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ABSTRACT

Irregular wound healing, experienced by patients suffering from underlying
pathology or reoccurring ulcers, is a major concern that often requires outside aid to induce
proper healing. A potential therapeutic is KTTKS, a sub-fragment of the type I collagen
pro-peptide which can facilitate extracellular matrix secretion from fibroblasts. Prior
studies have shown that KTTKS can upregulate TGF-β and collagen deposition, which can
facilitate faster cell migration into the wound bed and decrease overall wound closure time.
However, the water-soluble nature of KTTKS decreases its bioactivity at the wound site.
Attachment of a vinyl functional group to KTTKS allows conjugation into the backbone
of a radically polymerizable hydrogel skin mimic. This formulation is hypothesized to
increase the efficiency of KTTKS compared to existing configurations which contain nonimmobilized peptides.
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CHAPTER 1
INTRODUCTION
Skin is the body’s largest organ and the outermost barrier against the environment
(1). A wound, or breach, inflicted upon skin tissue can occur by abrasion, puncture,
mechanical, chemical, or pathophysiological means (2). After the initial wound occurs,
clotting factors are secreted to form the fibrin clot. The clot forms a temporary barrier and
extracellular matrix for macrophages and fibroblasts to migrate inwards to begin
regeneration (1). As macrophages eliminate invading pathogens, the epithelium cells
proliferate and migrate towards the center of the wound to close up the breach (3). Under
those cells, granulation tissue forms to restore some integrity to the tissue (1).
In certain conditions, the wound is unable to move along the progressive steps. This
may be due to the patient’s health regarding blood circulation, nutrition, or other disease
they may have. The result is an opening through which pathogens and bacteria can enter
directly into the tissue or bloodstream. Many types of treatments have been developed for
assisting the wound healing process, though chronic wounds and other complex situations
still pose an issue. Common types of treatments include hydrogels, hydrocolloid dressings,
foam, and skin substitutes (synthetic or tissue engineered) (2). Though dependent on the
state of the wound (necrotic, sloughy, granulating, etc.), most solutions attempt to achieve
the same aims. First and foremost is separation of the wound to the outside environment.
The wound bed must remain sterile to prevent any further complications from occurring.
Studies have shown that the wound bed is best kept moist to encourage debridement of
necrotic tissue and maintenance of the surrounding cells (2). Low adherence is another
concern. Bandages or dressings that bind to a strongly bleeding or exuding wound risk
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further trauma to the site, as clotting factors can bind the dressing to the wound bed. This
can damage the wound even further upon removal of the dressings. Absorption of excess
exudate, as well as gaseous exchange, is vital to the health of the recovering tissue (2). Cost
is another important factor, as chronic and complex wounds may take up to months to
recover. Affordable treatment is key to insuring regular, reliable treatment to increase the
patient’s chances of recovering.
1.1 Anatomy of the Skin
Adult human skin is known as the largest organ of the human body. Its role is
important, as it is the firstmost barrier against outside pathogens. For mammals, skin is
composed of two main layers, which are the upper layer epidermis and the sublayer dermis.
Between these two layers is the basement membrane, to which the epidermis and dermis
are attached. The dermal layer is composed mainly out of collagen type I and elastin. These
components are secreted by fibroblasts, which are vital to the remodeling and maintenance
of the extracellular matrix. The dermal layer contains hair follicles and sweat glands as
well as nerves. The epidermis is mainly composed of keratinocytes, which synthesize and
store keratin, a protein that gives skin, hair, and nails water resistance. From the layer in
contact with the basement membrane upwards to the surface, the layers are as follows:
stratum corneum, stratum granulosum, stratum spinosum, and stratum basale.
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Figure 1: Anatomy of the skin
Source: https://opentextbc.ca/anatomyandphysiology/chapter/5-1-layers-of-the-skin/

In the basal layer, cells constantly divide and travel upwards to form new layers of the
stratum corneum. This layer is the uppermost layer that protects underlying tissue from
potential harm.

1.2 Basic Wound Healing
Wound healing is a complex process that, dependent on its severity, type, and
location, can lead to complications and improper healing. Once the skin barrier has been
damaged, hemostasis and inflammation initiate as the initial blood clot forms, providing
an extracellular matrix for migration as well as signals for macrophage activation (2-4).
These clotting factors are released into the wound bed to form a fibrous matrix that serves
as both a temporary barrier and extracellular matrix for infiltrating cells (1). Inflammatory
cells gather at the wound bed to take care of any pathogens or bacteria that have
successfully breached the skin. Fibroblasts migrate to the wound bed and begin to secrete
granulation tissue, which is made out of collagenous matrices (1). Several hours after the
3

initial injury, reepithelization begins as surrounding cells retract intracellular tonofilaments
and dissolve physical cell-cell connections to prepare for lateral migration into the wound
site (3). As migration progresses, epidermal cells produce collagenase to degrade the
extracellular matrix between the fibrin clot and the dermis. Re-epithelization begins as
epidermal cells at the wound margin proliferate behind the migrating cells. The
encroaching layers of dividing epithelial cells are known as epithelial tongues, which will
eventually meet in the center of the wound to form the new protective layer. The fibrous
clot can separate after a new barrier has been formed (1). Granulation tissue invades the
wound bed along with macrophages, fibroblasts, and blood vessels. Growth factors
secreted by the macrophages will stimulate fibroblasts to proliferate and migrate into the
wound space to begin production of a new extracellular matrix. After re-epithelization,
fibroblasts located in the granulation tissue undergo apoptosis. Left behind is scar tissue,
which differs from healthy skin tissue in that it contains no sweat glands or hair follicles.
The structure of ECM fibers in healthy and scar tissue also differ, with healthy tissue having
a basket weave pattern while fibers tend to be organized along one direction in scar tissue
(1). Once the matrix has been deposited, fibroblasts stop producing collagen and the
granulation tissue is replaced with a mostly acellular scar (3). The resulting acellular scar
is disadvantageous in that it only holds 70% of the original tissue’s mechanical strength, is
dissimilar to the original tissue with its absence of sweat glands or hair follicles, and its
notable visual appearance, all of which can affect one’s quality of life (3). Granulation
tissue itself is composed mainly out of fibrin and type III collagen (1). In the remodeling
phase, this scar tissue is slowly replaced by type I collagen to strengthen the wound site
(1). Normally, for larger wounds, it is difficult for the hair follicles and sweat glands to
4

reappear in the regenerating tissue. However, it is important to note that in all parts of the
processes, a lack of an existing extracellular matrix in the wound bed at any stage decreases
the rate of wound healing. Each stage of the wound healing process, from the initial fibrin
clot formation to the remodeling of scar tissue, an extracellular matrix exists to facilitate
progression in wound closure. The extracellular matrices provide a physical structure for
invading cells and macrophages to sense and adhere (1). Between each step, the
extracellular matrices are slowly replaced or remodeled to provide a more structurally
stable matrix until the process is complete.

Figure 2: The typical wound healing process.
Source:https://accessmedicine.mhmedical.com/data/books/mesc13/mesc13_c018f020.png
5

1.3 Current Wound Healing Technologies
Wound healing becomes complex if the progression of events described in section
1.1 is interrupted or a component of wound healing fails to function correctly. For instance,
excessive exudate can macerate healthy tissue around the wound bed (2). In the case of
pressure, venous, or diabetic ulcers or other chronic wounds, the wound does produce
excess exudate, immobilizing the wound healing process in its early stages. It is difficult
for the wound to close and heal, thereby leaving the patient a painful opening in the skin.
These wounds last longer than the common 12 weeks associated with acute wounds, which
heal normally in comparison (2). To bypass this timely healing process and initiate wound
healing progression, multiple products have been developed to procure the extracellular
matrix for faster, more effective tissue regeneration by use of either synthetic or natural
material. Target goals of these products are focused on maintaining the wound site or
tapping into the rate dependent stages of wound healing, such as rebuilding of the
extracellular matrix and cell infiltration of the wound bed, The chosen material, ranging
from semi-permeable adhesive film dressing to skin substitutes, is synthesized to give the
wound a promotional environment for either self-regeneration (alginate and hydrogel
dressings) or cellular infiltration via the introduction of a new extracellular matrix
(biological dressings) (2). While synthesized dressings such as hydrogels and alginate
dressings can absorb excess exudate and provide a moist, protective environment for cells,
they lack overall functionality. In short, they are unable to do much more than protect the
wound bed while the tissue heals itself. For chronic wounds, this mitigates the issue of
infection, but the healing process remains slow. An addition of signaling aspects that drive
cells at the wound edges to proliferate and migrate can further enhance the healing process.
6

Examples of topical formulations are povidone-iodine, silver sulphadiazine cream, and
silver nitrate (2). However, with topically applied formulations, there is the issue of
therapeutic components being washed away at the wound bed. A major issue of using these
creams and liquids in tandem with simple bandages is the short time window they achieve
their therapeutic effect. Controlled drug delivery can be achieved by polymeric means.
Therapeutics such as growth factors or vitamins can be released at a controlled rate. They
have issues of lessened therapeutic effects due to water solubility.

1.4 The Use of Extracellular Matrix-Related Peptides in Wound Healing
Peptides are defined as short oligomers formulated by amino acids linked together
by amide bonds (5). They are the building block of proteins. The peptide sequence, lysinethreonine-threonine-lysine-serine (KTTKS) is a signal peptide derived from C-terminal
type I collagen pro-peptide (6). KTTKS has the ability to inhibit collagenases as well as
increase extracellular matrix production (7). Discovered in 1991 by Katayama et al.,
KTTKS is found to be the minimum sequence necessary to induce collagen production
when delivered to cells, retaining 80% of the entire sequence’s original activity (7, 8).
Though the exact cellular mechanism between KTTKS and fibroblast cells is unknown,
previous studies have shown that genes relating to collagen upregulation, such as
transforming growth factor-β (TGF-β), are unregulated while maintaining mRNA stability
of α1(I) procollagen (9). Increase in KTTKS concentration was shown to increase
expression of TGF-β as well.
A major issue with KTTKS stems from its poor penetration through the epidermis
into the dermal layer. Its hydrophilicity as well as its subsequent degradation by proteases
7

in the epidermis group results in significantly lowered bioactivity (7, 10). A prior study
found that the major degradation products to be TTKS and TKS (11). This indicates the
degradation of the pentapeptide in a stepwise manner. Research surrounding KTTKS
focuses on cosmetics to see if KTTKS reduces wrinkle appearance on aging skin, though
applications of this peptide and its modifications are also incorporated in regeneration
medicine studies (7, 10). As KTTKS itself has poor permeation across skin tissue, it has
been modified by conjugation of the C16 carbon chain to form an amphiphilic molecule.
Palmitoyl derivatives of KTTKS (Pal-KTTKS) have also been studied, as addition of a
palmitoyl tail was theorized to increase both lipophilicity and skin penetration as well as
stability upon application (11). Application to wrinkled skin was shown to significantly
reduce wrinkles and improve appearance and texture of aging skin (11). Addition of
proteolytic enzyme inhibitors PMSF (inhibitor of serine proteases) and PNT (inhibitor of
metalloenzymes) also improved the peptide’s stability (11). A concern of using the peptide
in wound healing is the formation of scar tissue. However, a study done by Park et. al. in
2017 found that control of collagen production by control over myofibroblast and α-SMA
could help to decrease scar formation. There would have to be a balance between
connective tissue formation and reduction of any excess collagen matrices. If there is too
much collagen deposited, scars form. Not enough collagen results in no wound closure at
all. The breakdown of collagen during the healing process is initiated with biological
signaling from hormones. Control over the dosage of Pal-KTTKS to the wound site may
reduce scar formation, providing a novel solution for anti-scar therapy (12). Park’s study
found that a concentration of 0.1 µM reduces α-SMA as well as differentiation of
fibroblasts into myofibroblasts (12). At a higher concentration of 0.5 µM, wound closure
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time is decreased, but α-SMA is high (12). Besides α-SMA, KTTKS can also increase
mRNA stability of α1(I) procollagen through a pathway relating to TGF- β (9). On the
molecular level, it is known that the N-terminal of type I or III collagen can bind to
fibroblast cell membranes and become internalized by receptor-mediated endocytosis (9).
Overall, while KTTKS itself is a viable option for wound healing purposes, its
unmodified form is theorized to be unfit for immediate use in wound care. Not only does
its water soluble nature lower its potential effects in an exuding wound bed, its formulation
is also susceptible to degradation present in the skin. There has been promising research
done on attachment of long carbon chain on the N-terminus to increase its effectiveness
and amphiphilic nature (12). However, as with other therapeutic agents such as
antimicrobials and growth factors, there is the same issue with effectiveness, as these
agents can be washed away from the wound bed as well (2). Therefore, it is theorized that
the addition of a functional group-containing tail that can allow KTTKS to be attached
chemically to a wound treatment such as a bandage or hydrogel will increase overall
effectiveness and collagen secretion at the wound site.
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CHAPTER 2
AIMS

2.1 Rationale
The underlying hypothesis of this project is to test if the immobilization of KTTKS
in optimized skin-like hydrogels will facilitate higher collagen secretion from human
dermal fibroblasts. In nature, the protein expression determines cellular structure and
activity. Influence of fibroblast cells by use of the signal peptide KTTKS may increase
collagen secretion, thereby facilitating faster wound closure. As KTTKS is the minimum
sequence necessary to carry out the role of type I collagen propeptide, addition of a vinyl
tail may allow future conjugation to radically polymerizable hydrogels. Accomplishment
of this system can make it a viable option for wound healing purposes, specifically aiding
in the decrease of wound closure times while providing a moist, sterile environment for the
wound.
Glycine-arginine-glycine-aspartate-serine (GRGDS) will also be synthesized as a
positive control peptide for cell experiments. This peptide is a variation of arginineglycine-aspartate (RGD). RGD is well known for promoting cell attachment to surfaces
(13). RGD is beneficial in that is recognized by multiple cell types, as it is a principle
integrin-binding domain in fibronectin, osteopontin, fibrinogen, and other extracellular
matrix proteins (13). It can be used to functionalize surfaces that would be otherwise inert
or have little interaction with cells. Comparison between cell adhesion (GRGDS) and
collagen secretion (KTTKS) as well as the effect of a vinyl tail may yield significant results
that are important to future hydrogel functionalization.
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2.2 Specific Aims
1. Fmoc-based solid phase peptide synthesis of KTTKS and GRGDS and its variants.
Fmoc-based solid phase peptide synthesis (SPPS) of KTTKS and GRGDS will be
done. This method allows for the synthesis of the peptides from the C- to N-terminus (14).
Fmoc stands for fluorenylmethyloxycarbonyl, which is a protecting group for the target
amine functional group. Amino acids with more than two functional groups have different
protecting groups, such as boc (tert-Butyloxycarbonyl) or dde (N-(1-(4,4-dimethyl-2,6dioxocyclohexylidene)ethyl). Fmoc itself can be selectively removed by basic conditions,
leaving the other functional groups attached, to achieve specific reactions between the
target carboxyl and amide groups (14).

Figure 3: Simplified Fmoc-based SPPS reaction.
Deviations of KTTKS and GRGDS include addition of the N-terminus tails: acetic acid
and undecylenic acid. These are designated by title “Ac” for acetic tails and “UA” for
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undecylenic acid tails. Four peptides will be synthesized in total. Ac-KTTKS (KTTKS with
an acetyl tail), UA-KTTKS (KTTKS with an undecylenic acid tail), Ac-GRGDS (GRGDS
with an acetyl tail) and UA-GRGDS (GRGDS with an undecylenic acid tail). Acetic acidtailed peptides serve as a control. Addition of undecylenic acid as a tail introduces both a
long carbon-carbon chain as well as a double bond on the last carbon group. This double
bond can allow direction conjugation to the backbone of an existing radically
polymerizable hydrogel in future studies.

A

B

C

D

Figure 4: Chemical Structures of UA-KTTKS (A), Ac-KTTKS (B), UA-GRGDS (C), and
Ac-GRGDS (D).
2. Isolation, purification, and characterization of peptide products.
Isolation of the peptide product after cleaving will be done with ether washes. This
step ensures the removal of any unwanted byproducts as well as scavengers present in the
cleaving process.
Peptides will be purified by reversed-phase high performance liquid
chromatography. Peptide solutions are prepared by dissolving products in water/0.1% TFA
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and filtering the solutions through a 0.22 µm filter. Target peptides are separated from nontarget peptides by their polarity. The gradient method is used to elute out more water
soluble peptides first before increasing the amount of organic solvent. Non-target peptides
occur in the case of an unsuccessful conjugation/deprotection.
For

final

confirmation

of

the

target

peptide,

matrix

assisted

laser

desorption/ionization (MALDI) mass spectrometry is used. Peptides are immobilized on a
matrix and ionized via laser. Ions travel path is shifted by a magnet and hit a detector plate
at different locations based on their size. The final chart gives mass-to-charge ratios that
can correspond with the product molecular weights. Peptide samples are sent to an outside
contact for MALDI analysis.
3. In vitro cytotoxicity studies.
Cytotoxicity tests using NIH/3T3 cells, are carried out with introduction of peptides
at varying concentrations. NIH/3T3 cells are mouse embryonic fibroblast cells. These cells
were chosen to represent the fibroblast cells present in the dermis, as that is the majority of
the tissue affected in the case of a wound. Based on previous research, the following
concentrations of peptides will be used: 0 µM, 0.1 µM, 0.2 µM, and 0.4 µM (9, 12). After
seeding cells on a 96 well plate, the cells are incubated for 12-24 hours before sterile,
peptide solution in water is introduced. The main stock is created at 0.2 µM, so it should
be noted that different volumes of water are added to create the final initial peptide
solutions. After an hour of incubation, the peptide-media solution is removed, and 10%
PrestoBlue in media (v/v) is added to each well. After plates are incubated for 30 minutes,
fluorescence readings will be done to analyze cell viability.
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CHAPTER 3
MATERIALS AND METHODS
3.1 Materials
4-methylpiperidine, 1,8-diazabicyclo[4.5.0]undec-7-ene (DBU), sulfuric acid,
diethyl ether, N,N-diisopropylethylamine (DIPEA), and triisopropylsilane (TIPS) were
purchased from Acros (NJ, USA). Rink Amide AM resin, Fmoc-Lys(Boc)-OH, FmocThr(tBu)-OH, Fmoc-Lys(DDE)-OH, 1-hydroxybenzotraizole monohydrate (HOBt), and
O-benzotriazole-N, N, N’, N’-tetramethyluronium-hexafluorophosphate (HBTU) were
purchased from AAPPTec (Louisville, KY, USA). Hydrogen peroxide, trifluoroacetic acid
(TFA) dichloromethane (DCM), and dimethylformamide (DMF) were purchased from
Fisher Scientific (NJ, USA). Polymer pre-cursors were purchased from Aldrich (MO,
USA).

3.2 Fmoc-Based Solid Phase Peptide Synthesis (15)
Rink Amide AM Resin (0.3 mmol) for each target peptide was added to the peptide
synthesis vessel and swelled in DCM for 4 hours without shaking the vessel. Afterwards,
the resin was washed with DMF for five minutes by shaking, drained, and repeated three
times. Deprotection solution, consisting of 4-methyl-piperidine (2%), DBU (2%), and
DMF (96%) was combined in the vessel and shaken for twenty minutes and drained. This
step was repeated three times. The beads were then washed three times with DMF, five
minutes each time. The amino acid (2x-3x molar equivalent), HOBt (2x-3x molar
equivalent), HBTU (2-3 molar equivalent) and DIPEA (4-6x molar equivalent) was added
to the vessel in DMF. The vessel was shaken for 2 hours or longer. The previous steps,
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starting from the first washing with DMF and deprotection, was repeated. Between
conjugation and deprotection, tests were run to verify successful conjugation or
deprotection. To test if the bead has been deprotected, either a Kaiser test or ultravioletvisible spectroscopy was used. The Kaiser test was a qualitative test that used several resin
beads in a solution containing ninhydrin, phenol, and potassium cyanide to check if the
amine group was protected or deprotected.

Figure 5: Kaiser testing.
Ultraviolet-visible spectroscopy was also used to confirm successful conjugation
or deprotection. Several beads were taken and immersed in 20% (v/v) 4-methyl piperidine
in DMF. Readings were done between 275-315 nm. The formation of a bibenzofulvenepiperidine adduct resulted in peaks at 289.8 nm and 301.0 nm, which was indicative of
Fmoc present on the peptide sequence (16).

Figure 6: Absorbance readings of successful deprotection and conjugation of KTTKS.
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When the sequence was complete, the beads were washed three times with DMF
and three times with ethanol, each wash five minutes each. Cleaving solution (2.5% TIPS,
2.5% deionized water in TFA) was added, without shaking, to the uncapped vessel for 2-4
hours. The peptide solution was collected and air-dried overnight in a fume hood to remove
TFA.

3.3 Peptide Isolation
Dried peptides from the previous step were ether washed. Ether (20 mL) was added
to the centrifuge tube and sonicated for fifteen minutes to disperse the peptide. The tube
was then centrifuged at 7000 rpm at 4°C for twenty minutes. Ether was decanted carefully
to avoid disturbance to the peptide pellet. The ether wash was repeated three times total
before air drying overnight or until completely dry.

3.4 Peptide Purification
A Waters preparative HPLC was used to purify the peptides. Components of the
HPLC were a Waters 2998 Photodiode Array Detector, a Waters 2545 Quaternary Gradient
Module, and a reversed-phase column. A gradient method was used. The flow rate was
kept constant between 10-15 mL/min. Solvents were varied depending on solubility
(water/0.1% TFA or acetonitrile/0.1% TFA). Samples were run 1-5 mL at a time. The
HPLC's fraction collector was set up to collect 10 mL of sample per collection tube. Similar
peaks between runs that appear on the chromatograms at the same time points were
combined in a 50 mL tube and air-dried until all the initial solvent is gone.
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3.5 Mass Spectrometry
Either electrospray ionization (ESI) or matrix-assisted laser desorption/ionization
(MALDI) was used to confirm the peptide molecular weights.
For ESI peptide preparation, dried peptides were prepared in a 100 µM solution
using water:acetonitrile (50:50 v/v). The sample was loaded into a 1 mL syringe and
filtered through a 0.22 µm filter into an amber mass spectrometry vial. The vial was capped,
labeled, and stored in -4°C until analysis could be run on Agilent Technologies 6520
Accurate-Mass Q-TOF LC/MS. Electrospray ionization (ESI), in a positive ion procedure,
was used to ionize peptide samples. As the peptides were ionized ([M+H]+), the mass
spectrum generated indicated which peaks collected from HPLC were the correct peptide.
For other peptide samples, MALDI was used for more accurate results, as the
sample was not fragmented as much as ESI-validated samples were. Dried peptide samples
were added to a 1.5 mL centrifuge tube and sent to a contact outside Temple University.

3.6 Peptide Sterilization
Peptides were dissolved in distilled water at a concentration of 0.2 µM. Inside a
biosafety cabinet, these peptides were then run through a 0.22 µm filter for sterilization.

3.7 Cell Maintenance
NIH/3T3 cells were cultured in tissue culture flasks containing DMEM medium
supplemented with 10% fetal bovine serum (FBS), 500 units penicillin, and 100 mg/l
streptomycin. All reagents were purchased from Corning Cellgro. Cells were incubated at
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37°C with 5% CO2. Media was refreshed every other day and passaged when cells reach
80% confluency.

3.8 Microscopy
Microscopy was performed on an Olympus IX83-DSU microscope equipped with
a Hamamatsu ORCA-R2 CCD camera, an EXFO X-Cite 120PC Q light source (www.
excelitas.com), and a Live Cell Instrument (LCI, www.chamlide.com) Chamlide TC (or
WP) stage-top incubator system.

3.9 Cytotoxicity Assay with NIH/3T3 Cells
NIH 3T3 cells were seeded on a 96 well plate at 10,000 cells/well. After 12-16
hours of incubation at 37°C with 5% CO2, concentrations of KTTKS, GRGDS, and its
derivatives were added to the existing media at 0.1, 0.2, and 0.4 µM concentrations. After
an hour of incubation at 37°C with 5% CO2, the peptide-media solution was removed.
PrestoBlue Cell Viability Reagent from ThermoFisher 10 % (v/v) in cell culture media
(mentioned in 3.7) was added to each well, and the plate was incubated for 30 minutes.
PresoBlue, a resazurin-based assay, was reduced to resorufin, which was highly
fluorescent. Increased fluorescence was indicative of live cell activity (ex. aerobic
respiration). TECAN plate readings analyzed the plate at fluorescence excitation at 560
nm, with emission at 590 nm. Control well (no peptide added) fluorescent readings were
compared to those that contained peptide solutions.
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3.10 Statistical Analysis
Data analysis was conducted using JMP 13 Statistical Software and Matlab. Cell
viability data sets was compared using one-way ANOVA (analysis of variance). In case of
significance, each pair was compared to each other by using student t-tests. Quantitative
results were recorded as mean ± standard deviation. Statistically significant data was
considered when p values were below 0.05 (*p<0.05, **p<0.01, ***p<0.001).
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CHAPTER 4
RESULTS
4.1 Peptide Synthesis
The following peptides were successfully synthesized: UA-KTTKS, Ac-KTTKS,
UA-GRGDS, and Ac-GRGDS. Scrambled sequences for future cellular studies (as a
negative control): Ac-KKTTS and UA-KKTTS were also synthesized, though only UAKKTTS has been through purification and characterization. All peptides mentioned were
synthesized once using Fmoc-based SPPS.
4.2 Peptide Purification
Target peptides mentioned in 4.1 were successfully isolated during HPLC. As seen
on the figures 7-10 below, there could be two or more peaks shown on the chromatogram.
Target peaks were based on solubility properties of each peptide. Peptide amphiphiles were
hypothesized and confirmed in section 4.3 to elute out after the intial peaks. Acetyl-tailed
peptides were also hypothesized and confirmed to elute out first due to their relatively
higher solubility in water.

Figure 7: Acetyl-KTTKS chromatogram
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Figure 8: Undecylenic Acid-KTTKS chromatogram

Figure 9: Acetyl-GRGDS chromatogram

Figure 10: Undecylenic Acid-GRGDS chromatogram
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The acetyl-KTTKS and undecylenic acid-KTTKS chromatograms show a range of
products eluting, rather than something similar to the sharper peaks in the GRGDS
variations. In section 4.3, the mass spectrometry results show the peaks in KTTKS variants
correspond with addition of a sodium group.

4.3 Mass Spectrometry Confirmation of Final Peptide Products
Peptides were analyzed utilizing MALDI mass spectrometry. In Table 1, each
peptide’s molecular weights were calculated by drawing their structures in ChemDraw
Professional 15.0. All peptides were successfully synthesized, albeit with notable sodium
additions to KTTKS samples as seen with the peaks at 627.372 m/z for Ac-KTTKS and
751.534 m/z and 796.571 m/z for UA-KTTKS.

Table 1: Synthesized peptides and their calculated molecular weights
Peptide

Molecular Weights (g/mol)

Ac-GRGDS

532.51

UA-GRGDS

656.74

Ac-KTTKS

605.69

UA-KTTKS

729.46
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Figure 11: Mass spectrometry results of Ac-KTTKS (top) and UA-KTTKS (bottom).
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Figure 12: Mass spectrometry results of Ac-GRGDS (top) and UA-GRGDS (bottom).

Each target peptide was present in the product as seen in figures 11-12. The molecular
weights of Ac-GRGDS (MW = 532.51), UA-GRGDS (MW = 656.74), Ac-KTTKS (MW
= 605.69), and UA-KTTKS (MW = 729.46) are present in each graph. In this step, it was
confirmed that the addition of undecylenic acid to the original peptide sequence resulted in
a peptide amphiphile that eluted later in the HPLC run, when the organic solvent began to
increase in concentration. Acetyl-tailed peptides were confirmed to elute earlier in the run.
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4.4 Cytotoxicity Assay with NIH/3T3 Cells
Each peptide concentration was tested with N = 4, with control wells having N = 8.
The concentrations tested were based on previous studies that showed the potential of
KTTKS for wound healing purposes (9, 12). Peptide concentrations were tested against
controls, where no peptide was introduced to the cells. For UA-KTTKS, there was
significant cell death even at 0.2 µM, though there was no significance for the acetylKTTKS or the undecylenic acid-GRGDS. Cell death began to show significance upon a
0.4 µM peptide concentration for KTTKS variants (p<0.01). This is a similar case for
acetyl-GRGDS (p<0.01) and undecylenic acid-GRGDS (p<0.05). As a result, more
cytotoxicity assays will need to be done to confirm results.

25

Figure 13: JMP Data analysis of KTTKS variants vs control by ANOVA and student t tests.
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Figure 14: JMP Data analysis of GRGDS variants vs control by ANOVA and student t
tests.
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Figure 15: Cytotoxicity assay for KTTKS compared to all control wells.
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Figure 16: Cytotoxicity assay for GRGDS compared to all control wells.
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Figure 17: NIH/3T3 cells cultured with 0 µM UA-KTTKS (A), 0.1 µM UA-KTTKS (B), 0.2
µM UA-KTTKS (C), and 0.4 µM UA-KTTKS (D). Scalebar = 200 µm.
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Figure 18: NIH/3T3 cells cultured with 0 µM Ac-GRGDS (A), 0.1 Ac- GRGDS µM (B), 0.2
Ac- GRGDS µM (C), and 0.4 µM Ac- GRGDS (D). Scalebar = 200 µm.

Brightfield images were taken at 4x after the PrestoBlue assay was run in the 96 well plates.
Cells were fixed with addition 10 µL of 4% paraformaldehyde to the resazurin-media
solution. Cell morphology appear similar in all photos. As almost all conditions had more
than 90% of its cells live, there are no notable differences among the brightfield images.
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CHAPTER 5
DISCUSSIONS
Fmoc solid phase peptide synthesis is a reliable method for the synthesis of peptide
sequences. This method allows for step-by-step addition of amino acids to the targeted
functional groups. Other methods, such as boc-based peptide synthesis cannot afford the
same specificity. Boc-based synthesis is similar to Fmoc-based synthesis, but the
protecting group is boc (tert-Butyloxycarbonyl). This method requires the use of
trifluoroacetic acid to deprotect the protecting group. However, as stated in 3.2,
trifluoroacetic acid is also used for cleaving, which removes all protecting groups (except
for Fmoc). Therefore, Fmoc is a better protecting group for SPPS, as the other protecting
groups are not affected by the base deprotectant (14). A difficulty of this method, however,
lies directly in the synthesis process itself. The addition of each amino acid is a slow
process, with a maximum of two amino acids conjugated per day. As the peptide chain
grows longer, mistakes can occur during the synthesis process, such as the addition of the
incorrect amino acid without realization until the final confirmation via mass spectrometry.
Even with mass spectrometry confirmation, however, the wrong sequence can still be yield
the correct calculated molecular weight if two amino acids are switched. Disregarding
human error, the amount of reagent needed for each conjugation is high to ensure that the
majority of beads have undergone conjugation. Despite all this, Fmoc-based SPPS remains
a successful peptide synthesis method and continues to be optimized to increase its
efficiency (14).
The peptides KTTKS, GRGDS, and their variants were all successfully synthesized
and confirmed by MALDI mass spectrometry. KTTKS peptides need to be desalted to
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remove the unintended sodium additions. Initial cytotoxicity experiments with NIH/3T3
cells, a mouse embryo fibroblast cell line, showed no cytotoxicity for low concentrations
of peptides.
For future work, cytotoxicity experiments will need to be redone to confirm results.
These peptides will be mixed into an existing hydrogel formation that is crosslinked by
radical polymerization.

Figure 19: Radically polymerizable hydrogels synthesized directly in 96 well
plates.
Peptides containing the undecylenic acid tail will be conjugated during the
crosslinking process to the polymer backbone, thereby functionalizing the hydrogel’s
surface. This holds potential in adding either cell adhesion properties to inert or non-cell
binding hydrogels by addition of UA-GRGDS. UA-KTTKS addition can possibly increase
collagen secretion around the cell site. For comparison, immobilized peptides will be tested
against their non-immobilized counterpart to access the benefits of conjugation to the
polymer backbone.
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