified peptides were added to cell culture media and quantified degradation by hMSCs, 

hUVECs, and macrophages (Figure 55). PEG modification slowed peptide degradation for 

every N-terminal and C-terminal chemistry across hMSCs, hUVECs, and macrophages. 

Quantifying peptides covalently attached to hydrogels remains challenging, however, 

PEGylation of peptides provides a convenient methodology to gain insight as to what 

Figure 54 – Example of RGEFV peptide with different terminal 
chemistries. Peptides were synthesized with azides (top) on 
either the N- or C- terminus. A portion were modified with a 
(PEG)12-DBCO (bottom). The amine version of the RGEFV 
peptide is displayed.   
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happens when peptides are attached to PEG hydrogels. These results indicate that non-

specific peptide degradation depends upon both the end group chemistry of the peptide and 

also the presence of bulky groups which can slow or prevent the degradation of peptides 

conjugated to matrices, such as crosslinking peptides.  

 

 

Figure 55 – PEG conjugation to peptides slows degradation across endgroups and cell types. (A) hMSC N-
terminal chemistries, (B) hMSC C-terminal chemistries, (C) hUVEC N-terminal chemistries, (D) hUVEC C-
terminal chemistries, (E) macrophage N-terminal chemistries, (F) macrophage C-terminal chemistries.   
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4.4 Conclusion  

In conclusion, peptides were synthesized and degraded in the presence of hUVECs, hMSCs 

and macrophages to better understand the influence of substrate concentration, 

modification with an azide, and PEGylation. Generally, increasing concentration had the 

expected result of decreasing degradation rate; however, this was not as effective as 

changing the end group chemistry. Azide functionalized peptides had a did not appear to 

decrease degradation rate, and followed degradation trends observed in Chapter 3. 

PEGylation, while a well-accepted method of slowing degradation rate, its effectiveness is 

still determined by end group chemistry and the cell-type degrading the peptide. This is 

readily apparent when observing the NH2-K(PEG12)-RGEFV-βA being degraded down to 

about 10% by macrophages within a 24-hour period. Highlighting that non-specific 

degradation is context dependent on end group chemistry, adjacent PEG functionalization, 

and cell type present. While PEGylation can inhibit degradation, it is not fully effective in 

all cases. Indicating peptide degradation within hydrogels may be occurring.  
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Chapter 5: Cells in Gels influence Peptide Degradation, and Peptide Degradation 

influences Cells in Gels 

5.1 Introduction 

This chapter has been adapted from work previously published. Reprinted with permission 

from ACS Biomater. Sci. Eng. 2024, XXXX, XXX, XXX-XXX. Publication Date: July 5, 

2024. https://doi.org/10.1021/acsbiomaterials.4c00736. Copyright 2024 American 

Chemical Society.  

2D cell culture is an attractive method because of its simplicity, since nearly all products 

for culturing and analyzing cells in vitro have been optimized for cells grown on tissue 

culture plastic. However, it is well understood that cell-cell and cell-ECM interactions are 

substantially different in within the complex 3D environment found within tissues150,151. 

Some of these differences include proliferation, differentiation, gene expression150, cell 

morphology, polarity, and method of division151 have been both observed. To better 

understand how non-specific peptide degradation occurs in a more physiologically relevant 

system, a 3D hydrogel environment was engineered and used for evaluation of degradation 

and biologic impact of peptide stability.  

It is well understood that molecular and mechanical cues are an important in recapitulating 

important features of the ECM 152. Since peptides are commonly used to improve cell 

adhesion and signaling, their stability in culture is important for biological activity. 

Utilization of proteolytically sensitive crosslinkers such as a Pan-MMP sensitive peptide 

allows cell mobility by creating space in the matrix via protease mediated cleavage of the 

https://doi.org/10.1021/acsbiomaterials.4c00736
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crosslinker153. Additionally the local microenvironment of 3D cell culture is a deterministic 

factor of cell adhesion and mobility154.  It has also been shown that hydrogels with multiple 

peptide functionalities will outperform materials with single functionality153, such as 

inclusion of an adhesion peptide with a cleavable crosslinking peptide. Studies were 

designed using two such peptides in a 3D-PEG model system in order to better understand 

how peptide degradation is impacted by environment, and how this environment influences 

cells.   

Peptides are frequently incorporated into hydrogels to improve physiological relevance.  

This includes cell adhesion peptides, such as a cyclic GRGDSK(N3), and peptides that are 

substrates for MMPs, such as the Pan-MMP peptide N3KKGPQGIWGQKK(N3), which 

enables cells to spread and migrate within covalently crosslinked networks. These peptides 

were incorporated into 3D PEG hydrogel microenvironment for cell culture. Notably, while 

the PanMMP peptides is designed to be degraded by cells, RGD peptides are widely used 

to improve cell adhesion, but is not typically intended to be degraded during cell culture. 

hMSCs, hUVECs, and macrophages were each introduced into this 3D culture 

environment, and the soluble libraries used in Chapter 41 were degraded. Degradation was 

then quantified to assess if a 3D microenvironment impacts the degradation rate of soluble 

peptides. Next, we sought to better understand if the non-specific degradation of cell 

adhesion peptides impacts the bioactivity of hydrogel matrices. We fabricated a series of 

hydrogels conjugated with one of three different RGD molecules: a cyclic RGD which has 

no peptide termini and is not susceptible to degradation by exopeptidases, a “fast 

degrading” RGD peptide with an N-terminal amine, and a “slow degrading” RGD peptide 
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with an acetylated β-alanine on the N-terminus. Our results indicate that peptide stability 

within hydrogels does impact cell behavior, and that there is a trend for reduced spreading 

in gels with rapidly degrading adhesion sequences.  

5.2 Experimental 

5.2.1 8-Arm PEG evaluation 

20 kDa 8-arm PEG-DBCO which dissolved in water in under 30 seconds were used as 

received. Otherwise, the PEG was quickly purified by dissolving them in isopropanol and 

removing impurities using a 10 kDa Amicon centrifugal filter. Approximately 200 mg of 

PEG was dissolved in 5 mLs of isopropanol and it was centrifuged at 4,500 RPM until 

there was less than one milliliter of PEG-DBCO/isopropanol left in the filter. This was 

repeated twice, and then the filtrate was lyophilized and used. 

5.2.2 2-Azidoacetic Acid 

Synthesis of 2-azidoacetic acid was based on a procedure by Li155 (Figure 56). Sodium 

Azide (6.5g, 100 mmol) and bromoacetic acid (13.9g, 100 mmol) was dissolved in water 

(50ml). The reaction was stirred at room temperature under ambient conditions overnight. 

After which the reaction was acidified to pH 1 with 6M HCl and extracted with diethyl 

ether (3 x 100ml). The organics were combined, dried over MgSO4, and concentrated to 

afford 2-azidoacetic acid as a colorless oil. Note: 2-azidoacetic acid was added to peptides 

on resin using the same HCTU chemistry as with FMOC-amino acids.  
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Figure 56 – Schematic of 2-Azidoacetic Acid Synthesis 

5.2.3 Solid Phase Peptide Synthesis 

The procedure for solid phase peptide synthesis remained the same as in section 3.2.1. All 

peptides used in this chapter can be found in Table 7 and have been validated via LC-MS 

in Appendix Figure 1-126 and Appendix Figure 163 - 167.  

Table 7 - List of all peptides used to demonstrate how chain end modification modulates non-specific 
degradation of peptides. Asides from peptide 5.1, four N-terminal modifications including an acetylated β-
Alanine (AcβA), a β-Alanine (βA), Acetylation (Ac), and amine (NH2). Three C-terminal modifications 
include amidation (Am), a carboxylic acid (COOH), and a β-Alanine (βA). For peptide libraries, X represents 
a variable amino acid which includes: A, D, E, F, G, H, I, K, L, M, N, P, Q, R, S, T, V, W, and Y. An Azide 
moiety is shown as N3.  

Peptide/Peptide 

Library # 

Amino Acid Sequence Peptide/Peptide Library 

# 

 

5.1 NH2-βFβA6-Amide 5.2 AcβA-X-RGEFV-βA 

5.3 Ac-X-RGEFV-βA 5.4 βA-X-RGEFV-βA 

5.5 NH2-X-RGEFV-βA 5.6 AcβA-RGEFV-X-Am 

5.7 AcβA-RGEFV-X-COOH 5.8 AcβA-RGEFV-X-βA 

5.9 N3-KGPQGIWGQK(N3)-NH2 5.10 NH2-GRGDSK(N3)-NH2 

5.11 AcβA-GRGDSK(N3)-NH2 5.12 Cyclic GRGDSK(N3) 

 

5.2.4 Peptide Cyclization  

Cyclic GRGDSK(N3) was synthesized on 2-chlorotrityl Chloride resin as described 

previously. After synthesis, the peptide was cleaved from the resin using a mild acidic 

solution of 5% TFA with 2.5% triisopropylsilane in DCM for 5 minutes and collected. This 
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process was repeated until the resin turned dark red/black. The liquid was then precipitated 

in ether, dissolved in 50% acetonitrile in water, neutralized using 1M ammonium 

hydroxide, and lyophilized. The protected peptide was then cyclized by dissolution in DMF 

at a concentration of 1 mg/mL and adding 3 molar equivalents of HATU, and adding 

DIPEA at a ratio of 260 µl/mmol of HATU. After 6 hours the peptide was concentrated 

using rotary evaporation at 65°C, precipitated in diethyl ether and washed 3X in diethyl 

ether. Protecting groups were removed using 95% TFA with 2.5% TIPS and 2.5% DI 

water, followed by precipitation in diethyl ether. After washing 3X more times in diethyl 

ether the cyclic peptide was purified using HPLC as previously described.  

5.2.5 Degradation of Peptides by Human Umbilical Vein Endothelial Cells in PEG 

hydrogels  

hUVECs at passage 2 were seeded into T75 flasks in basal media containing ascorbic acid, 

hydrocortisone, FBS, L-Glutamine, rh EGF, heparin, and EnGS-US (All supplements - 

LifeFactors, LS-1122) until they were 80-90% confluent. Cells were then washed with PBS 

and trypsinized with 2 mL of 0.25% Trypsin in Hank’s Buffered Salt Solution with EDTA 

and incubated for 5 minutes. Once cells had detached they were centrifuged at 0.2 RCF for 

5 minutes and counted using a hemocytometer. At this time, they were seeded into 28 µl 

of 3.5% (W/V) 8-arm-PEG-DBCO (MW 20,000 KDa) hydrogels at a density of 150,000 

cells per gel with 35% of PEG arms crosslinked with PanMMP degradable peptide N3-

KGPQGIWGQKK(N3), and 10% of the arms are tethered with cyclic GRGDSK(N3) using 

copper free click chemistry of the strained alkyne, DBCO, with the azides. After 24 hours 

peptide libraries were added to the cell media for a final concentration of 37 µM per 
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peptide. Each library was tested simultaneously, in triplicate for a total of 9 wells per library 

per celltype. 40 µl samples were collected from the media at hours 0, 1, 4, 8, 24, and 48. 

In-between timepoints samples were frozen -80°C. After 48 hours, samples were kept 

frozen and thawed just prior to LCMS.   

5.2.6 Degradation of Peptides by Human Mesenchymal Stem Cells in PEG 

hydrogels  

hMSCs at passage 3 were seeded into T-75 flasks until they 80-90% confluent. Cells were 

then washed with PBS and trypsinized in 2 mL of trypsin and incubated for 5 minutes. 

Once the cells had detached they were centrifuged at 0.2 RCF for 5 minutes and counted 

using a hemocytometer. At this time, they were seeded into 28 µl of 3.5% (W/V) 8-arm-

peg-DBCO (MW 20,000 KDa) hydrogels at a density of 75,000 cells per gel with 35% of 

PEG arms crosslinked with a PanMMP peptide N3-KGPQGIWGQKK(N3), and 10% of the 

arms are tethered with cyclic GRGDSK(N3) using copper free click chemistry of the 

strained alkyne DBCO with the azides. After 24 hours peptide libraries were added to the 

cell media for a final concentration of 37 µM per peptide. Each library was tested 

simultaneously, in triplicate for a total of 21 wells per study. 40 µl samples were collected 

from the media at hours 0, 1, 4, 8, 24, and 48. In-between timepoints samples were frozen 

-80°C. After 48 hours, samples were kept frozen and thawed just prior to LCMS.   

5.2.7 Degradation of Peptides by THP1 Derived Macrophages in PEG hydrogels  

THP1 cells were placed into untreated six well plates with RPMI containing 10% FBS and 

1% anti-anti, with PMA at a concentration of 100 ng/ml for two days. After day 2 the media 

was changed to RPMI containing IFN-γ, MCSF, and LPS and allowed to polarize for three 
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days (Day 5 of culture). On day six, the media was changed to fresh RPMI and detached 

using a cell scraper. They were then centrifuged at 0.2 RCF for 5 minutes, counted using a 

hemocytometer and seeded into 40uL gels at a density of 1million cells per gel containing 

28 uL of 3.5% (W/V) 8-arm-PEG-DBCO (MW 20,000 KDa) hydrogels at a density of 

75,000 cells per gel with 35% of PEG arms crosslinked with a PanMMP sensitive peptide 

N3KGPQGIWGQKK(N3), and 10% of the arms are tethered with cyclic GRGDSK(N3) 

using copper free click chemistry of the strained alkyne DBCO with the azides. After 24 

hours peptide libraries were added to the cell media for a final concentration of 37 µM per 

peptide. Each library was tested simultaneously, in triplicate for a total of 21 wells. 40 

samples were collected from the media at hours 0, 1, 4, 8, 24, and 48. In-between timepoints 

samples were frozen -80°C. After 48 hours, samples were kept frozen and thawed just prior 

to LCMS.   

5.2.8 Liquid Chromatography – Mass Spectrometry  

All LC-MS samples were collected as described previously in Chapter 3: Chain End 

Modification Modulates Non-Specific Degradation of Peptides. 

5.2.9 Imaging hMSCs in Gels Containing Fast and Slow Degrading Cell-Adhesion 

Peptides  

hMSCs were cultured in PEG hydrogels as described above, except the gels were pipetted 

onto cover slips and contained different cell-adhesion peptides: 1) no-RGD, 2) cyclic 

GRGDSK(N3) ,3) NH2-GRGDSK(N3), or 4) AcβA-GRGDSK(N3). At day 7, gels were 

washed two times with 1× PBS and stained in 10% NBF for 15 min and washed three times 

with 1× PBS. Cells were then permeabilized with 100% methanol at 4°C for 30 min, 
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washed two times with 1× PBS and permeabilized with 0.5% Trition-X-100 for 15 min at 

RT. Gels were washed two times with 1× PBS and blocked using blocking solution (1% 

BSA, 0.3 M glycine, and 0.01% Triton-X-100) for one hour. Cells were then incubated 

with anti-pan actin mouse monoclonal antibody (AANO2, Cytoskeleton inc.) (1:500) in 

blocking solution and agitated overnight at 4°C. Gels were washed with 0.1% Triton X-

100 in 1× PBS, and then three times with 1× PBS. Cells were then incubated with Goat 

anti-mouse IgG2b-AF555 (1091-32, SouthernBiotech) (1:400) in blocking solution for 60 

min at RT in the dark. Gels were washed three times with 1X PBS and then incubated in 

DAPI (Anaspec AS-83210) (1:10,000) in 1× PBS for 20 min at RT. Cells were mounted 

on coverslips just prior to imaging. Cells were imaged using a confocal microscopy (Nikon 

Eclipse Ti). Cell area was quantified by first importing a Z-stack into the FIJI distribution 

of ImageJ2.  The Z-stack was then projected into two dimensional space using the 

maximum projection function. After splitting the color channels, the threshold was adjusted 

such that the only the DAPI or the phalloidin staining was applied. Last, the “analyze 

particles” function was applied to gain two pieces of information: 1) the number of particles 

taken from the DAPI channel, and the total particle area taken from the phalloidin area. 

Should two nuclei be very close and be counted as one particle, the particle count was 

adjusted manually for accuracy. The total actin particle area was then normalized to the 

number of DAPI particles to get an average area per cell. Each group tested was done using 

three replicates, each done in triplicate for 9 measurements in total.  
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5.2.10 Viability Assay 

Cells were cultured in gels as described above. An alamar blue working solution was made 

by diluting the alamarBlue dye (Y00-100, Thermo Scientific) (1:10) with the same media 

cells were cultured in. The media the cells were in was replaced with one ml of working 

solution. One mL of working solution was also placed into 3 blank wells. The cells were 

then placed in the incubator 36°C, 5% CO2 for 3 hours. After 3 hours, 100 µL of the 

solution was sampled and placed into a 96 well plate, and fluorescence intensity was 

measured using a Tecan plate reader using 560Ex/590Em nm filter settings, reading from 

the bottom of the plate. Immediately after measurement, the alamar blue working solution 

was washed three times with appropriate media for each cell type being measured and 

placed back in the incubator. The same cells were used for each measurement during Days 

0, 3, and 7. 

5.2.11 DNA Quantification Assay  

Cells were cultured in gels as described above. However, gels were placed on SilGuard 

coated 24 well plates to prevent cell adhesion to the tissue culture plastic, ensuring the 

origin of the quantified DNA are exclusively taken from cells located within the gels. To 

coat plates in Sylgard, the Sylgard 184 elastomer was mixed with its curing agent in a 1:10 

ratio. Subsequently, the mixture was poured into each well of a 24-well plate. The 

elastomer was allowed to cure at room temperature overnight for all experiments. 

Following the curing process, an alcohol-based reagent was applied through spraying, and 

the samples were subjected to UV sterilization for 24 hours. 
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A two-step procedure was used to quantify the double-stranded DNA (dsDNA): 1) sample 

homogenization, and 2) dsDNA quantification. Sample homogenization was performed via 

enzymatic digestion of the gel and cellular components using Papain (P4762-50mg, Sigma-

Aldrich). Papain was reconstituted to a concentration of 10 mg/mL using PBS, 300µL was 

aliquoted into Eppendorf tubes, and the papain stock solution was stored in -20°C until 

needed. L-cysteine (25-7210-00, Chemical Dynamics Co.) was prepared at a concentration 

of 24.2 mg/mL in DI water, placed into 0.5 ml aliquots and stored at -20°C until use. EDTA 

was prepared into a stock of 0.333M in DI water and stored at 4°C in the fridge until needed 

(shelf life 3 months). Papain solution was prepared fresh just prior to homogenization by 

combining and diluting papain, L-cysteine, and EDTA to a final concentration of 125 

µg/ml, 0.242 mg/ml, and 0.333 M respectively with PBS. 300 µL of papain digestion 

solution was used per 28 µL gel. Each gel was then incubated at overnight at 4°C. The next 

day, homogenization was verified by pipetting samples up and down, noting absence of 

crosslinked gel material.   

Double Stranded DNA was quantified using the Quantiflour dsDNA System (E2670, 

Promega). 1× TE buffer was prepared by diluting the stock TE buffer 20 fold with 

microbial cell culture grade water (BP2820-100, Fisher BioReagents). The Quantifluor 

dsDNA dye was then diluted 400 fold with 1× TE buffer to create the working dye solution. 

200 µL. A standard curve was prepared in a 96 well plate by placing 2 µL of DNA standard 

into 200 µL of the working dye solution for a total amount of 200 ng of dsDNA standard. 

Then a 1:4 dilution series was performed down to 0.05 ng of dsDNA standard using the 

working dye solution as the diluent, and a blank containing just 2 µL of 1× TE buffer in 
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the working dye solution. This was performed in triplicate. 15 µL of the homogenized 

samples were placed into an empty well of the plate, and 185 µL of the working dye 

solution was added on top of the unknown samples. Samples were protected from light and 

incubated for 5-10 minutes, and the fluorescence (504nmEx/531nmEm) was measured 

using a plate reader (SpectraMax iD3, Molecular Devices). The three standard curves were 

averaged, and then used to calculate the total dsDNA present within each sample. 

5.3 Results and Discussions 

5.3.1 Peptides degraded by cells in hydrogels.  

We found that RGEFV peptide library degradation with hUVECs was similar between 

tissue culture plastic (Figure 11 - Figure 22. all center panes) and within hydrogels (Figure 

58). Macrophages also had similar peptide degradation kinetics when soluble peptides were 

added to cells on tissue culture plastic (Figure 11 - Figure 22.all right panes) or cells in gels 

(Figure 59). Interestingly, hMSCs had significantly less non-specific degradation of 

peptides when cultured in gels (Figure 67) compared to cells cultured on tissue culture 

plastic (Figure 11 - Figure 22.all left panes). This observation is also highlighted in (Figure 

67). While acetylation of the N-terminus was largely effective at reducing non-specific 

degradation, peptides with an N-terminal histidine were an exception, and peptides with an 

acetylated histidine were cleaved for all three cell types when cultured in gels (Figure 11 - 

Figure 22). Overall the same broad peptide degradations trends held for cells in gels, with 

N-terminal amines undergoing significant degradation for all three cell types versus other 

N-terminal functionalization’s, and C-terminal carboxylic acids being significantly 

degraded by hMSCs and hUVECs compared to other terminal chemistries after 48 hours 
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(Figure 67 & Figure 58). Macrophages cultured on tissue culture plastic had significantly 

reduced degradation of C-terminal libraries compared to the two other cell types (Figure 

11 - Figure 23), but were still only had 59% of peptides remaining after 24 hours across 

amino acids. However, macrophages encapsulate in hydrogels had greater than 96% 

remaining of all C-terminal peptide chemistries after 48 hours in culture (Figure 59). 

While the effects of the N-terminal and C-terminal amino acids tended to be much smaller 

than the chemistry of the termini, there were some trends seen across cell types in both the 

cells on tissue culture plastic and cells encapsulated within PEG hydrogels. In addition, the 

degradation trends observed when cells were encapsulated inside hydrogels showed the 

same trends as when cells were cultured on tissue culture plastic shown in Chapter 3. OF 

note, positively charged amino acids on the N terminus increased degradation rate. Amine 

terminated peptides on the N-terminus strongly degraded except for negatively charged 

amino acids, glutamic and aspartic acid. This suggests that at least some of the proteases 

present are mechanistically electrostatic in nature. While acetylation was typically effective 

in preventing non-specific degradation of cells in gels, histidine was a significant exception 

and was substantially degraded by all three cell types on TCP and gels (Figure 67) except 

for hUVECs on TCP (See Chapter 3). 
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Figure 57 - Degradation of soluble peptide libraries by hMSCs in PEG hydrogels.  

 

Figure 58 - Degradation of soluble peptide libraries by hUVECs in PEG hydrogels.  
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Figure 59 - Degradation of soluble peptide libraries by macrophages in PEG hydrogels.  

 

Figure 60 - Degradation of soluble Ac-βA peptide libraries by cells in PEG hydrogels. 
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Figure 61 - Degradation of soluble Ac peptide libraries by cells in PEG hydrogels. 

 

Figure 62 - Degradation of soluble N-βA peptide libraries by cells in PEG hydrogels. 
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Figure 63 - Degradation of soluble NH2 peptide libraries by cells in PEG hydrogels. 

 

Figure 64 - Degradation of soluble C-βA peptide libraries by cells in PEG hydrogels. 



112 

 

 

Figure 65 - Degradation of soluble Am peptide libraries by cells in PEG hydrogels. 

 

Figure 66 - Degradation of soluble COOH peptide libraries by cells in PEG hydrogels. 
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Figure 67 - Comparison of peptide library degradation by cells on tissue culture plastic and cells in gels. 



114 

 

5.3.2 Effects of RGD End Group Chemistry on Cell Behavior in Hydrogels 

To better understand how the presence of fast and slow degrading RGD sequences 

influenced cell behavior and peptide 

degradation when covalently 

coupled to a hydrogel. To do this we 

made hydrogels with both a “Fast” 

degrading cell adhesion peptide, 

NH2-GRGDS and slow degrading 

cell adhesion Ac-βA-GRGDS 

peptides. As a positive control we 

used a cyclic RGD peptide (cRGD), 

which does not have a terminus and 

is not susceptible to non-specific 

degradation by exopeptidases. We 

also included a negative control 

which consisted of gels without any 

RGD peptides. To better understand 

the effects of RGD stability on cell 

morphology, hMSC spreading was 

quantified at Day 7 in hydrogels with 

cyclic RGD, slow-degrading Ac-βA-GRGDS, fast degrading NH2-GRGDS and gels with 

no RGD peptides (Figure 68 and S9). hMSCs in the cRGD gels had the most spreading 

Figure 68 - RGD is required for cell spreading and 
viability within hydrogels. (A) Ac-βA-GRGDS, (B) 
NH2-GRGDS, (C) cyclic RGDS (cRGD), and (D) no 
added RGDS. (E) hMSC spreading was increased in 
hydrogels which were functionalized with RGD 
peptides. Red is actin and blue is the nuclei. Scale bar 
is 100 µm and * indicates p < 0.05, *** indicates p < 
0.001 by Tukey’s post hoc test. 
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(769 ± 119 µm2), followed by the Ac-βA-GRGDS 746 ± 149 µm2), NH2-GRGDS (626 ± 

193 µm2), and gels without RGD (400 ± 91 µm2). Hydrogels with cRGD and Ac-βA-

GRGDS had more spreading than gels with either NH2-GRGDS or no RGD, although the 

differences with the NH2-GRGDS were not statistically significant (p > 0.05). Also, 

viability within gels was primarily dependent upon the presence of RGD, however this 

varied by cell type (Appendix Figure 169). Gels containing the cyclic RGD peptide had 

the greatest viability across all cell types, which was also seen in Live/Dead staining 

(Appendix Figure 170 - 172). This could be due to both the inability of cyclic peptides to 

undergo exopeptidase degradation, or the beneficial effect that the cyclization of RGD 

sequences can have on adhesion. Finally, the presence of different RGD ligands did not 

appear to significantly influence the macroscopic degradation of the hydrogels (Appendix 

Figure 168). 

5.3.3 Statistical Analysis 

Statistical analysis was done using multi-way analysis of variance (ANOVA) with a Tukey 

post-hoc test. All comparisons in this chapter are statistically significant (p <0.05) unless 

otherwise noted. Statistical data can be found in Appendix Figure 173.E-G. 

5.4 Conclusions 

To better understand the influence of culture substrate on peptide degradation, cells were 

cultured on 3D PEG substrates, in contrast to the 2D cell culture on TCP seen in Chapter 

3. Most notably, non-specific peptide degradation was seen to attenuate significantly when 

cells were cultured in 3D PEG hydrogels. In addition, many earlier conclusions are 
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reinforced: 1) of the chain ends tested, peptides containing N- and C - terminal amines and 

carboxylic acids respectively degrade most rapidly; 2) peptides containing N- and C – 

AcβA and βA respectively degrade most slowly, and 3) of the cell types examined, hMSCs 

non-specifically degrade peptide more rapidly than hUVECs and THP-1 derived 

macrophages in that order. N-terminal acetylation is also a capable of protecting peptides 

except when an N-terminal histidine is present.  In all cases, except for hUVECs cultured 

on TCP, peptides containing an N-terminal acetylation and an N-terminalhistidine are 

notably degraded by 48h. Using GRGDS as a model cell adhesion peptide it was shown 

that cell spreading trended in order, from most-to-least cell-spreading from slowest-fastest 

degrading peptide. The slow degrading cell-adhesion peptide AcβA-GRGDS approached 

the cell spreading of the cyclic cell-adhesion peptide, and the fast-degrading cell-adhesion 

peptide NH2-GRGDS approached the cell spreading when to cell-adhesion peptide was 

present. These results reinforce design principles discovered in Chapter 3 regarding the 

effects of chain-end chemistry on peptide are applicable when cells are cultured within 3D 

engineered scaffolds, and these degradation characteristics play a role in cell behavior.  
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Chapter 6: Overall Conclusions and Future Directions 

6.1 Overall Conclusions 

This thesis presents a novel and facile LC-MS based method for multiplex quantification 

of peptide degradation by cells. In chapter 2 we performed an in-depth analysis of a peptide 

libraries, which demonstrates the power of this method to simultaneously quantify the 

degradation of numerous peptides. We identified a peptide-based internal standard that was 

capable of surviving incubation with cells is necessary to account for changes in media 

concentration via evaporation, variances in pipetting, injection amount into the LC-MS, 

and other factors within a workflow. The incorporation of this internal standard into 

degradation studies improves the accuracy and reproducibility of the experiments. The 

peptide standard, NH2-βFβA6-Amide, has been demonstrated to be stable enough to enable 

the quantification of peptides incubated with hMSCs, hUVECs, and macrophages for 48 

hours. However, this may not be the case with other cell types or longer periods of time 

and their combinations of non-canonical amino acids may need to be explored depending 

on the application.  

Liquid chromatography is sensitive to the composition of the injected sample, and we 

found that the addition of salts and acetic acid had a minimal impact on chromatography, 

while adding organic solvents can be detrimental to analyte retention. Specifically, accurate 

quantification requires a single analyte peak that binds the column, and peak splitting in 

which the analyte comes off at multiple points during a run is considered undesirable. 

Second, evaluation of the internal standard chosen should be performed with the cell-type 
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of interest within the desired time-frame, and for a seven day study the standard should be 

stable throughout the entirety of the study.. If these studies require medium changes, the 

analyte(s) and internal standard should be introduced to a stock solution of medium, and 

included in the medium changes. A sample should be taken immediately prior to media 

changes and then again after the media change to benchmark how much peptide has been 

degraded throughout each period of cell culture, and how much fresh peptide has been 

added to the solution.  

Non-specific peptide degradation within biomaterials has the potential to reduce the 

bioactivity of the biomaterial, and therefore it’s function. However, quantification of the 

stability of bioactive peptides such as RGD is not typically done, which highlights an 

important gap in the literature. This work contributes to the biomaterials field by 

developing liquid-chromatography-mass spectrometry (LC-MS) methods which are 

subsequently used to study cell-peptide interactions. These cell-peptide interactions were 

then quantified to make peptide degradation more visible to the biomaterials community 

and generate easy to apply design principles for mitigating non-specific peptide 

degradation. This work also deviates from the norm by studying peptides degraded by all 

proteases secreted by cell, generating a more functional perspective. This powerful 

technique enables high-throughput design of experiment to study how peptide substrate 

relates to stability among varying cells, cultured on both soft and hard substrates, and 

predict impact of stability on cell behavior.  

Chain end chemistry was concluded to be the biggest factor that contributes to peptide 

stability in a 3D culture. It was found that an acetylated or an acetylated-β-alanine 
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functionalized to the the N-terminus offered the greatest protection to non-specific 

degradation, while an amine offered the least amount of protection. Similarly, a β-alanine 

functionalized C-terminus offered the most amount of protection to non-specific 

degradation, while a carboxylic acid offered the least amount of protection. Notably, while 

N-terminal acetylation was shown to broadly inhibit proteolytic degradation, there was one 

striking exemption to this rule. An acetylated histidine not only degrades, but degrades as 

fast as some amine-terminated peptides. A key advantage of the acetylated-β-alanine 

library is that it appears to broadly protect all adjacent amino acids from degradation 

including the histidine. Lessons learned from these discoveries have already been utilized 

to discover peptide sequences that are degraded in a cell-type specific manor156, which in 

the presence of multiple cell types was designed for cell-type specific invasion 

applications.  

Ultimately, peptide stability was demonstrated to influence cell behavior. By incorporating 

fast and slow degrading cell-adhesion peptides into hydrogels, cell area was quantified and 

trend in the direction that faster degrading peptide incorporated into hydrogels induce less 

cell spreading than slower degrading cell-adhesion peptides. Indicating that when peptides 

are covalently bonded to materials, their stability is not guaranteed, and degradation of this 

function-imparting molecule is not a negligible event.  
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6.2 Future Directions 

6.2.1 HPLC Column performance tracking 

The non-specific degradation of peptides within biomaterials has the potential to alter the 

structure of the biomaterial, and therefore it’s function. However, quantification peptide 

stability within biomaterials is rarely studied within the community. This work contributes 

to the biomaterials field by developing liquid chromatography-mass spectrometry (LC-

MS) methods which are subsequently used to study cell-peptide interactions. These cell-

peptide interactions were then quantified to make peptide degradation more visible to the 

biomaterials community and generate easily adoptable design principles for mitigating 

non-specific peptide degradation. This work also deviates from the norm by studying the 

functional degradation of peptides by total proteolytic activity of cells, including dozens of 

proteases, inhibitors, and cofactors. This powerful technique enables high-throughput 

design of experiment to study how peptide substrate relates to stability among varying 

cells, cultured on both soft and hard substrates, and predict impact of stability on cell 

behavior.  

To the best of this author’s knowledge, this is the first presentation of a peptide based 

internal standard, NH2-βF(βA)6-Amide, for use in cell-culture that is non-isotopically 

labelled and demonstrated to be stable within a 48-hour period of cell culture with human 

mesenchymal stem cells (hMSCs), human umbilical vein endothelial cells (hUVECs), 

peripheral blood mononuclear cell (PBMC) derived macrophages, and Tohoku hospital 

pediatrics-1 (THP-1) derived macrophages for use with LC-MS based quantification. 
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Being able to pair the internal standard with the analytes of interest within a cell culture 

context increases confidence in data by reducing variability between samples.  

Chain end chemistry was concluded to be the biggest factor that contributes to the stability 

of soluble peptides in a 3D culture. It was found that an acetylated or an acetylated-β-

alanine functionalized to the N-terminus offered the greatest protection to non-specific 

degradation, while an amine offered the least amount of protection. Similarly, a β-alanine 

functionalized C-terminus offered the most amount of protection to non-specific 

degradation, while a carboxylic acid offered the least amount of protection. The chemistry 

of the peptide termini was the primary variabile that influenced the rate of peptide 

degradation, however the specific amino acid at the termini could have an important effect. 

While N-terminal acetylation was shown to broadly inhibit proteolytic degradation, an 

acetylated histidine not only degrades, but degrades as fast as some amine-terminated 

peptides. A key advantage of the acetylated-β-alanine library is that it appears to broadly 

protect all adjacent amino acids from degradation including the histidine. The lessons 

learned from these discoveries have already been utilized to discover peptide sequences 

that are degraded in a cell-type specific manor156, which in the presence of multiple cell 

types was designed for cell-type specific invasion applications.  

Ultimately, peptide stability was demonstrated to influence cell behavior. By incorporating 

fast and slow degrading cell-adhesion peptides into hydrogels, cell area was quantified and 

trend in the direction that faster degrading peptide incorporated into hydrogels induce less 

cell spreading than slower degrading cell-adhesion peptides. Indicating that when peptides 
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are covalently bonded to materials, their stability is not guaranteed, and degradation of this 

function-imparting molecule is not a negligible event.  

6.2.2 HPLC Column performance tracking 

An LC-MS based method of quantifying peptide degradation was described earlier. As was 

previously shown in Chapter 2, repeated injections of biological samples on the HPLC 

column eventually lead to column failure. However, identification of this failure remains a 

challenge, and uncertainties around column performance leads to conservative use and 

frequent column replacements to ensure data-quality. Development of methods to track 

column performance in real time would help optimize column lifetime, would indicate 

what analytes could be accurately quantified, and would increase the overall confidence in 

the data collected. This could easily be done by creating a β-amino acid standard library 

with varying hydrophilicities that will track column performance as a function of elution 

time.  

6.2.3 Expand on Non-Specific Degradation Profile of More Cell Types & Chain End 

Chemistries 

This work is limited in that only three cell types were tested: hMSCs, hUVECs, and THP-

1 derived pro-inflammatory macrophages. There are an estimated 200-500157 different cell 

types in the human body depending on how one classifies a cell-type. To further verify 

generalizations made within this thesis, it is of interest to quantify functional proteolytic 

activity within a larger sampling of these cell-types.  
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Three methods of modifying the activity of proteases on protease substrate peptides was 

achieved through modification of: 1) chain end chemistry, 2) PEGylation, 3) and 

concentration.  Chain end modification was found to be the most effective method of 

modifying chain-end chemistry. Effectively 133 different chain end peptides were 

evaluated (7 chain ends each coupled to 19 different peptides). It would be beneficial to 

examine a large variety of chain-end chemistries to further fine-tune desired relative 

degradation characteristics of an engineered application.  

6.2.4 Structure-Function Relationship of Acetylated Histidine  

An acetylated histidine shows a clear and isolated deviation from the generalizable rule 

that acetylation offers protection from non-specific degradation and is worth deeper 

investigation. As 80% of human proteins contain an acetylated N-termini130, which is 

associated with the shielding proteins from degradation158, a regulatory role of protease-

based protein modification/stability of acetylated histidine is theorized and worth 

investigating.  

6.2.5 Functional investigation of Proteolytic Activity on Implanted Devices 

Tissue culture substrate was demonstrated to influence protease activity. In Chapter 3 

degradation of RGEFV peptide libraries was quantified while cells were cultured on tissue 

culture plastic. In Chapter 5 degradation of those same libraries was performed while cells 

were cultured in PEG hydrogels. Interestingly, the softer PEG hydrogel influenced less 

degradation of the RGEFV libraries.  
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Dental implants lead to peri-implant inflammation of up to 20% for peri-implantitis and 

40% for peri-implant mucositis159. The modulus of the elastic modulus of the native oral 

mucosa ranges from 0.1-680 MPa, the periodontal ligaments range from 0.07-1.75 GPa, 

and various bone tissues ranging from 0.2-17.5 GPa160. Dental implants are made of 

materials containing moduli between 53 – 113 GPa161, representing a much stiffer substrate 

as compared to the native tissue. Proteomic analysis of the gingival crevicular fluid 

identified 21 proteases related to inflammation such as cathepsin G or neutrophil 

elasterase159. LC-MS quantification of cells cultured with dental implants have the ability 

to help validate an in vitro model which can be used to deduce mechanisms of 

endopeptidase mediated proteolytic regulation, and further design better engineered 

strategies for dental implants and inflammation.   

6.2.6 Comparative Functional Proteolytic Activity in Cancer versus Healthy Cells 

It is well documented that cancers significantly increase protease activity162–164. The 

importance of proteases in cancer development and progression is highlighted by interest 

in using protease inhibitors for cancer therapy165. Most protease inhibitors which have 

undergone pre-clinical/clinical trials have failed due to poor pharmacological effects and 

outcome165–167. A functional perspective of protease activity comparing cancer cells and 

native tissue would help isolate therapeutic inhibitor mechanisms to modulate to achieve 

more desired outcomes.  

6.2.7 Development of Functional Intracellular Protease Activity.  

Also noted is the role of intracellular proteases in cancergenesis, which may occur within 

the cytoplasm, or other organelles165.  Adaption of the peptide degradation assay presented 
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in this thesis to isolate differences in protease activity from different intracellular 

organelles would also help with the functional design of protease inhibitor-based cancer 

strategies and therapeutics. This problem may be tackled in two ways by focusing on 

technological developments on: peptide delivery into cells, or 2) figuring out how to get 

proteases out of cells while maintaining native activity.  

6.2.8 How cell interaction through coculture influences proteolytic activity within 

biomaterials 

Cells are known to signal other cells through paracrine, endocrine, juxtacrine, and autocrine 

signaling processes168. These cell-cell communications alter gene expression168, which 

have potential for altering functional protease activity. Just because a protease is present 

does not mean it is active. For example, tissue inhibitors of metalloproteinases (TIMPs) 

were have been shown to inhibit matrix metalloproteinases (MMPs)169. Coculture of 

human keratinocytes and fibroblasts was shown to significantly alter the amount of MMPs 

and TIMPs via paracrine signaling170 demonstrating proteolytic activity is changed in the 

presence of other cells. This provides motivation to develop systems to mimic these 

different signaling mechanisms. As a biomaterials lab coculturing multiple cell types in 

gels is of interest to better mimic the physiological or pathological environment to study 

the functional degradation of peptides by all proteases secreted by all cells of a given 

process (e.g., wound healing).  
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6.2.9 In-depth Evaluation of how the Non-Specific Degradation of Adhesion 

Peptides Influences Cells in Gels  

Peptide bioactivity was examined assessed in Chapter 5 using cell-spreading as an metric 

for the functionality of cell-adhesion peptides. Adding other independent assays would 

help to confirm the influence that non-specific proteolytic degradation has on cell function. 

For example, gaining an understanding of how peptides that are designed to degrade at 

different rates changes the integrin-YAP-TAZ-JNK mechano-transduction pathway will 

give a deeper understanding of the degree to which non-specific proteolytic degradation 

effects cells.  
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Appendix  

7.1 RGEFV Libraries  

 

Appendix Figure 1 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Ala.  

 

Appendix Figure 2 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Arg. 
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Appendix Figure 3 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Asn.  

 

Appendix Figure 4 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Asp. 
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Appendix Figure 5 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Gln. 

 

 

Appendix Figure 6 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Glu. 
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Appendix Figure 7 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Gly. 

 

 

Appendix Figure 8 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = His. 
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Appendix Figure 9 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Ile/Leu. 

 

 

Appendix Figure 10 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Lys. 
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Appendix Figure 11 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Met.  

 

 

Appendix Figure 12 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Phe.  
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Appendix Figure 13 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Pro.  

 

 

Appendix Figure 14 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Ser. 
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Appendix Figure 15 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Thr. 

 

 

Appendix Figure 16 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Trp.  
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Appendix Figure 17 - LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Tyr. 

 

  

Appendix Figure 18 LCMS spectra of the Ac-X-RGEFV-βA-NH2 libraries, where X = Val. 
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Appendix Figure 19 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = a) Ala. 

  

Appendix Figure 20 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Arg. 
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Appendix Figure 21 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Asn. 

  

Appendix Figure 22 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Asp 
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Appendix Figure 23 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Gln.  

  

Appendix Figure 24 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Glu. 
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Appendix Figure 25 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Gly. 

  

Appendix Figure 26 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = His. 
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Appendix Figure 27 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Ile/Leu. 

  

Appendix Figure 28 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Lys. 
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Appendix Figure 29 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Met. 

  

Appendix Figure 30 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Phe. 
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Appendix Figure 31 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Pro. 

  

Appendix Figure 32 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Ser.  
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Appendix Figure 33 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Thr. 

  

Appendix Figure 34 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Trp. 
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Appendix Figure 35 - LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Tyr. 

  

Appendix Figure 36 LCMS spectra of the Ac-βA-X-RGEFV-βA-NH2 libraries, where X = Val. 
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Appendix Figure 37 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Ala. 

  

Appendix Figure 38 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Arg.   
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Appendix Figure 39 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Asn.   

  

Appendix Figure 40 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Asp.   
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Appendix Figure 41 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Gln. 

  

Appendix Figure 42 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Glu. 
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Appendix Figure 43 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Gly. 

  

Appendix Figure 44 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = His.  
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Appendix Figure 45 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Ile/Leu. 

  

Appendix Figure 46 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Lys. 
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Appendix Figure 47 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Met.  

  

Appendix Figure 48 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Phe. 
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Appendix Figure 49 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Pro. 

  

Appendix Figure 50 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Ser.  
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Appendix Figure 51 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Thr. 

  

Appendix Figure 52 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Trp.   
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Appendix Figure 53 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Tyr.   

  

Appendix Figure 54 - LCMS spectra of the Ac-βA-RGEFV-X-NH2 libraries, where X = Val.   
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Appendix Figure 55 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Ala. 

  

Appendix Figure 56 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Arg. 
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Appendix Figure 57 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Asn. 

  

Appendix Figure 58 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Asp. 
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Appendix Figure 59 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Gln. 

  

Appendix Figure 60 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Glu. 
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Appendix Figure 61 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Gly. 

  

Appendix Figure 62 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = His. 
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Appendix Figure 63 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Ile/Leu. 

  

Appendix Figure 64 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Lys. 
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Appendix Figure 65 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Met. 

  

Appendix Figure 66 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Phe. 



176 

 

  

Appendix Figure 67 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Pro. 

  

Appendix Figure 68 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Ser. 
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Appendix Figure 69 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Thr. 

  

Appendix Figure 70 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Trp. 
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Appendix Figure 71 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Tyr. 

  

Appendix Figure 72 - LCMS spectra of the Ac-βA-RGEFV-X-βA-NH2 libraries, where X = Val. 
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Appendix Figure 73 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Ala. 

  

Appendix Figure 74 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Arg. 
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Appendix Figure 75 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Asn. 

  

Appendix Figure 76 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Asp. 
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Appendix Figure 77 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Gln. 

  

Appendix Figure 78 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Glu. 
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Appendix Figure 79 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Gly. 

  

Appendix Figure 80 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = His. 
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Appendix Figure 81 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Ile/Leu. 

  

Appendix Figure 82 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Lys. 



184 

 

  

Appendix Figure 83 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Met. 

  

Appendix Figure 84 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Phe. 
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Appendix Figure 85 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Pro. 

  

Appendix Figure 86 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Ser. 
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Appendix Figure 87 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Thr. 

  

Appendix Figure 88 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Trp. 
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Appendix Figure 89- LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Tyr. 

  

Appendix Figure 90 - LCMS spectra of the Ac-βA-RGEFV-X-COOH libraries, where X = Val. 
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Appendix Figure 91 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Ala. 

  

Appendix Figure 92 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Arg. 
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Appendix Figure 93 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Asn. 

 

Appendix Figure 94 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Asp. 



190 

 

  

Appendix Figure 95 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Gln. 

  

Appendix Figure 96 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Glu. 
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Appendix Figure 97 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Gly. 

  

Appendix Figure 98 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = His. 
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Appendix Figure 99 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Ile/Leu. 

  

Appendix Figure 100 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Lys. 
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Appendix Figure 101 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Met. 

  

Appendix Figure 102 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Phe. 
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Appendix Figure 103 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Pro. 

  

Appendix Figure 104 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Ser. 
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Appendix Figure 105 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Thr. 

  

Appendix Figure 106 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Trp. 
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Appendix Figure 107 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = q) Tyr. 

  

Appendix Figure 108 - LCMS spectra of the NH2-βA-X-RGEFV-βA-NH2 libraries, where X = Val. 
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Appendix Figure 109 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Ala. 

  

Appendix Figure 110 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Arg. 



198 

 

  

Appendix Figure 111 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Asn. 

  

Appendix Figure 112 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Asp. 
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Appendix Figure 113 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Gln. 

  

Appendix Figure 114 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Glu. 
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Appendix Figure 115 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Gly. 

  

Appendix Figure 116 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = His. 
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Appendix Figure 117 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Ile/Leu. 

  

Appendix Figure 118 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Lys. 
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Appendix Figure 119 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Met. 

  

Appendix Figure 120 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Phe. 
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Appendix Figure 121 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Pro. 

  

Appendix Figure 122 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Ser. 



204 

 

  

Appendix Figure 123 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Thr. 

  

Appendix Figure 124 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Trp. 



205 

 

  

Appendix Figure 125 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Tyr. 

  

Appendix Figure 126 - LCMS spectra of the NH2-X-RGEFV-βA-NH2 libraries, where X = Val. 
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7.2 LIAANK and IVKVA Peptides 

 

Appendix Figure 127 - LCMS spectra of the LIAANK peptide in which a glycine was placed immediately 
adjacent to an N-terminal Ac-βA. 

 

Appendix Figure 128 - LCMS spectra of the LIAANK peptide in which a glycine was placed immediately 
adjacent to an N-terminal Ac. 

 

A Ac- β A-Gly-LIAANK- β A-Am 

M+H + 2 M+H + 



207 

 

 

Appendix Figure 129 - LCMS spectra of the LIAANK peptide in which a glycine was placed immediately 
adjacent to an N-terminal βA. 

 

Appendix Figure 130 - LCMS spectra of the LIAANK peptide in which a glycine was placed immediately 
adjacent to an N-terminal NH2. 

 

D NH 2 - Gly-LIAANK - β A-Am 

M+H + 

2 M+H + 
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Appendix Figure 131 - LCMS spectra of the LIAANK peptide in which a glycine was placed immediately 
adjacent to a C-terminal βA. 

 

Appendix Figure 132 - LCMS spectra of the LIAANK peptide in which a glycine was placed immediately 
adjacent to a C-terminal Am. 

 

E Ac- β A-LIAANK-Gly- β A-Am 

M+H + 2 M+H + 

 

F Ac- β A-LIAANK-Gly-Am 

M+H + 
2 M+H + 
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Appendix Figure 133 - LCMS spectra of the LIAANK peptide in which a glycine was placed immediately 
adjacent to a C-terminal COOH. 

 

Appendix Figure 134 - LCMS spectra of the IVKVA peptide in which a glycine was placed immediately 
adjacent to an N-terminal Ac-βA. 

 

G Ac- β A-LIAANK-Gly-COOH 

M+H + 2 M+H + 

 

A Ac- β A-Gly-IVKVA- β A-Am 

M+H + 

2 M+H + 
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Appendix Figure 135 - LCMS spectra of the IVKVA peptide in which a glycine was placed immediately 
adjacent to an N-terminal Ac. 

 

Appendix Figure 136 - LCMS spectra of the IVKVA peptide in which a glycine was placed immediately 
adjacent to an N-terminal βA. 

 

B Ac-Gly-IVKVA- β A-Am 

M+H + 

2 M+H + 

 

C NH 2 - β A-Gly-IVKVA- β A-Am 

M+H + 

2 M+H + 
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Appendix Figure 137 - LCMS spectra of the IVKVA peptide in which a glycine was placed immediately 
adjacent to an N-terminal NH2. 

 

Appendix Figure 138 - LCMS spectra of the IVKVA peptide in which a glycine was placed immediately 
adjacent to a C-terminal βA. 

 

D NH 2 - Gly-IVKVA - β A-Am 

M+H + 

2 M+H + 

 

E Ac- β A-IVKVA-Gly- β A-Am 

M+H + 

2 M+H + 
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Appendix Figure 139 - LCMS spectra of the IVKVA peptide in which a glycine was placed immediately 
adjacent to a C-terminal Am. 

 

Appendix Figure 140 - LCMS spectra of the IVKVA peptide in which a glycine was placed immediately 
adjacent to a C-terminal COOH. 

 

 

 

F Ac- β A-IVKVA-Gly-Am 

M+H + 

2 M+H + 

 

G Ac- β A-IVKVA-Gly-COOH 

M+H + 

2 M+H + 
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7.3 Glycine, Azide, and PEGylated RGEFV Peptides 

 

Appendix Figure 141 - LCMS spectra of the peptide used for the concentration studies in which a glycine 
was placed immediately adjacent to an N-terminal Ac-βA. 

 

Appendix Figure 142 - LCMS spectra of the peptide used for the concentration studies in which a glycine 
was placed immediately adjacent to an N-terminal Ac. 

 

A Ac- β A-Gly-RGEFV- β A-Am 

M+H + 
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Appendix Figure 143 - LCMS spectra of the peptide used for the concentration studies in which a glycine 
was placed immediately adjacent to an N-terminal βA. 

 

Appendix Figure 144 - LCMS spectra of the peptide used for the concentration studies in which a glycine 
was placed immediately adjacent to an N-terminal NH2. 
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Appendix Figure 145 - LCMS spectra of the peptide used for the concentration studies in which a glycine 
was placed immediately adjacent to a C-terminal βA. 

 

Appendix Figure 146 - LCMS spectra of the peptide used for the concentration studies in which a glycine 
was placed immediately adjacent to a C-terminal Am. 

 

E Ac- β A-RGEFV-Gly- β A-Am 

M+H + 

 

F Ac- β A-RGEFV-Gly-Am 

M+H + 
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Appendix Figure 147 - LCMS spectra of the peptide used for the concentration studies in which a glycine 
was placed immediately adjacent to a C-terminal COOH. 

 

Appendix Figure 148 - The structure of azide and PEG RGEFV peptide. Shown, the structures are 
immediately adjacent to an amine terminated RGEFV peptide.  

 

G Ac- β A-RGEFV-Gly-COOH 

M+H + 
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Appendix Figure 149 - LCMS spectra of the Azide modified Ac-βA peptide in which a glycine was placed 
on the N-terminus.  

 

Appendix Figure 150 - LCMS spectra of the Azide modified Ac peptide in which a glycine was placed on 
the N-terminus.  

 

B Ac- β A-Lys(N 3 )- RGEFV - β A-Am 

M+H + 

 

C Ac-Lys(N 3 )- RGEFV - β A-Am 

M+H + 
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Appendix Figure 151 - LCMS spectra of the Azide modified N-βA peptide in which a glycine was placed on 
the N-terminus.  

 

Appendix Figure 152 - LCMS spectra of the Azide modified NH2 peptide in which a glycine was placed on 
the N-terminus. f) C-βA, g) Am, h) COOH. The PEG-modified peptides contained the following 
functionalization’s: i)  Ac-βA, j) Ac, k) N-βA, l) NH2, m) C-βA, n) Am, o) COOH. 

 

D NH 2 - β A-Lys(N 3 )- RGEFV - β A-Am 

M+H + 

 

E NH 2 - Lys(N 3 )- RGEFV - β A-Am 

M+H + 



219 

 

 

Appendix Figure 153 - LCMS spectra of the Azide modified C-βA peptide in which a glycine was placed on 
the C-terminus.  

 

Appendix Figure 154 - LCMS spectra of the Azide modified Am peptide in which a glycine was placed on 
the C-terminus.  

 

F Ac- β A-RGEFV-Lys(N 3 )- β A-Am 

M+H + 

 

G Ac- β A-RGEFV-Lys(N 3 )- Am 

M+H + 
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Appendix Figure 155 - LCMS spectra of the Azide modified COOH peptide in which a glycine was placed 
on the C-terminus.  

 

Appendix Figure 156 - LCMS spectra of the PEG modified Ac-βA peptide in which a glycine was placed on 
the N-terminus.  

 

H Ac- β A-RGEFV-Lys(N 3 )- COOH 

M+H + 

 

I Ac- β A-Lys(PEG)-RGEFV- β A-Am 

M+H + 

( M+3H ) 3+ 
( M+2H ) 2+ 
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Appendix Figure 157 - LCMS spectra of the PEG modified Ac peptide in which a glycine was placed on the 
N-terminus. 

 

Appendix Figure 158 - LCMS spectra of the PEG modified N-βA peptide in which a glycine was placed on 
the N-terminus.  

 

J Ac-Lys(PEG)-RGEFV- β A-Am 

M+H + 
( M+2H ) 2+ 

 

K NH 2 - β A-Lys(PEG)-RGEFV- β A-Am 

M+H + ( M+2H ) 2+ 
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Appendix Figure 159 - LCMS spectra of the PEG modified NH2 peptide in which a glycine was placed on 
the N-terminus.  

 

Appendix Figure 160 - LCMS spectra of the PEG modified C-βA peptide in which a glycine was placed on 
the C-terminus.  

 

 

L NH 2 - Lys(PEG)-RGEFV - β A-Am 

M+H + 
( M+3H ) 3+ ( M+2H ) 2+ 

 

M 

M+H + 

( M+3H ) 3+ 

( M+2H ) 2+ 

Ac- β A-RGEFV-Lys(PEG)- β A-Am 
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Appendix Figure 161 - LCMS spectra of the PEG modified Am peptide in which a glycine was placed on the 
C-terminus. 

 

 

Appendix Figure 162 - LCMS spectra of the PEG modified COOH peptide in which a glycine was placed on 
the C-terminus.  
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Appendix Figure 163 - LCMS spectra of the peptides used for cell culture: N3-KGPQGIWGQKLys(N3)-
NH2. Note that the N-terminus of the peptide contained an azide-acetic acid moiety.   

 

Appendix Figure 164 - LCMS spectra of the peptides used for cell culture: NH2-GRGDS-Lys(N3)-NH2. 
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Appendix Figure 165 - LCMS spectra of the peptides used for cell culture: Ac-βA-GRGDS-Lys(N3)-NH2. 

 

Appendix Figure 166 - LCMS spectra of the peptides used for cell culture: cyclic GRGDS-Lys(N3). 
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Appendix Figure 167 - LCMS spectra of the peptides used for cell culture: the non-proteolytically degradable 
NH2-βFβAβAβAβAβA-NH2 internal standard.   

7.3.1 Cells in Gels: Imaging, Viability, DNA, and Live/Dead 

 

 

 

E NH 2 - β F β A β A β A β A β A-NH 2 

M+H + 

Appendix Figure 168 - Cells growing in gels with different RGD presentations. hUVECs growing in gels 
with (A) cyclic RGDS, (B) Ac-βA-GRGDS, (C) NH2-GRGDS, and (D) no added RGDS. Macrophages 
growing in gels with (E) cyclic RGDS, (F) Ac-βA-GRGDS, (G) NH2-GRGDS, and (H) no added RGDS. 
It should be noted that the viability assay (Fig. S9) indicates negligible of metabolic activity within 
hUVEC gels lacking RGD sequences. Scale bar is 100 µm, and red is actin and blue is the cell nuclei. 
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Appendix Figure 169 - Quantification of viability and proliferation in hydrogels containing different RGD 
sequences. An alamarBlue metabolic activity assays was performed on (A) hMSCs, (B) hUVECs, and (C) 
macrophages and a DNA quantification assay was performed on (D) hMSCs, (E) hUVECs, and (F) 
macrophages. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.0001 by Tukey’s post hoc test.    
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Appendix Figure 170 - Live/dead staining of hMSCs in gels with different RGD conditions. hMSCs were 
stained at Day 1 in gels with (A) no RGD, (B) NH2-GRGDS, (C) Ac-βA-GRGDS, and (D) cyclic GRGDS. 
hMSCs were stained at Day 3 in gels with (E) no RGD, (F) NH2-GRGDS, (G) Ac-βA-GRGDS, and (H) 
cyclic GRGDS. hMSCs were stained at Day 7 in gels with (I) no RGD, (J) NH2-GRGDS, (K) Ac-βA-
GRGDS, and (L) cyclic GRGDS. Scale bar is 500 µm. 
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Appendix Figure 171 - Live/dead staining of hUVECs in gels with different RGD conditions. hUVECs were 
stained at Day 1 in gels with (A) no RGD, (B) NH2-GRGDS, (C) Ac-βA-GRGDS, and (D) cyclic GRGDS. 
hUVECs were stained at Day 3 in gels with (E) no RGD, (F) NH2-GRGDS, (G) Ac-βA-GRGDS, and (H) 
cyclic GRGDS. hUVECs were stained at Day 7 in gels with (I) no RGD, (J) NH2-GRGDS, (K) Ac-βA-
GRGDS, and (L) cyclic GRGDS. Scale bar is 500 µm. 
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Appendix Figure 172 - Live/dead staining of macrophages in gels with different RGD conditions. 
Macrophages were stained at Day 1 in gels with (A) no RGD, (B) NH2-GRGDS, (C) Ac-βA-GRGDS, and 
(D) cyclic GRGDS. Macrophages were stained at Day 3 in gels with (E) no RGD, (F) NH2-GRGDS, (G) Ac-
βA-GRGDS, and (H) cyclic GRGDS. Macrophages were stained at Day 7 in gels with (I) no RGD, (J) NH2-
GRGDS, (K) Ac-βA-GRGDS, and (L) cyclic GRGDS. Scale bar is 500 µm. 
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7.3.2 Statistical Analysis 

A Data for soluble peptides incubated with cells on tissue culture plastic.  
 

Df Sum Sq Mean Sq F value Pr(>F) 

Celltype 
2 279.3 39.65 3125.07 

<2e-16 *** 

Donor 
7 12.4 1.77 39.57 

<2e-16 *** 

experiment 
7 22.7 3.24 72.56 

<2e-16 *** 

Endgroup 
6 376.8 62.79 1405.17 

<2e-16 *** 

amino_acid 
17 36.4 2.14 47.91 

<2e-16 *** 

timepoint 
5 607.1 121.43 2717.35 

<2e-16 *** 

Residuals 
22621 1010.9    

 
 
Fit: aov(formula = ave ~ cell + donor + experiment + endgroup + amino_acid + timepoint) 
 
Cell Type 

                                             diff                   lwr                    upr               p adj 
hUVEC-hMSC                 0.18174843     0.17324958     0.19024728         0 
Macrophage-hMSC         0.26609418      0.25814551     0.27404286        0 
Macrophage-hUVEC        0.08434575      0.07639741    0.09229409         0 
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Endgroup - Averaged over all time points 

                                      diff                  lwr                    upr              p adj 
Am-CβA             -0.035178958   -0.05066638    -0.01969154    0.0000000 
COOH-CβA        -0.147212545   -0.16269996    -0.13172512    0.0000000 
AcβA-CβA         -0.004391847   -0.01988046      0.01109677    0.9812038 
Ac-CβA              -0.036389911   -0.05188451     -0.02089531    0.0000000 
NβA-CβA           -0.093876888  -0.10936431      -0.07838947    0.0000000 
NH2-CβA           -0.389396425  -0.40489103      -0.37390182    0.0000000 
COOH-Am         -0.112033586   -0.12751981     -0.09654736    0.0000000 
AcβA-Am            0.030787111    0.01529969       0.04627453    0.0000000 
Ac-Am               -0.001210953   -0.01670436       0.01428245    0.9999876 
NβA-Am            -0.058697929   -0.07418415      -0.04321170    0.0000000 
NH2-Am            -0.354217467   -0.36971087      -0.33872406    0.0000000 
AcβA-COOH      0.142820698    0.12733328        0.15830812    0.0000000 
Ac-COOH           0.110822633    0.09532923        0.12631604    0.0000000 
NβA-COOH        0.053335657    0.03784943        0.06882188    0.0000000 
NH2-COOH       -0.242183880    -0.25767729     -0.22669047    0.0000000 
Ac-AcβA            -0.031998064   -0.04749267      -0.01650346   0.0000000 
NβA-AcβA         -0.089485041   -0.10497246      -0.07399762   0.0000000 
NH2-AcβA         -0.385004578   -0.40049918      -0.36950998   0.0000000 
NβA-Ac             -0.057486976    -0.07298038      -0.04199357   0.0000000 
NH2-Ac             -0.353006513    -0.36850710      -0.33750593   0.0000000 
NH2-NβA          -0.295519537    -0.31101294      -0.28002613   0.0000000 
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Amino Acid 

               diff                       lwr                    upr                p adj 
D-A    0.0911418367  0.0617564292  0.1205272442 0.0000000 
E-A    0.0674525839  0.0380671764  0.0968379914 0.0000000 
F-A   -0.0285623966 -0.0579478041  0.0008230109 0.0680295 
G-A    0.0074636879 -0.0219217196  0.0368490954 0.9999903 
H-A   -0.0193680806 -0.0487534881  0.0100173269 0.6837704 
I_L-A  0.0150238223 -0.0143615852  0.0444092299 0.9485997 
K-A   -0.0251598995 -0.0545453070  0.0042255080 0.2061101 
M-A   -0.0071542074 -0.0365454494  0.0222370346 0.9999948 
N-A    0.0307876787  0.0014022712  0.0601730862 0.0286257 
P-A    0.0493901460  0.0200047385  0.0787755535 0.0000005 
Q-A   -0.0006024072 -0.0299878147  0.0287830003 1.0000000 
R-A   -0.0697643361 -0.0991497436 -0.0403789286 0.0000000 
S-A   -0.0104474036 -0.0398328111  0.0189380039 0.9990181 
T-A    0.0102079392 -0.0191774683  0.0395933467 0.9992686 
V-A    0.0375140807  0.0080876607  0.0669405006 0.0012033 
W-A   -0.0644909884 -0.0939115249 -0.0350704518 0.0000000 
Y-A   -0.0120895025 -0.0414749100  0.0172959050 0.9943445 
E-D   -0.0236892528 -0.0530746603  0.0056961547 0.3045992 
F-D   -0.1197042334 -0.1490896409 -0.0903188259 0.0000000 
G-D   -0.0836781489 -0.1130635564 -0.0542927414 0.0000000 
H-D   -0.1105099174 -0.1398953249 -0.0811245099 0.0000000 
I_L-D -0.0761180144 -0.1055034219 -0.0467326069 0.0000000 
K-D   -0.1163017363 -0.1456871438 -0.0869163288 0.0000000 
M-D   -0.0982960442 -0.1276872861 -0.0689048022 0.0000000 
N-D   -0.0603541581 -0.0897395656 -0.0309687506 0.0000000 
P-D   -0.0417516908 -0.0711370983 -0.0123662833 0.0001051 
Q-D   -0.0917442439 -0.1211296514 -0.0623588364 0.0000000 
R-D   -0.1609061728 -0.1902915803 -0.1315207653 0.0000000 
S-D   -0.1015892404 -0.1309746479 -0.0722038329 0.0000000 
T-D   -0.0809338976 -0.1103193051 -0.0515484901 0.0000000 
V-D   -0.0536277561 -0.0830541760 -0.0242013361 0.0000000 
W-D   -0.1556328251 -0.1850533616 -0.1262122886 0.0000000 
Y-D   -0.1032313392 -0.1326167467 -0.0738459317 0.0000000 
F-E   -0.0960149805 -0.1254003880 -0.0666295730 0.0000000 
G-E   -0.0599888960 -0.0893743035 -0.0306034885 0.0000000 
H-E   -0.0868206645 -0.1162060720 -0.0574352570 0.0000000 
I_L-E -0.0524287616 -0.0818141691 -0.0230433541 0.0000000 
K-E   -0.0926124834 -0.1219978909 -0.0632270759 0.0000000 
M-E   -0.0746067913 -0.1039980333 -0.0452155493 0.0000000 
N-E   -0.0366649053 -0.0660503128 -0.0072794978 0.0018310 
P-E   -0.0180624379 -0.0474478454  0.0113229696 0.7898131 
Q-E   -0.0680549911 -0.0974403986 -0.0386695836 0.0000000 
R-E   -0.1372169200 -0.1666023275 -0.1078315125 0.0000000 
S-E   -0.0778999875 -0.1072853950 -0.0485145800 0.0000000 
T-E   -0.0572446447 -0.0866300522 -0.0278592372 0.0000000 
V-E   -0.0299385032 -0.0593649232 -0.0005120833 0.0409923 
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W-E   -0.1319435723 -0.1613641088 -0.1025230357 0.0000000 
Y-E   -0.0795420864 -0.1089274939 -0.0501566789 0.0000000 
G-F    0.0360260845  0.0066406770  0.0654114920 0.0025440 
H-F    0.0091943160 -0.0201910915  0.0385797235 0.9998155 
I_L-F  0.0435862190  0.0142008115  0.0729716265 0.0000338 
K-F    0.0034024971 -0.0259829104  0.0327879046 1.0000000 
M-F    0.0214081892 -0.0079830528  0.0507994312 0.4981737 
N-F    0.0593500753  0.0299646678  0.0887354828 0.0000000 
P-F    0.0779525426  0.0485671351  0.1073379501 0.0000000 
Q-F    0.0279599894 -0.0014254181  0.0573453970 0.0844257 
R-F   -0.0412019394 -0.0705873469 -0.0118165319 0.0001460 
S-F    0.0181149930 -0.0112704145  0.0475004005 0.7859067 
T-F    0.0387703358  0.0093849283  0.0681557433 0.0005903 
V-F    0.0660764773  0.0366500574  0.0955028973 0.0000000 
W-F   -0.0359285917 -0.0653491282 -0.0065080552 0.0027321 
Y-F    0.0164728942 -0.0129125133  0.0458583017 0.8898527 
H-G   -0.0268317685 -0.0562171760  0.0025536390 0.1237204 
I_L-G  0.0075601345 -0.0218252730  0.0369455420 0.9999883 
K-G   -0.0326235874 -0.0620089949 -0.0032381799 0.0129911 
M-G   -0.0146178953 -0.0440091373  0.0147733467 0.9599599 
N-G    0.0233239908 -0.0060614167  0.0527093983 0.3326789 
P-G    0.0419264581  0.0125410506  0.0713118656 0.0000946 
Q-G   -0.0080660950 -0.0374515025  0.0213193125 0.9999702 
R-G   -0.0772280239 -0.1066134314 -0.0478426164 0.0000000 
S-G   -0.0179110915 -0.0472964990  0.0114743160 0.8008656 
T-G    0.0027442513 -0.0266411562  0.0321296588 1.0000000 
V-G    0.0300503928  0.0006239729  0.0594768128 0.0392224 
W-G   -0.0719546762 -0.1013752127 -0.0425341397 0.0000000 
Y-G   -0.0195531903 -0.0489385978  0.0098322172 0.6674980 
I_L-H  0.0343919030  0.0050064955  0.0637773105 0.0057134 
K-H   -0.0057918189 -0.0351772264  0.0235935886 0.9999998 
M-H    0.0122138732 -0.0171773688  0.0416051152 0.9936667 
N-H    0.0501557593  0.0207703518  0.0795411668 0.0000002 
P-H    0.0687582266  0.0393728191  0.0981436341 0.0000000 
Q-H    0.0187656735 -0.0106197340  0.0481510810 0.7348440 
R-H   -0.0503962554 -0.0797816629 -0.0210108479 0.0000001 
S-H    0.0089206770 -0.0204647305  0.0383060845 0.9998777 
T-H    0.0295760198  0.0001906123  0.0589614273 0.0464617 
V-H    0.0568821613  0.0274557414  0.0863085813 0.0000000 
W-H   -0.0451229077 -0.0745434442 -0.0157023712 0.0000130 
Y-H    0.0072785782 -0.0221068293  0.0366639857 0.9999933 
K-I_L -0.0401837219 -0.0695691294 -0.0107983144 0.0002651 
M-I_L -0.0221780298 -0.0515692717  0.0072132122 0.4289220 
N-I_L  0.0157638563 -0.0136215512  0.0451492638 0.9223924 
P-I_L  0.0343663236  0.0049809161  0.0637517311 0.0057841 
Q-I_L -0.0156262295 -0.0450116370  0.0137591780 0.9278480 
R-I_L -0.0847881584 -0.1141735659 -0.0554027509 0.0000000 
S-I_L -0.0254712260 -0.0548566335  0.0039141815 0.1884060 
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T-I_L -0.0048158832 -0.0342012907  0.0245695243 1.0000000 
V-I_L  0.0224902583 -0.0069361616  0.0519166783 0.4040892 
W-I_L -0.0795148107 -0.1089353472 -0.0500942742 0.0000000 
Y-I_L -0.0271133248 -0.0564987323  0.0022720827 0.1127786 
M-K    0.0180056921 -0.0113855499  0.0473969341 0.7942535 
N-K    0.0559475782  0.0265621707  0.0853329857 0.0000000 
P-K    0.0745500455  0.0451646380  0.1039354530 0.0000000 
Q-K    0.0245574924 -0.0048279151  0.0539428999 0.2435191 
R-K   -0.0446044365 -0.0739898440 -0.0152190290 0.0000176 
S-K    0.0147124959 -0.0146729116  0.0440979034 0.9574387 
T-K    0.0353678387  0.0059824312  0.0647532462 0.0035440 
V-K    0.0626739802  0.0332475603  0.0921004002 0.0000000 
W-K   -0.0393310888 -0.0687516253 -0.0099105523 0.0004429 
Y-K    0.0130703971 -0.0163150104  0.0424558046 0.9867309 
N-M    0.0379418861  0.0085506441  0.0673331280 0.0009334 
P-M    0.0565443534  0.0271531114  0.0859355954 0.0000000 
Q-M    0.0065518002 -0.0228394418  0.0359430422 0.9999986 
R-M   -0.0626101287 -0.0920013707 -0.0332188867 0.0000000 
S-M   -0.0032931962 -0.0326844382  0.0260980458 1.0000000 
T-M    0.0173621466 -0.0120290954  0.0467533886 0.8385896 
V-M    0.0446682881  0.0152360418  0.0741005344 0.0000177 
W-M   -0.0573367809 -0.0867631450 -0.0279104169 0.0000000 
Y-M   -0.0049352951 -0.0343265371  0.0244559469 1.0000000 
P-N    0.0186024673 -0.0107829402  0.0479878748 0.7480944 
Q-N   -0.0313900858 -0.0607754933 -0.0020046783 0.0222507 
R-N   -0.1005520147 -0.1299374222 -0.0711666072 0.0000000 
S-N   -0.0412350823 -0.0706204898 -0.0118496748 0.0001432 
T-N   -0.0205797395 -0.0499651470  0.0088056680 0.5741915 
V-N    0.0067264020 -0.0227000179  0.0361528220 0.9999980 
W-N   -0.0952786670 -0.1246992035 -0.0658581305 0.0000000 
Y-N   -0.0428771811 -0.0722625886 -0.0134917736 0.0000528 
Q-P   -0.0499925532 -0.0793779607 -0.0206071457 0.0000002 
R-P   -0.1191544821 -0.1485398896 -0.0897690746 0.0000000 
S-P   -0.0598375496 -0.0892229571 -0.0304521421 0.0000000 
T-P   -0.0391822068 -0.0685676143 -0.0097967993 0.0004690 
V-P   -0.0118760653 -0.0413024852  0.0175503547 0.9954584 
W-P   -0.1138811343 -0.1433016708 -0.0844605978 0.0000000 
Y-P   -0.0614796485 -0.0908650560 -0.0320942410 0.0000000 
R-Q   -0.0691619289 -0.0985473364 -0.0397765214 0.0000000 
S-Q   -0.0098449964 -0.0392304039  0.0195404111 0.9995420 
T-Q    0.0108103464 -0.0185750611  0.0401957539 0.9984965 
V-Q    0.0381164879  0.0086900679  0.0675429078 0.0008703 
W-Q   -0.0638885812 -0.0933091177 -0.0344680447 0.0000000 
Y-Q   -0.0114870953 -0.0408725028  0.0178983122 0.9968695 
S-R    0.0593169325  0.0299315250  0.0887023400 0.0000000 
T-R    0.0799722752  0.0505868677  0.1093576827 0.0000000 
V-R    0.1072784168  0.0778519968  0.1367048367 0.0000000 
W-R    0.0052733477 -0.0241471888  0.0346938842 1.0000000 
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Y-R    0.0576748336  0.0282894261  0.0870602411 0.0000000 
T-S    0.0206553428 -0.0087300647  0.0500407503 0.5672063 
V-S    0.0479614843  0.0185350644  0.0773879043 0.0000017 
W-S   -0.0540435847 -0.0834641212 -0.0246230482 0.0000000 
Y-S   -0.0016420988 -0.0310275063  0.0277433087 1.0000000 
V-T    0.0273061415 -0.0021202784  0.0567325615 0.1070972 
W-T   -0.0746989275 -0.1041194640 -0.0452783910 0.0000000 
Y-T   -0.0222974416 -0.0516828491  0.0070879659 0.4180775 
W-V   -0.1020050690 -0.1314665691 -0.0725435690 0.0000000 
Y-V   -0.0496035832 -0.0790300031 -0.0201771632 0.0000004 
Y-W    0.0524014859  0.0229809494  0.0818220224 0.0000000 
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Donor 

                                 diff                      lwr                      upr                  p adj 
3088202-3087423   -0.009686784 -0.0295486217  1.017505e-02 0.8747639 
3091412-3087423.  -0.040182618 -0.0600444554 -2.032078e-02 0.0000000 
310264-3087423     -0.027216718 -0.0470917219 -7.341713e-03 0.0006227 
310268-3087423     -0.019910449 -0.0397744766 -4.642087e-05 0.0488963 
310280-3087423     -0.055138247 -0.0750000843 -3.527641e-02 0.0000000 
4608-3087423        -0.045885753 -0.0657607575 -2.601075e-02 0.0000000 
8119-3087423         -0.025544000 -0.0454058378 -5.682163e-03 0.0019297 
8478-3087423         -0.030891304 -0.0507531412 -1.102947e-02 0.0000378 
THP1-3087423        -0.086540213 -0.1064042410 -6.667619e-02 0.0000000 
3091412-3088202.  -0.030495834 -0.0503576714 -1.063400e-02 0.0000520 
310264-3088202     -0.017529934 -0.0374049379  2.345071e-03 0.1394945 
310268-3088202     -0.010223665 -0.0300876925  9.640363e-03 0.8344493 
310280-3088202.    -0.045451463 -0.0653133002 -2.558962e-02 0.0000000 
4608-3088202         -0.036198969 -0.0560739735 -1.632396e-02 0.0000001 
8119-3088202         -0.015857216 -0.0357190537  4.004622e-03 0.2543606 
8478-3088202         -0.021204519 -0.0410663571 -1.342682e-03 0.0254446 
THP1-3088202        -0.076853429 -0.0967174569 -5.698940e-02 0.0000000 
310264-3091412      0.012965900 -0.0069091041  3.284090e-02 0.5531567 
310268-3091412    0.020272169  0.0004081412  4.013620e-02 0.0409855 
310280-3091412    -0.014955629 -0.0348174665  4.906209e-03 0.3363452 
4608-3091412        -0.005703135 -0.0255781397  1.417187e-02 0.9962700 
8119-3091412        0.014638618 -0.0052232200  3.450046e-02 0.3680951 
8478-3091412        0.009291314 -0.0105705234  2.915315e-02 0.9003185 
                                 diff                  lwr                      upr                  p adj 
THP1-3091412     -0.046357595 -0.0662216232 -2.649357e-02 0.0000000 
310268-310264     0.007306269 -0.0125709241  2.718346e-02 0.9777526 
310280-310264    -0.027921529 -0.0477965333 -8.046525e-03 0.0003758 
4608-310264        -0.018669036 -0.0385571978  1.219127e-03 0.0873723 
8119-310264        0.001672718 -0.0182022868  2.154772e-02 0.9999999 
8478-310264        -0.003674586 -0.0235495901  1.620042e-02 0.9998916 
THP1-310264       -0.059323495 -0.0792006885 -3.944630e-02 0.0000000 
310280-310268    -0.035227798 -0.0550918258 -1.536377e-02 0.0000007 
4608-310268        -0.025975305 -0.0458524975 -6.098112e-03 0.0014675 
8119-310268        -0.005633551 -0.0254975793  1.423048e-02 0.9965883 
8478-310268        -0.010980855 -0.0308448827  8.883173e-03 0.7671006 
THP1-310268       -0.066629764 -0.0864959822 -4.676355e-02 0.0000000 
4608-310280         0.009252493 -0.0106225109  2.912750e-02 0.9029945 
8119-310280         0.029594246  0.0097324088  4.945608e-02 0.0001057 
8478-310280         0.024246943  0.0043851055  4.410878e-02 0.0044310 
THP1-310280      -0.031401966 -0.0512659943 -1.153794e-02 0.0000250 
8119-4608            0.020341753  0.0004667488  4.021676e-02 0.0398183 
8478-4608            0.014994450 -0.0048805545  3.486945e-02 0.3335221 
THP1-4608          -0.040654460 -0.0605316529 -2.077727e-02 0.0000000 
8478-8119           -0.005347303 -0.0252091410  1.451453e-02 0.9977135 
THP1-8119          -0.060996213 -0.0808602408 -4.113219e-02 0.0000000 
THP1-8478          -0.055648910 -0.0755129374 -3.578488e-02 0.0000000 
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B Soluble peptides with cells on tissue culture plastic, 48 hour time point only 

48 hours Df Sum Sq Mean Sq F value Pr(>F) 

celltype 
2 279.3 139.65 1952.84 

<2e-16 *** 

donor 
7 12.4 1.77 24.73 

<2e-16 *** 

experiment 
7 22.7 3.24 45.34 

<2e-16 *** 

endgroup 
6 376.8 62.79 878.08 

<2e-16 *** 

amino_acid 
17 36.4 2.14 29.93 

<2e-16 *** 

residuals 
22626 1618 0.07   

 
 

Tukey multiple comparisons of means 
95% family-wise confidence level 
 
Fit: aov(formula = ave ~ cell + donor + experiment + endgroup + amino_acid) 
 
Cell type                   diff                    lwr                  upr               p adj 
hUVEC-hMSC     0.18174843     0.17099723      0.19249964          0 
Mac-hMSC          0.26609418     0.25603896       0.27614940          0 
Mac-hUVEC        0.08434575     0.07429095      0.09440055           0 
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Endgroup                    diff                    lwr                      upr          p adj 
Am-CβA           -0.035178958    -0.05477083    -0.01558708    0.0000023 
COOH-CβA      -0.147212545    -0.16680442    -0.12762067    0.0000000 
AcβA-CβA       -0.004391847    -0.02398523      0.01520154    0.9946058 
Ac-CβA            -0.036389911    -0.05599087    -0.01678895    0.0000007 
NβA-CβA         -0.093876888    -0.11346876    -0.07428501    0.0000000 
NH2-CβA         -0.389396425    -0.40899738    -0.36979547    0.0000000 
COOH-Am       -0.112033586     -0.13162395    -0.09244322    0.0000000 
AcβA-Am          0.030787111      0.01119524      0.05037899    0.0000737 
Ac-Am              -0.001210953    -0.02081040      0.01838849    0.9999969 
NβA-Am           -0.058697929    -0.07828829    -0.03910757    0.0000000 
NH2-Am           -0.354217467    -0.37381691    -0.33461802    0.0000000 
AcβA-COOH     0.142820698      0.12322882     0.16241257    0.0000000 
Ac-COOH          0.110822633     0.09122319      0.13042208    0.0000000 
NβA-COOH       0.053335657     0.03374529      0.07292602    0.0000000 
NH2-COOH      -0.242183880    -0.26178333    -0.22258443    0.0000000 
Ac-AcβA          -0.031998064    -0.05159902     -0.01239711    0.0000305 
NβA-AcβA       -0.089485041    -0.10907691     -0.06989317    0.0000000 
NH2-AcβA       -0.385004578    -0.40460554     -0.36540362    0.0000000 
NβA-Ac            -0.057486976    -0.07708642     -0.03788753    0.0000000 
NH2-Ac             -0.353006513    -0.37261504    -0.33339799    0.0000000 
NH2-NβA          -0.295519537    -0.31511898    -0.27592009    0.0000000 
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Amino acid 

               diff                      lwr                     upr               p adj 
D-A    0.0911418367  0.0539687514  0.1283149221 0.0000000 
E-A    0.0674525839  0.0302794985  0.1046256693 0.0000000 
F-A   -0.0285623966 -0.0657354820  0.0086106888 0.3938383 
G-A    0.0074636879 -0.0297093975  0.0446367732 0.9999997 
H-A   -0.0193680806 -0.0565411660  0.0178050047 0.9393452 
I_L-A  0.0150238223 -0.0221492630  0.0521969077 0.9953836 
K-A   -0.0251598995 -0.0623329849  0.0120131859 0.6374478 
M-A   -0.0071542074 -0.0443346735  0.0300262587 0.9999999 
N-A    0.0307876787 -0.0063854067  0.0679607640 0.2581939 
P-A    0.0493901460  0.0122170606  0.0865632314 0.0005071 
Q-A   -0.0006024072 -0.0377754926  0.0365706782 1.0000000 
R-A   -0.0697643361 -0.1069374215 -0.0325912507 0.0000000 
S-A   -0.0104474036 -0.0476204890  0.0267256818 0.9999583 
T-A    0.0102079392 -0.0269651462  0.0473810246 0.9999700 
V-A    0.0375140807  0.0002891138  0.0747390476 0.0457894 
W-A   -0.0644909884 -0.1017085126 -0.0272734641 0.0000000 
Y-A   -0.0120895025 -0.0492625879  0.0250835829 0.9996903 
E-D   -0.0236892528 -0.0608623382  0.0134838325 0.7380570 
F-D   -0.1197042334 -0.1568773188 -0.0825311480 0.0000000 
G-D   -0.0836781489 -0.1208512343 -0.0465050635 0.0000000 
H-D   -0.1105099174 -0.1476830028 -0.0733368320 0.0000000 
I_L-D -0.0761180144 -0.1132910998 -0.0389449290 0.0000000 
K-D   -0.1163017363 -0.1534748217 -0.0791286509 0.0000000 
M-D   -0.0982960442 -0.1354765103 -0.0611155780 0.0000000 
N-D   -0.0603541581 -0.0975272435 -0.0231810727 0.0000020 
P-D   -0.0417516908 -0.0789247762 -0.0045786054 0.0109361 
Q-D   -0.0917442439 -0.1289173293 -0.0545711585 0.0000000 
R-D   -0.1609061728 -0.1980792582 -0.1237330874 0.0000000 
S-D   -0.1015892404 -0.1387623258 -0.0644161550 0.0000000 
T-D   -0.0809338976 -0.1181069830 -0.0437608122 0.0000000 
V-D   -0.0536277561 -0.0908527230 -0.0164027892 0.0000738 
W-D   -0.1556328251 -0.1928503493 -0.1184153009 0.0000000 
Y-D   -0.1032313392 -0.1404044246 -0.0660582538 0.0000000 
F-E   -0.0960149805 -0.1331880659 -0.0588418952 0.0000000 
G-E   -0.0599888960 -0.0971619814 -0.0228158107 0.0000025 
H-E   -0.0868206645 -0.1239937499 -0.0496475792 0.0000000 
I_L-E -0.0524287616 -0.0896018469 -0.0152556762 0.0001263 
K-E   -0.0926124834 -0.1297855688 -0.0554393981 0.0000000 
M-E   -0.0746067913 -0.1117872574 -0.0374263252 0.0000000 
N-E   -0.0366649053 -0.0738379906  0.0005081801 0.0582158 
P-E   -0.0180624379 -0.0552355233  0.0191106475 0.9678116 
Q-E   -0.0680549911 -0.1052280765 -0.0308819057 0.0000000 
R-E   -0.1372169200 -0.1743900054 -0.1000438346 0.0000000 
S-E   -0.0778999875 -0.1150730729 -0.0407269021 0.0000000 
T-E   -0.0572446447 -0.0944177301 -0.0200715594 0.0000115 
V-E   -0.0299385032 -0.0671634701  0.0072864637 0.3088003 
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W-E   -0.1319435723 -0.1691610965 -0.0947260480 0.0000000 
Y-E   -0.0795420864 -0.1167151718 -0.0423690010 0.0000000 
G-F    0.0360260845 -0.0011470009  0.0731991699 0.0701352 
H-F    0.0091943160 -0.0279787694  0.0463674014 0.9999934 
I_L-F  0.0435862190  0.0064131336  0.0807593044 0.0055425 
K-F    0.0034024971 -0.0337705883  0.0405755825 1.0000000 
M-F    0.0214081892 -0.0157722769  0.0585886554 0.8654509 
N-F    0.0593500753  0.0221769899  0.0965231607 0.0000036 
P-F    0.0779525426  0.0407794572  0.1151256280 0.0000000 
Q-F    0.0279599894 -0.0092130959  0.0651330748 0.4352011 
R-F   -0.0412019394 -0.0783750248 -0.0040288541 0.0133051 
S-F    0.0181149930 -0.0190580924  0.0552880784 0.9669115 
T-F    0.0387703358  0.0015972504  0.0759434212 0.0303156 
V-F    0.0660764773  0.0288515104  0.1033014442 0.0000000 
W-F   -0.0359285917 -0.0731461160  0.0012889325 0.0730109 
Y-F    0.0164728942 -0.0207001912  0.0536459796 0.9872413 
H-G   -0.0268317685 -0.0640048539  0.0103413169 0.5159264 
I_L-G  0.0075601345 -0.0296129509  0.0447332199 0.9999997 
K-G   -0.0326235874 -0.0697966728  0.0045494980 0.1714720 
M-G   -0.0146178953 -0.0517983614  0.0225625709 0.9966506 
N-G    0.0233239908 -0.0138490946  0.0604970762 0.7611846 
P-G    0.0419264581  0.0047533727  0.0790995435 0.0102676 
Q-G   -0.0080660950 -0.0452391804  0.0291069903 0.9999991 
R-G   -0.0772280239 -0.1144011093 -0.0400549386 0.0000000 
S-G   -0.0179110915 -0.0550841769  0.0192619939 0.9702995 
T-G    0.0027442513 -0.0344288341  0.0399173367 1.0000000 
V-G    0.0300503928 -0.0071745741  0.0672753597 0.3021633 
W-G   -0.0719546762 -0.1091722005 -0.0347371520 0.0000000 
Y-G   -0.0195531903 -0.0567262757  0.0176198951 0.9341904 
I_L-H  0.0343919030 -0.0027811824  0.0715649884 0.1100495 
K-H   -0.0057918189 -0.0429649043  0.0313812665 1.0000000 
M-H    0.0122138732 -0.0249665929  0.0493943394 0.9996463 
N-H    0.0501557593  0.0129826739  0.0873288447 0.0003604 
P-H    0.0687582266  0.0315851412  0.1059313120 0.0000000 
Q-H    0.0187656735 -0.0184074119  0.0559387588 0.9541257 
R-H   -0.0503962554 -0.0875693408 -0.0132231701 0.0003233 
S-H    0.0089206770 -0.0282524084  0.0460937624 0.9999958 
T-H    0.0295760198 -0.0075970656  0.0667491052 0.3282941 
V-H    0.0568821613  0.0196571944  0.0941071282 0.0000145 
W-H   -0.0451229077 -0.0823404320 -0.0079053835 0.0031128 
Y-H    0.0072785782 -0.0298945072  0.0444516636 0.9999998 
K-I_L -0.0401837219 -0.0773568073 -0.0030106365 0.0189500 
M-I_L -0.0221780298 -0.0593584959  0.0150024364 0.8274584 
N-I_L  0.0157638563 -0.0214092291  0.0529369417 0.9920654 
P-I_L  0.0343663236 -0.0028067618  0.0715394090 0.1107945 
Q-I_L -0.0156262295 -0.0527993149  0.0215468559 0.9927993 
R-I_L -0.0847881584 -0.1219612438 -0.0476150730 0.0000000 
S-I_L -0.0254712260 -0.0626443114  0.0117018594 0.6150779 
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T-I_L -0.0048158832 -0.0419889686  0.0323572022 1.0000000 
V-I_L  0.0224902583 -0.0147347086  0.0597152252 0.8120325 
W-I_L -0.0795148107 -0.1167323349 -0.0422972865 0.0000000 
Y-I_L -0.0271133248 -0.0642864102  0.0100597606 0.4955013 
M-K    0.0180056921 -0.0191747740  0.0551861583 0.9688215 
N-K    0.0559475782  0.0187744928  0.0931206636 0.0000225 
P-K    0.0745500455  0.0373769601  0.1117231309 0.0000000 
Q-K    0.0245574924 -0.0126155930  0.0617305777 0.6798651 
R-K   -0.0446044365 -0.0817775219 -0.0074313512 0.0037393 
S-K    0.0147124959 -0.0224605895  0.0518855813 0.9963790 
T-K    0.0353678387 -0.0018052467  0.0725409241 0.0844742 
V-K    0.0626739802  0.0254490133  0.0998989471 0.0000004 
W-K   -0.0393310888 -0.0765486131 -0.0021135646 0.0256295 
Y-K    0.0130703971 -0.0241026883  0.0502434825 0.9991467 
N-M    0.0379418861  0.0007614199  0.0751223522 0.0395549 
P-M    0.0565443534  0.0193638873  0.0937248195 0.0000166 
Q-M    0.0065518002 -0.0306286659  0.0437322663 1.0000000 
R-M   -0.0626101287 -0.0997905948 -0.0254296626 0.0000004 
S-M   -0.0032931962 -0.0404736624  0.0338872699 1.0000000 
T-M    0.0173621466 -0.0198183196  0.0545426127 0.9781475 
V-M    0.0446682881  0.0074359507  0.0819006254 0.0037499 
W-M   -0.0573367809 -0.0945616771 -0.0201118848 0.0000114 
Y-M   -0.0049352951 -0.0421157612  0.0322451711 1.0000000 
P-N    0.0186024673 -0.0185706181  0.0557755527 0.9576289 
Q-N   -0.0313900858 -0.0685631712  0.0057829996 0.2270870 
R-N   -0.1005520147 -0.1377251001 -0.0633789293 0.0000000 
S-N   -0.0412350823 -0.0784081677 -0.0040619969 0.0131501 
T-N   -0.0205797395 -0.0577528249  0.0165933459 0.9000136 
V-N    0.0067264020 -0.0304985649  0.0439513689 0.9999999 
W-N   -0.0952786670 -0.1324961912 -0.0580611428 0.0000000 
Y-N   -0.0428771811 -0.0800502665 -0.0057040957 0.0072404 
Q-P   -0.0499925532 -0.0871656386 -0.0128194678 0.0003878 
R-P   -0.1191544821 -0.1563275675 -0.0819813967 0.0000000 
S-P   -0.0598375496 -0.0970106350 -0.0226644642 0.0000027 
T-P   -0.0391822068 -0.0763552922 -0.0020091214 0.0265046 
V-P   -0.0118760653 -0.0491010322  0.0253489016 0.9997602 
W-P   -0.1138811343 -0.1510986586 -0.0766636101 0.0000000 
Y-P   -0.0614796485 -0.0986527338 -0.0243065631 0.0000010 
R-Q   -0.0691619289 -0.1063350143 -0.0319888435 0.0000000 
S-Q   -0.0098449964 -0.0470180818  0.0273280889 0.9999822 
T-Q    0.0108103464 -0.0263627390  0.0479834317 0.9999325 
V-Q    0.0381164879  0.0008915210  0.0753414548 0.0379863 
W-Q   -0.0638885812 -0.1011061054 -0.0266710569 0.0000001 
Y-Q   -0.0114870953 -0.0486601807  0.0256859901 0.9998442 
S-R    0.0593169325  0.0221438471  0.0964900178 0.0000037 
T-R    0.0799722752  0.0427991899  0.1171453606 0.0000000 
V-R    0.1072784168  0.0700534499  0.1445033837 0.0000000 
W-R    0.0052733477 -0.0319441765  0.0424908720 1.0000000 
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Y-R    0.0576748336  0.0205017482  0.0948479190 0.0000091 
T-S    0.0206553428 -0.0165177426  0.0578284282 0.8971104 
V-S    0.0479614843  0.0107365174  0.0851864512 0.0009712 
W-S   -0.0540435847 -0.0912611090 -0.0168260605 0.0000600 
Y-S   -0.0016420988 -0.0388151842  0.0355309866 1.0000000 
V-T    0.0273061415 -0.0099188254  0.0645311084 0.4843365 
W-T   -0.0746989275 -0.1119164518 -0.0374814033 0.0000000 
Y-T   -0.0222974416 -0.0594705270  0.0148756438 0.8208499 
W-V   -0.1020050690 -0.1392744129 -0.0647357252 0.0000000 
Y-V   -0.0496035832 -0.0868285501 -0.0123786163 0.0004757 
Y-W    0.0524014859  0.0151839616  0.0896190101 0.0001318 
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Donor                        diff                    lwr                   upr                 p adj 
3088202-3087423 -0.009686784 -0.0348123771  0.0154388090 0.9694090 
3091412-3087423 -0.040182618 -0.0653082108 -0.0150570248 0.0000184 
310264-3087423   -0.027216718 -0.0523589667 -0.0020744686 0.0217447 
310268-3087423   -0.019910449 -0.0450388124  0.0052179149 0.2644817 
310280-3087423   -0.055138247 -0.0802638397 -0.0300126536 0.0000000 
4608-3087423       -0.045885753 -0.0710280023 -0.0207435042 0.0000001 
8119-3087423       -0.025544000 -0.0506695932 -0.0004184071 0.0425781 
8478-3087423       -0.030891304 -0.0560168965 -0.0057657105 0.0039781 
THP1-3087423      -0.086540213 -0.1116685768 -0.0614118494 0.0000000 
3091412-3088202 -0.030495834 -0.0556214267 -0.0053702407 0.0048322 
310264-3088202   -0.017529934 -0.0426721826  0.0076123154 0.4524902 
310268-3088202   -0.010223665 -0.0353520283  0.0149046990 0.9567040 
310280-3088202   -0.045451463 -0.0705770556 -0.0203258696 0.0000002 
4608-3088202       -0.036198969 -0.0613412182 -0.0110567202 0.0002255 
8119-3088202       -0.015857216 -0.0409828091  0.0092683769 0.6012720 
8478-3088202      -0.021204519 -0.0463301125  0.0039210736 0.1858617 
THP1-3088202     -0.076853429 -0.1019817927 -0.0517250654 0.0000000 
310264-3091412   0.012965900 -0.0121763489  0.0381081492 0.8328010 
310268-3091412   0.020272169 -0.0048561946  0.0454005327 0.2407125 
310280-3091412  -0.014955629 -0.0400812219  0.0101699642 0.6805488 
4608-3091412      -0.005703135 -0.0308453845  0.0194391136 0.9994131 
8119-3091412       0.014638618 -0.0104869754  0.0397642106 0.7073104 
8478-3091412       0.009291314 -0.0158342788  0.0344169073 0.9768263 
THP1-3091412     -0.046357595 -0.0714859590 -0.0212292317 0.0000000 
310268-310264     0.007306269 -0.0178387489  0.0324512868 0.9958988 
310280-310264    -0.027921529 -0.0530637780 -0.0027792800 0.0160568 
4608-310264        -0.018669036 -0.0438279296  0.0064898584 0.3579557 
8119-310264         0.001672718 -0.0234695315  0.0268149665 1.0000000 
8478-310264        -0.003674586 -0.0288168349  0.0214676632 0.9999854 
THP1-310264       -0.059323495 -0.0844685133 -0.0341784776 0.0000000 
310280-310268    -0.035227798 -0.0603561616 -0.0100994343 0.0003921 
4608-310268        -0.025975305 -0.0511203224 -0.0008302867 0.0362244 
8119-310268        -0.005633551 -0.0307619151  0.0194948122 0.9994664 
8478-310268        -0.010980855 -0.0361092185  0.0141475089 0.9327976 
THP1-310268      -0.066629764 -0.0917608984 -0.0414986304 0.0000000 
4608-310280         0.009252493 -0.0158897556  0.0343947424 0.9775736 
8119-310280         0.029594246  0.0044686535  0.0547198395 0.0074457 
8478-310280        0.024246943 -0.0008786499  0.0493725361 0.0691966 
THP1-310280      -0.031401966 -0.0565303301 -0.0062736028 0.0030867 
8119-4608            0.020341753 -0.0048004959  0.0454840021 0.2370098 
8478-4608           0.014994450 -0.0101477993  0.0401366988 0.6780747 
THP1-4608         -0.040654460 -0.0657994777 -0.0155094420 0.0000137 
8478-8119          -0.005347303 -0.0304728964  0.0197782897 0.9996511 
THP1-8119         -0.060996213 -0.0861245766 -0.0358678493 0.0000000 
THP1-8478         -0.055648910 -0.0807772733 -0.0305205459 0.0000000 
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C LIAANK peptides at 48 hours 
48 hours Df Sum Sq Mean Sq F value Pr(>F) 

celltype 
2 0.082 0.0409 2.13 

0.129 

endgroup 
6 5.773 0.9621 50.11 

<2e-16 *** 

residuals 
54 1.037 0.0192   

 
 
Tukey multiple comparisons of means 
    95% family-wise confidence level 
Fit: aov(formula = ave ~ celltype + endgroup) 
 
Cell type                          diff                      lwr             upr             p adj 
Macrophage-hUVEC   -0.072990023 -0.1760419 0.03006182 0.2119027 
hMSC-hUVEC.            -0.079463872 -0.1825157 0.02358797 0.1607616 
hMSC-Macrophage     -0.006473849 -0.1095257 0.09657800 0.9874458 
 
Endgroup               diff                lwr                 upr            p adj 
Ac-AcβA         0.07693082 -0.123081655  0.27694329 0.8994233 
NβA-AcβA      -0.35614312 -0.556155600 -0.15613065 0.0000252 
Am-AcβA      0.13334378 -0.066668695  0.33335625 0.4015930 
CβA-AcβAG    0.19615704 -0.003855434  0.39616952 0.0579509 
COOH-AcβA   -0.45166561 -0.651678083 -0.25165313 0.0000001 
NH2-AcβA      -0.63354877 -0.833561246 -0.43353630 0.0000000 
NβA-Ac           -0.43307394 -0.633086420 -0.23306147 0.0000003 
Am-Ac              0.05641296 -0.143599515  0.25642543 0.9763913 
CβA-Ac            0.11922622 -0.080786254  0.31923870 0.5373659 
COOH-Ac        -0.52859643 -0.728608903 -0.32858395 0.0000000 
NH2-Ac            -0.71047959 -0.910492066 -0.51046712 0.0000000 
Am-NβA            0.48948691  0.289474430  0.68949938 0.0000000 
CβA-NβA         0.55230017  0.352287691  0.75231264 0.0000000 
COOH-NβA     -0.09552248 -0.295534958  0.10448999 0.7652009 
NH2-NβA        -0.27740565 -0.477418121 -0.07739317 0.0015813 
CβA-Am           0.06281326 -0.137199214  0.26282574 0.9599996 
COOH-Am      -0.58500939 -0.785021863 -0.38499691 0.0000000 
NH2G-Am     -0.76689255 -0.966905026 -0.56688008 0.0000000 
COOH-CβA     -0.64782265 -0.847835124 -0.44781017 0.0000000 
NH2-CβA        -0.82970581 -1.029718287 -0.62969334 0.0000000 
NH2-COOH     -0.18188316 -0.381895638  0.01812931 0.0975390 
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D IVKVA peptides at 48 hours 
48 hours Df Sum Sq Mean Sq F value Pr(>F) 

celltype 
2 0.263 0.1314 2.027 

0.141577 

endgroup 
6 1.853 0.3089 4.767 

0.000578 

residuals 
54 3.499 0.0648   

   
Tukey multiple comparisons of means 
95% family-wise confidence level 
 
Fit: aov(formula = ave ~ celltype + endgroup) 
 
Celltype                           diff                  lwr                upr          p adj 
Macrophage-hUVEC   -0.01503481 -0.20436175 0.1742921 0.9800181 
hMSC-hUVEC              0.12886108 -0.06046586 0.3181880 0.2377607 
hMSC-Macrophage      0.14389589 -0.04543105 0.3332228 0.1690231 
 
Endgroup                   diff         lwr           upr     p adj 
Ac-AcβA        0.30851472 -0.05894836  0.6759778073 0.1555552 
NβA-AcβA    -0.25471927 -0.62218235  0.1127438195 0.3546125 
Am-AcβA      -0.02456120 -0.39202429  0.3429018828 0.9999932 
CβA-AcβA     0.09053903 -0.27692406  0.4580021099 0.9881916 
COOH-AcβA -0.18941059 -0.55687368  0.1780524904 0.6962825 
NH2-AcβA     -0.05986569 -0.42732878  0.3075973939 0.9987708 
NβA-Ac         -0.56323399 -0.93069707 -0.1957709032 0.0003595 
Am-Ac           -0.33307592 -0.70053901  0.0343871602 0.0995625 
CβA-Ac         -0.21797570 -0.58543878  0.1494873873 0.5431482 
COOH-Ac     -0.49792532 -0.86538840 -0.1304622322 0.0021639 
NH2-Ac         -0.36838041 -0.73584350 -0.0009173288 0.0490434 
Am-NβA         0.23015806 -0.13730502  0.5976211480 0.4777630 
CβA-NβA       0.34525829 -0.02220479  0.7127213751 0.0786424 
COOH-NβA   0.06530867 -0.30215441  0.4327717556 0.9979950 
NH2-NβA       0.19485357 -0.17260951  0.5623166590 0.6678880 
CβA-Am         0.11510023 -0.25236286  0.4825633118 0.9604966 
COOH-Am    -0.16484939 -0.53231248  0.2026136923 0.8130976 
NH2-Am        -0.03530449 -0.40276757  0.3321585957 0.9999420 
COOH-CβA   -0.27994962 -0.64741270  0.0875134652 0.2477438 
NH2-CβA      -0.15040472 -0.51786780  0.2170583686 0.8695873 
NH2-COOH   0.12954490 -0.23791818  0.4970079881 0.9314373 
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E Concentration study peptides at 48 hours 

48 hours Df Sum Sq Mean Sq F value Pr(>F) 

celltype 
2 7.184 3.592 97.36 

<2e-16 *** 

endgroup 
6 21.549 3.591 97.34 

<2e-16 *** 

concentration 
4 3.989 0.997 27.03 

<2e-16 *** 

residuals 
302 11.142 0.037   

  
  Tukey multiple comparisons of means 
    95% family-wise confidence level 
Fit: aov(formula = ave ~ Cell + endgroup + concentration, data = concentration_48_stats) 
 

Cell type 

                       diff        lwr        upr     p adj 
hUVEC-hMSC       0.02674739 -0.0356911 0.08918588 0.5717588 
macrophage-hMSC  0.33290148  0.2704630 0.39533997 0.0000000 
macrophage-hUVEC 0.30615409  0.2437156 0.36859258 0.0000000 
 
Endgroup 

                  diff         lwr         upr     p adj 
Ac_βA-Ac   -0.02869210 -0.14889144  0.09150724 0.9920278 
Am-Ac      -0.30279864 -0.42299798 -0.18259929 0.0000000 
CβA-Ac     -0.05351273 -0.17371207  0.06668661 0.8415104 
COOH-Ac    -0.49469442 -0.61489376 -0.37449508 0.0000000 
NβA-Ac     -0.36386417 -0.48406351 -0.24366483 0.0000000 
NH2-Ac     -0.76234755 -0.88254689 -0.64214820 0.0000000 
Am-Ac_βA   -0.27410654 -0.39430588 -0.15390719 0.0000000 
CβA-Ac_βA  -0.02482063 -0.14501997  0.09537871 0.9963800 
COOH-Ac_βA -0.46600232 -0.58620166 -0.34580298 0.0000000 
NβA-Ac_βA  -0.33517207 -0.45537141 -0.21497273 0.0000000 
NH2-Ac_βA  -0.73365544 -0.85385479 -0.61345610 0.0000000 
CβA-Am      0.24928590  0.12908656  0.36948525 0.0000000 
COOH-Am    -0.19189578 -0.31209513 -0.07169644 0.0000675 
NβA-Am     -0.06106553 -0.18126487  0.05913381 0.7399153 
NH2-Am     -0.45954891 -0.57974825 -0.33934957 0.0000000 
COOH-CβA   -0.44118169 -0.56138103 -0.32098234 0.0000000 
NβA-CβA    -0.31035144 -0.43055078 -0.19015209 0.0000000 
NH2-CβA    -0.70883481 -0.82903416 -0.58863547 0.0000000 
NβA-COOH    0.13083025  0.01063091  0.25102959 0.0229651 
NH2-COOH   -0.26765313 -0.38785247 -0.14745378 0.0000000 
NH2-NβA    -0.39848338 -0.51868272 -0.27828403 0.0000000 
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Concentration 

                  diff         lwr         upr     p adj 
19.5-1250 -0.120196418 -0.21411722 -0.02627562 0.0046316 
312-1250  -0.067417531 -0.16133833  0.02650327 0.2832901 
5000-1250  0.186144359  0.09222356  0.28006516 0.0000011 
78-1250   -0.110330119 -0.20425092 -0.01640932 0.0121507 
312-19.5   0.052778887 -0.04114191  0.14669968 0.5358579 
5000-19.5  0.306340777  0.21241998  0.40026157 0.0000000 
78-19.5    0.009866299 -0.08405450  0.10378710 0.9984852 
5000-312   0.253561889  0.15964109  0.34748269 0.0000000 
78-312    -0.042912589 -0.13683339  0.05100821 0.7195936 
78-5000   -0.296474478 -0.39039527 -0.20255368 0.0000000 

F Peptides with either an azide or PEG functionalization at 48 hours 

48 hours Df Sum Sq Mean Sq F value Pr(>F) 

Celltype 
2 0.610 0.3050 8.218 

0.000459 *** 

endgroup 
6 4.996 0.8326 22.435 

<2e-16 *** 

functionalization 
1 2.784 2.7837 75.004 

3.19e-14 *** 

residuals 
116 4.305 0.0371   

 
Tukey multiple comparisons of means 
95% family-wise confidence level 
Fit: aov(formula = ave ~ cell + endgroup + functionalization) 
 
Cell type                 diff               lwr                 upr             p adj 
hUVEC-hMSC.  0.09160999 -0.008199751 0.1914197 0.0790515 
mac-hMSC        0.17027349  0.070463754 0.2700832 0.0002719 
mac-hUVEC.     0.07866350 -0.021146233 0.1784732 0.1516898 
 
Endgroup                  diff         lwr              upr                 p adj 
AcβA-Ac        0.003644893 -0.18905250  0.196342286 1.0000000 
Am-Ac           -0.147102880 -0.33980027  0.045594513 0.2574162 
CβA-Ac         0.069312949 -0.12338444  0.262010342 0.9329731 
COOH-Ac     -0.208820203 -0.40151760 -0.016122810 0.0245513 
NβA-Ac         -0.193966891 -0.38666428 -0.001269498 0.0473857 
NH2-Ac         -0.571832555 -0.76452995 -0.379135162 0.0000000 
Am-AcβA      -0.150747773 -0.34344517  0.041949620 0.2308972 
CβA-AcβA     0.065668056 -0.12702934  0.258365449 0.9478292 
COOH-AcβA -0.212465097 -0.40516249 -0.019767704 0.0207275 
NβA-AcβA.   -0.197611784 -0.39030918 -0.004914391 0.0405243 
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NH2-AcβA    -0.575477449 -0.76817484 -0.382780056 0.0000000 
CβA-Am         0.216415829  0.02371844  0.409113222 0.0171938 
COOH-Am     -0.061717323 -0.25441472  0.130980070 0.9612073 
NβA-Am        -0.046864011 -0.23956140  0.145833382 0.9904628 
NH2-Am        -0.424729675 -0.61742707 -0.232032282 0.0000000 
COOH-CβA   -0.278133152 -0.47083055 -0.085435759 0.0006162 
NβA-CβA      -0.263279840 -0.45597723 -0.070582447 0.0014642 
NH2-CβA      -0.641145504 -0.83384290 -0.448448111 0.0000000 
NβA-COOH   0.014853312 -0.17784408  0.207550705 0.9999867 
NH2-COOH  -0.363012352 -0.55570975 -0.170314959 0.0000024 
NH2-NβA      -0.377865664 -0.57056306 -0.185168271 0.0000008 
  
Functionalization              diff             lwr             upr.         p adj 
PEG-azide                     0.2972747 0.2292891 0.3652603     0 
 

G Soluble peptides with cells encapsulated in PEG hydrogels at 48 hours 
48 hours Df Sum Sq Mean Sq F value Pr(>F) 

celltype 
2 8.19 4.095 125.42 

<2e-16 *** 

endgroup 
6 74.10 12.350 378.28 

<2e-16 *** 

amino_acid 
1081 5.87 0.345 10.58 

<2e-16 *** 

residuals 
22626 35.29 0.033   

 
  
  Tukey multiple comparisons of means 
    95% family-wise confidence level 
Fit: aov(formula = ave ~ cell + endgroup + amino_acid) 
 

Cell type                          diff                 lwr             upr              p adj 
hUVEC-hMSC.           0.05360174 0.02261208 0.08459139 0.0001559 
Macrophage-hMSC    0.20456374 0.17320883 0.23591865 0.0000000 
Macrophage-hUVEC   0.15096200 0.11962755 0.18229646 0.0000000 
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Endgroup                   diff              lwr              upr           p adj 
AcβA-Ac             0.03708977 -0.02221344  0.09639299 0.5160796 
Am-Ac               -0.04452478 -0.10392001  0.01487045 0.2885047 
CβA-Ac              0.07091934  0.01161613  0.13022256 0.0078020 
COOH-Ac          -0.38434272 -0.44641560 -0.32226984 0.0000000 
NβA-Ac             -0.08609557 -0.14539878 -0.02679236 0.0003919 
NH2-Ac             -0.68822281 -0.74752602 -0.62891960 0.0000000 
Am-AcβA          -0.08161455 -0.14100978 -0.02221933 0.0010355 
CβA-AcβA         0.03382957 -0.02547364  0.09313278 0.6262622 
COOH-AcβA     -0.42143249 -0.48350537 -0.35935961 0.0000000 
NβA-AcβA        -0.12318534 -0.18248856 -0.06388213 0.0000000 
NH2-AcβA        -0.72531258 -0.78461579 -0.66600937 0.0000000 
CβA-Am            0.11544412  0.05604890  0.17483935 0.0000003 
COOH-Am        -0.33981794 -0.40197873 -0.27765714 0.0000000 
NβA-Am           -0.04157079 -0.10096602  0.01782444 0.3729682 
NH2-Am           -0.64369803 -0.70309326 -0.58430280 0.0000000 
COOH-CβA      -0.45526206 -0.51733494 -0.39318918 0.0000000 
NβA-CβA         -0.15701491 -0.21631813 -0.09771170 0.0000000 
NH2-CβA         -0.75914215 -0.81844536 -0.69983894 0.0000000 
NβA-COOH       0.29824715  0.23617427  0.36032003 0.0000000 
NH2-COOH      -0.30388009 -0.36595297 -0.24180721 0.0000000 
NH2-NβA         -0.60212724 -0.66143045 -0.54282403 0.0000000 
 

  



251 

 

Amino acid 

                  diff                   lwr                    upr          p adj 
D-A    0.1757707421  0.062276920  0.289264564 0.0000112 
E-A    0.1257644436  0.012270622  0.239258265 0.0135034 
F-A   -0.0196719476 -0.133165769  0.093821874 1.0000000 
G-A    0.0399516470 -0.073542175  0.153445469 0.9990828 
H-A   -0.0762467186 -0.189740541  0.037247103 0.6465183 
I/L-A  0.0768747060 -0.036619116  0.190368528 0.6318774 
K-A   -0.0205584614 -0.134052283  0.092935360 0.9999999 
M-A    0.0501176495 -0.063376172  0.163611471 0.9871761 
N-A    0.0738796244 -0.039614197  0.187373446 0.7003139 
P-A    0.1097088102 -0.003785012  0.223202632 0.0718473 
Q-A    0.0332618800 -0.080231942  0.146755702 0.9999196 
R-A   -0.0392564012 -0.156878612  0.078365810 0.9995371 
S-A    0.0100754237 -0.103418398  0.123569246 1.0000000 
T-A    0.1035305588 -0.010427452  0.217488570 0.1285330 
V-A    0.0913764269 -0.022117395  0.204870249 0.3043976 
W-A   -0.0839188068 -0.197412629  0.029575015 0.4650114 
Y-A   -0.0678269774 -0.181320799  0.045666845 0.8217720 
E-D   -0.0500062985 -0.163500120  0.063487523 0.9874732 
F-D   -0.1954426897 -0.308936512 -0.081948868 0.0000004 
G-D   -0.1358190951 -0.249312917 -0.022325273 0.0040162 
H-D   -0.2520174607 -0.365511283 -0.138523639 0.0000000 
I/L-D -0.0988960361 -0.212389858  0.014597786 0.1798358 
K-D   -0.1963292035 -0.309823025 -0.082835382 0.0000003 
M-D   -0.1256530926 -0.239146914 -0.012159271 0.0136767 
N-D   -0.1018911177 -0.215384940  0.011602704 0.1420506 
P-D   -0.0660619319 -0.179555754  0.047431890 0.8513349 
Q-D   -0.1425088621 -0.256002684 -0.029015040 0.0016811 
R-D   -0.2150271433 -0.332649354 -0.097404933 0.0000000 
S-D   -0.1656953184 -0.279189140 -0.052201496 0.0000573 
T-D   -0.0722401832 -0.186198194  0.041717828 0.7420538 
V-D   -0.0843943152 -0.197888137  0.029099507 0.4539850 
W-D   -0.2596895489 -0.373183371 -0.146195727 0.0000000 
Y-D   -0.2435977194 -0.357091541 -0.130103898 0.0000000 
F-E   -0.1454363912 -0.258930213 -0.031942569 0.0011309 
G-E   -0.0858127966 -0.199306618  0.027681025 0.4215805 
H-E   -0.2020111622 -0.315504984 -0.088517340 0.0000001 
I/L-E -0.0488897376 -0.162383559  0.064604084 0.9901557 
K-E   -0.1463229050 -0.259816727 -0.032829083 0.0010012 
M-E   -0.0756467940 -0.189140616  0.037847028 0.6603793 
N-E   -0.0518848192 -0.165378641  0.061609003 0.9816517 
P-E   -0.0160556334 -0.129549455  0.097438188 1.0000000 
Q-E   -0.0925025635 -0.205996385  0.020991258 0.2830723 
R-E   -0.1650208448 -0.282643056 -0.047398634 0.0001551 
S-E   -0.1156890198 -0.229182842 -0.002195198 0.0401467 
T-E   -0.0222338847 -0.136191896  0.091724126 0.9999998 
V-E   -0.0343880166 -0.147881839  0.079105805 0.9998728 
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W-E   -0.2096832504 -0.323177072 -0.096189429 0.0000000 
Y-E   -0.1935914209 -0.307085243 -0.080097599 0.0000005 
G-F    0.0596235946 -0.053870227  0.173117416 0.9329647 
H-F   -0.0565747710 -0.170068593  0.056919051 0.9577398 
I/L-F  0.0965466536 -0.016947168  0.210040475 0.2141716 
K-F   -0.0008865138 -0.114380336  0.112607308 1.0000000 
M-F    0.0697895971 -0.043704225  0.183283419 0.7855322 
N-F    0.0935515720 -0.019942250  0.207045394 0.2640272 
P-F    0.1293807578  0.015886936  0.242874580 0.0088518 
Q-F    0.0529338276 -0.060559994  0.166427650 0.9775717 
R-F   -0.0195844536 -0.137206664  0.098037757 1.0000000 
S-F    0.0297473713 -0.083746451  0.143241193 0.9999835 
T-F    0.1232025064  0.009244495  0.237160518 0.0190700 
V-F    0.1110483745 -0.002445447  0.224542196 0.0633443 
W-F   -0.0642468592 -0.177740681  0.049246963 0.8785525 
Y-F   -0.0481550298 -0.161648852  0.065338792 0.9916496 
H-G   -0.1161983656 -0.229692187 -0.002704544 0.0381172 
I/L-G  0.0369230590 -0.076570763  0.150416881 0.9996690 
K-G   -0.0605101084 -0.174003930  0.052983713 0.9241648 
M-G    0.0101660025 -0.103327819  0.123659824 1.0000000 
N-G    0.0339279774 -0.079565844  0.147421799 0.9998943 
P-G    0.0697571632 -0.043736659  0.183250985 0.7861582 
Q-G   -0.0066897669 -0.120183589  0.106804055 1.0000000 
R-G   -0.0792080482 -0.196830259  0.038414163 0.6423060 
S-G   -0.0298762233 -0.143370045  0.083617599 0.9999824 
T-G    0.0635789119 -0.050379099  0.177536923 0.8911749 
V-G    0.0514247799 -0.062069042  0.164918602 0.9832443 
W-G   -0.1238704538 -0.237364276 -0.010376632 0.0167386 
Y-G   -0.1077786243 -0.221272446  0.005715198 0.0857491 
I/L-H  0.1531214246  0.039627603  0.266615246 0.0003828 
K-H    0.0556882572 -0.057805565  0.169182079 0.9634656 
M-H    0.1263643682  0.012870546  0.239858190 0.0126036 
N-H    0.1501263430  0.036632521  0.263620165 0.0005881 
P-H    0.1859555288  0.072461707  0.299449351 0.0000020 
Q-H    0.1095085987 -0.003985223  0.223002421 0.0731963 
R-H    0.0369903174 -0.080631893  0.154612528 0.9997893 
S-H    0.0863221424 -0.027171680  0.199815964 0.4101494 
T-H    0.1797772775  0.065819266  0.293735289 0.0000065 
V-H    0.1676231456  0.054129324  0.281116967 0.0000422 
W-H   -0.0076720882 -0.121165910  0.105821734 1.0000000 
Y-H    0.0084197413 -0.105074081  0.121913563 1.0000000 
K-I/L -0.0974331674 -0.210926989  0.016060654 0.2007222 
M-I/L -0.0267570565 -0.140250878  0.086736765 0.9999965 
N-I/L -0.0029950816 -0.116488903  0.110498740 1.0000000 
P-I/L  0.0328341042 -0.080659718  0.146327926 0.9999328 
Q-I/L -0.0436128260 -0.157106648  0.069880996 0.9973099 
R-I/L -0.1161311072 -0.233753318  0.001491104 0.0575256 
S-I/L -0.0667992823 -0.180293104  0.046694540 0.8393481 
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T-I/L  0.0266558529 -0.087302158  0.140613864 0.9999969 
V-I/L  0.0145017209 -0.098992101  0.127995543 1.0000000 
W-I/L -0.1607935128 -0.274287335 -0.047299691 0.0001223 
Y-I/L -0.1447016834 -0.258195505 -0.031207861 0.0012503 
M-K    0.0706761109 -0.042817711  0.184169933 0.7680902 
N-K    0.0944380858 -0.019055736  0.207931908 0.2485655 
P-K    0.1302672716  0.016773450  0.243761093 0.0079620 
Q-K    0.0538203414 -0.059673480  0.167314163 0.9735982 
R-K   -0.0186979398 -0.136320151  0.098924271 1.0000000 
S-K    0.0306338851 -0.082859937  0.144127707 0.9999748 
T-K    0.1240890203  0.010131009  0.238047031 0.0172853 
V-K    0.1119348883 -0.001558934  0.225428710 0.0581955 
W-K   -0.0633603454 -0.176854167  0.050133476 0.8906427 
Y-K   -0.0472685160 -0.160762338  0.066225306 0.9931985 
N-M    0.0237619749 -0.089731847  0.137255797 0.9999994 
P-M    0.0595911607 -0.053902661  0.173084983 0.9332725 
Q-M   -0.0168557695 -0.130349591  0.096638052 1.0000000 
R-M   -0.0893740507 -0.206996261  0.028248160 0.4120489 
S-M   -0.0400422258 -0.153536048  0.073451596 0.9990562 
T-M    0.0534129093 -0.060545102  0.167370921 0.9764516 
V-M    0.0412587774 -0.072235044  0.154752599 0.9986283 
W-M   -0.1340364563 -0.247530278 -0.020542634 0.0050226 
Y-M   -0.1179446269 -0.231438449 -0.004450805 0.0318220 
P-N    0.0358291858 -0.077664636  0.149323008 0.9997782 
Q-N   -0.0406177444 -0.154111566  0.072876078 0.9988710 
R-N   -0.1131360256 -0.230758236  0.004486185 0.0755597 
S-N   -0.0638042007 -0.177298023  0.049689621 0.8846887 
T-N    0.0296509344 -0.084307077  0.143608946 0.9999852 
V-N    0.0174968025 -0.095997019  0.130990624 1.0000000 
W-N   -0.1577984312 -0.271292253 -0.044304609 0.0001923 
Y-N   -0.1417066018 -0.255200424 -0.028212780 0.0018710 
Q-P   -0.0764469302 -0.189940752  0.037046892 0.6418642 
R-P   -0.1489652114 -0.266587422 -0.031343001 0.0014252 
S-P   -0.0996333865 -0.213127208  0.013860435 0.1699198 
T-P   -0.0061782513 -0.120136263  0.107779760 1.0000000 
V-P   -0.0183323833 -0.131826205  0.095161439 1.0000000 
W-P   -0.1936276170 -0.307121439 -0.080133795 0.0000005 
Y-P   -0.1775357876 -0.291029609 -0.064041966 0.0000083 
R-Q   -0.0725182812 -0.190140492  0.045103930 0.7819764 
S-Q   -0.0231864563 -0.136680278  0.090307366 0.9999996 
T-Q    0.0702686788 -0.043689332  0.184226690 0.7817920 
V-Q    0.0581145469 -0.055379275  0.171608369 0.9462545 
W-Q   -0.1171806869 -0.230674509 -0.003686865 0.0344542 
Y-Q   -0.1010888574 -0.214582679  0.012404964 0.1515292 
S-R    0.0493318249 -0.068290386  0.166954036 0.9926493 
T-R    0.1427869601  0.024716789  0.260857131 0.0033464 
V-R    0.1306328281  0.013010617  0.248255039 0.0130714 
W-R   -0.0446624056 -0.162284616  0.072959805 0.9976678 
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Y-R   -0.0285705762 -0.146192787  0.089051635 0.9999946 
T-S    0.0934551351 -0.020502876  0.207413146 0.2725897 
V-S    0.0813010032 -0.032192819  0.194794825 0.5267417 
W-S   -0.0939942305 -0.207488052  0.019499591 0.2562335 
Y-S   -0.0779024011 -0.191396223  0.035591421 0.6076844 
V-T   -0.0121541319 -0.126112143  0.101803879 1.0000000 
W-T   -0.1874493657 -0.301407377 -0.073491354 0.0000017 
Y-T   -0.1713575362 -0.285315547 -0.057399525 0.0000260 
W-V   -0.1752952337 -0.288789056 -0.061801412 0.0000121 
Y-V   -0.1592034043 -0.272697226 -0.045709582 0.0001557 
Y-W    0.0160918295 -0.097401992  0.129585651 1.0000000 
 

Appendix Figure 173 - Statistical analyses using multi-way ANOVAs with a Turkey post-hoc test. Three 
technical replicates were averaged to a single values, and statistics were done on experimental/biological 
replicates. Statistical analysis on a) soluble peptides cultured with cells on tissue culture plastic, all time 
points b) soluble peptides cultured with cells on tissue culture plastic at 48 hours, c) LIAANK peptides at 48 
hours, d) IVKVA peptides at 48 hours E) concentration study peptides at 48 hours F) azide/PEG 
functionalized peptides cultured with cells at 48 hours G) soluble peptides cultured with cells in PEG 
hydrogels at 48 hours. 
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