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Abstract

Developing Low Fouling Peptides and Zwitterionic Materials for Biomedical Applications

Ann K. Nowinski

Chair of the Supervisory Committee:
Prof. Shaoyi Jiang
Chemical Engineering

This dissertation is a compilation of efforts aimed at developing mixed charge and
zwitterionic materials to prevent biofouling in biomedical applications. Peptides are considered
for use as natural low fouling materials due to their biocompatibility, diverse chemical
properties, well-defined sequence, and biodegradability. Low fouling peptide sequences were
rationally designed from known zwitterionic principles and biomimetically designed from the
examination of human protein surfaces found in nature. The peptide sequences glutamic
acid/lysine (EK) and asparagine (N) were identified as displaying resistance to nonspecific
protein adsorption. The low fouling sequence EK was further applied to several biomedical
applications including multifunctional self-assembled monolayers on a gold surface, stealth
coatings on gold nanoparticles, and biodegradable EK-poly(lactic-co-glycolic) acid (EK-PLGA)
drug delivery nanocarriers. Importantly, the EK sequence can be extended with functional
peptide sequences (such as RGD for specific cell targeting) without the need for complex

chemical conjugation. In addition to rational and biomimetic peptide design, a combinatorial



screening method was explored to facilitate the testing of thousands of peptide sequences for low
protein adsorption. Finally, zwitterionic polymers were explored to form particles for mucus-

penetrating applications.
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Chapter 1: Introduction

Biofouling of surfaces caused by the nonspecific adsorption of biomolecules, bacteria,
and microorganisms is encountered in a wide spectrum of technical systems, ranging from the
pharmaceutical, water purification, shipping, power, automobile, food, and microelectronics
industries. Biofouling also creates challenges in the development of products which will be used
in complex environments such as the human body. The development of low fouling materials
that can resist protein adsorption, bacterial adhesion, and biofilm formation can have many
applications in the biomedical field including ex vivo biosensor coatings, in vivo drug delivery
carriers, wound dressings, contact lenses, and implant coatings. The goal for developing ultra-
low fouling materials is to attain less than 5 ng/cm? of adsorbed fibrinogen on surfaces, which is
the threshold for platelet adhesion'.

The unwanted accumulation of proteins and cells onto surfaces leads to the detriment of
function of equipment and devices. For example, biofilm formation on indwelling urinary
catheters accounts for over 40% of all hospital-acquired infections, with more than one million
cases diagnosed annually in the United States®. These infections increase hospital stays, affect
patient health, and generate an extra $600 million in medical expenditures every year™*. In
addition to infection, the surgical implantation of medical devices can lead to a foreign body
reaction, beginning with blood protein adsorption and eventually leading to formation of a tough
fibrous capsule around the device. This foreign body reaction is known to lead to degradation of
biomaterials with subsequent device failure such as in the case of degradation of polyether
polyurethane pacemaker leads®. The fibrous capsule can also block mass transport and/or electric
communication between the implant and the body. Nonspecific protein adsorption also plays a

significant role in the design of drug delivery nanocarriers. Surface protein deposition upon



introduction into the blood stream may induce nanoparticle aggregation and can trigger rapid
recognition and clearance from the blood by circulating phagocytes®. Finally, biosensor surface
fouling can lead to problems with sensor stability and calibration, malfunction of devices,
reduced lifespan, and increased power consumption’.

Low fouling materials include poly(ethylene glycol) (PEG)?, polysaccharides’, poly(2-

11,12 13,14

methyl-2-oxazoline) polymers'’, mixed charge polymers'"'?, peptides'>!* and zwitterionic
polymers'®. Currently, the most commonly used low fouling material in the biomedical field is
poly(ethylene glycol) (PEG) (Scheme 1-1). The concept of adding PEG to products (PEGylation)
was first introduced in the late 1970s; however, it only reached widespread application in the
1990s'6. PEG obtains it low fouling properties by bonding water to its surface via hydrogen
bonding. The precise positioning of ether groups along the backbone of PEG acts as an ideal
hydrogen bond acceptor for water!’”. Although PEG binds water to its surface, it is considered an
amphiphilic polymer because it can also dissolve in organic solvents such as toluene,
dichloromethane, and acetone. Its dual solubility makes end-group modifications relatively easy,
but its hydrophobic nature can also have negative consequences by undesirably interfering with
hydrophobic regions in many applications'®. The use of PEG can also be hampered by its
autoxidation, especially in the presence of oxygen and transition metal ions'*?. Finally, PEG has
been shown to induce specific as well as nonspecific recognition by the immune system, thereby

leading to a response of the body to intravenously administered PEG formulations such as

liposomal and micellar carrier systems or conjugates'®.
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Scheme 1-1. Chemical structure of poly(ethylene glycol) (PEG).

More recently, zwitterionic polymers such as sulfobetaine methacrylate (SBMA)?!,
carboxybetaine methacrylate (CBMA)'®, and 2-methacryloyloxylethyl phosphorylcholine
(MPC)?? have been shown to be excellent low fouling materials (Scheme 1-2). Zwitterionic
polymers possess a negatively and positively charged moiety on the same side chain while
maintaining an overall net neutral charge. Mixed charge polymers which possess alternating
negatively and positively charged moieties have also been shown to exhibit low fouling
properties!!. Water molecules bind more strongly and stably to zwitterionic and mixed charged
polymers compared to other hydrophilic polymers such as PEG via electrostatically induced
hydration making it even more difficult for proteins to adsorb to the surface®*. Zwitterionic
polymers have been shown to resist nonspecific protein adsorption from undiluted human blood
plasma and serum, cell adhesion, and bacterial biofilm formation?*. In addition, the utility of
zwitterionic polymers has been demonstrated in a number of applications including gene
delivery?, cell encapsulation®, marine surface coatings’, biosensing?®, protein conjugation's,

and imaging magnetic nanoparticles®’.
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Scheme 1-2. Chemical structure of zwitterionic polymers.
Chemical structures of zwitterionic polymers (a) poly(carboxybetaine methacrylate) (pCBMA) (b)

poly(sulfobetaine methacrylate) (pSBMA) (c) poly(2-methacryloyloxyethyl phosphorylcholine) (pMPC).



There are many applications where the use of low fouling materials can be further
developed and prove beneficial. This work examines the rational, biomimetic, and combinatorial
design of peptides as a new class of low fouling materials. In addition, zwitterionic polymers are

applied in the development of mucus-penetrating particles.

1.1 Designing Peptides as Low Fouling Materials

Peptides are advantageous as biomaterials since they are biocompatible. In addition, the
twenty naturally occurring amino acids offer nearly infinite possible sequence combinations
resulting in access to varying chemistries and functionalities. Peptides are chemically well-
defined since they are commonly produced using solid phase peptide synthesis or genetic
engineering®®3!. Importantly, peptide-based materials can incorporate specific function without
the need for chemical conjugation, which can involve complex chemistries and additional
synthesis steps®’. Functionalities such as specific cell recognition, antimicrobial properties,
surface-binding, or protease cleavage sites can be incorporated by simply extending the peptide
sequence’. Finally, peptides are biodegradable breaking down to non-toxic components that can
be readily metabolized or excreted from the body>*.

Low fouling peptides were designed based on the principle of zwitterionic polymers
possessing equal amounts of positive and negative charges. The peptide sequences were
rationally hypothesized to consist of alternating negatively and positively charged residues, while
maintaining an overall net neutral charge. From the twenty naturally occurring amino acids there
are two options for negatively charged side chains (glutamic acid (E) and aspartic acid (D)) and
two options for positively charged side chains (arginine (R) and lysine (K)) at neutral pH

(Scheme 1-3). All four possible combinations were evaluated for nonspecific protein adsorption



(ER, DR, EK, DK). Only peptide sequences containing lysine as the positively charged residue
(EK, DK) were low fouling, whereas peptide sequences containing arginine as the positively
charged residue (ER, DR) were high fouling'®. Arginine is thought to be fouling due to its
propensity for specific interactions, whereas lysine appears to be suited for weak nonspecific
interactions®®. In addition, the guanidinium group in arginine can form multiple hydrogen bonds
since its positive charge is de-localized*®. Furthermore, guanidinium is one of the most weakly

hydrated cations®’, and favorably interacts with the majority of amino acid side chains®®.

Negatively Charged Positively Charged

Aspartic Acid (D) Glutamic Acid (E) Lysine (K) Arginine (R)

OH OH OH OH

(0) (0) (0) (0)
NH2 NH2 NH2 NH2
=0
(0) (0)
- + NH
3HN 2HN—
NH2 *

Scheme 1-3. Positively and negatively charged naturally occurring amino acids at pH 7.4.
Chemical structures of negatively charged amino acids aspartic acid (D) and glutamic acid (E) (left) and
positively charged amino acids lysine (K) and arginine (R) (right).

As a supplement to rational design, examining existing low fouling systems in nature can
lead to further insights in the development of stealth materials. Proteins in the human body
interact with thousands of other proteins without aggregating and can circulate for extended
periods of time up to 20 days®. By examining human protein surfaces their surface chemistry
can be probed. The analysis of 1,162 human protein surfaces determined that charged residues
make up 37.5% of extracellular proteins and 43.8% of intracellular proteins, with glutamic acid

and lysine having the highest prevalence on the surfaces of proteins*’. The percentage of charged



residues present on the surfaces of proteins increases as the environment becomes more
complex: 44% for proteins found in the crowded cytoplasm, 56% for proteins that have close
contact with other proteins such as the interior of molecular chaperone proteins, and 70% for the
interior of molecular chaperone proteins found in thermophilic bacteria*>*!. The high occurrence
of glutamic acid and lysine on the surfaces of proteins confirmed that they are prime candidates
for low fouling materials. In addition to examining the frequency of amino acids on the surface,
we also examined which residues have high hydration and which residues have disfavored
interactions with the protein core. This led to the identification of the amino acid asparagine (N)
as another potential low fouling sequence*’. The low fouling EK peptide sequence identified
through rational and biomimetic design was chosen for the development of several biomedical
applications presented in this work including self-assembled monolayers, gold nanoparticle
coatings, and controlled drug delivery carriers.

Rational design guided by known zwitterionic principles and biomimetics can
successfully identify new low fouling peptide sequences, but is limited to easily testing tens of
sequences. Combinatorial screening methods can offer a complimentary approach to designing
low fouling peptide materials by increasing the number of sequences tested from tens to
thousands of sequences*?. Traditional combinatorial screening platforms seek to identify specific
targeting via the use of phage®’, yeast*, bacterial* or polymer resin display*®. Although effective
for identifying sequences with a high binding affinity to a specific target, these systems cannot
be used for screening of low binding compounds due to nonspecific background binding. New
screening platforms must be developed to successfully utilize combinatorial screening in the

identification of low fouling peptide sequences*’. A novel high throughput combinatorial



screening platform for the identification of low fouling peptide sequences is explored in this

work.

1.2 Application of Zwitterionic Polymers to Mucus-Penetrating Particles

In addition to the development of peptide-based low fouling materials, zwitterionic
polymers were considered for mucus penetration applications. Polymers containing zwitterionic
moieties such as carboxybetaine and sulfobetaine have already been shown to resist interactions
in complex environments such as whole blood, tissue, and marine environments'>. Mucosal
barriers in the human body are challenging to penetrate due to the sticky, viscoelastic nature of
the mucus layer and its continual clearance and renewal from the body*®. Delivery through
mucosal surfaces can have many biomedical applications such as drug delivery*’, gene therapy,
and vaccination’!. A method that could provide more uniform and longer lasting delivery to
mucosal surfaces can greatly improve therapeutic approaches for a number of diseases including
sexually transmitted infections, cystic fibrosis, chronic rhinosinusitis, inflammatory bowel
disease, and glaucoma*. Traditional methods for mucosal drug delivery include the development
of mucoadhesive particles. Recently, the strategy has shifted to the development of mucus-
penetrating particles, such as particles coated with low molecular weight PEG. The ability of
zwitterionic materials to resist nonspecific adsorption of proteins and cells can impart stealth

behavior, which translates directly to improving current mucus penetration strategies.

1.3 Organization of the Dissertation
The dissertation is organized into seven chapters. Chapter 1 provides an introduction to
the importance of developing low fouling materials, a summary of designing low fouling

peptides, and an overview of using zwitterionic polymers as mucus-penetrating particles.



Chapter 2 describes the impact of sequence, structure, and function on the development of ultra-
low fouling peptide self-assembled monolayers. Results from this work have been published in
the Journal of the American Chemical Society 2012, 134 (13), p. 6000-6005 and in Chemical
Science 2012, 3, p. 3488-3494. Chapter 3 describes the application of the low fouling EK peptide
sequence as a biologically inspired stealth coating for gold nanoparticles. Results from this work
have been published in Langmuir 2014, 30, p. 1864-1870. Chapter 4 introduces the development
of a controlled biodegradable drug delivery nanocarrier composed of a peptide-polymer
conjugate (EK-PLGA) consisiting of the peptide sequence EK and the polymer poly(lactic-co-
glycolic) acid (PLGA). Chapter 5 explores the use of combinatorial techniques to discover novel
low fouling peptide sequences. A novel platform is considered for high throughput screening of
peptide sequences. Chapter 6 introduces the use of zwitterionic-coated particles as candidates for

mucus penetration. Finally, Chapter 7 provides concluding remarks for these projects.



Chapter 2: Design of Low Fouling Peptide Self-Assembled Monolayers

Cysteine is commonly used to attach peptides onto gold surfaces. In this work, we show
that the inclusion of an additional linker of four residues in length (-PPPPC) of a rigid,
hydrophobic nature, is a better choice for forming peptide self-assembled monolayers (SAMs)
with well-ordered structure and high surface density. We compare the structure and function of
the nonfouling peptide EKEKEKE-PPPPC-Am with EKEKEKE-C-Am. Circular dichroism
(CD), attenuated total internal reflection Fourier transform infrared spectroscopy (ATR-FTIR),
and molecular dynamics (MD) results show that EKEKEKE-PPPPC-Am forms a secondary
structure while EKEKEKE-C-Am has a random structure. Surface plasmon resonance (SPR)
sensor results show that protein adsorption on EKEKEKE-PPPPC-Am/gold is very low with
small variation while protein adsorption on EKEKEKE-C-Am/gold is high with large variation.
X-ray photoelectron spectroscopy (XPS) results show that both peptides have strong gold-thiol
binding onto a gold surface, indicating that their difference in protein adsorption is due to their
assembled structures. Further experimental and simulation studies were performed to show that
-PPPPC is a more robust linker than -PC, -PPC, and -PPPC. We extend EKEKEKE-PPPPC-Am
with the cell-binding sequence RGD and demonstrate control over specific vs. non-specific cell
adhesion without using poly(ethylene) glycol (PEG). Extending the low fouling EK sequence
with a functional peptide avoids complex chemistries that are commonly used for connection to
low fouling synthetic materials. Finally, we evaluate the importance of ordering in the EK
peptide sequence and the use of asparagine (N) as a neutrally charged, low fouling peptide

sequence inspired by natural protein surfaces.



2.1 Introduction

A low fouling peptide was rationally designed by alternating negatively charged glutamic
acid (E) and positively charged lysine (K) amino acid residues'®. This corresponds with our
recent analysis of 1,162 protein surfaces that indicates E and K are the two most prevalent amino
acids on the surface. The EK sequence forms a strong hydration layer similar to zwitterionic
materials®2. Natural materials based on low fouling peptides have many biomedical applications.

A non-peptide synthetic thiol anchor!>!4

is often used to attach functional peptides to gold
surfaces. Polypeptide mimics have also been used as water-resistant anchors to surfaces and
display fouling resistance.>* EK peptide-based SAMs containing synthetic butanethiol anchors
have been previously shown to have high surface packing densities and ultra-low fouling
properties on gold surfaces.'? It is, however, highly desirable to replace these synthetic linkers
with a natural peptide for surface attachment to form an all-peptide based material. The amino
acid cysteine (C), which contains a thiol side chain,> has been commonly used to attach peptides
onto gold surfaces. Although cysteine binds strongly to gold, unlike synthetic thiol anchors, a
peptide using cysteine alone as its surface anchoring group was not able to achieve well-ordered
structure and high surface density necessary for ultra-low fouling surfaces'.

In addition to low fouling properties, it is beneficial to achieve specific interactions for
biomedical applications. One such application is mimicking extracellular matrix proteins using
the well-established arginine-glycine-aspartate (RGD) sequence, which can mimic fibronectin,
vitronectin, fibrinogen, osteopontin, and bone sialoprotein®®. This and other functional sequences
are commonly conjugated onto a low fouling synthetic polymer, such as PEG®’, to prevent

nonspecific protein adsorption which can undermine sequence specificity. Such conjugation

processes are complex*2. Polydispersity of polymers, identification of appropriate conjugation
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sites, non-uniformly distributed functional groups, and difficult post conjugation evaluation®*>

are all drawbacks to various conjugation methods. Integrating the low fouling EK peptide
sequence with RGD allows replacement of nonfouling synthetic materials and avoids complex
chemistries used in bioconjugation.

In this work, we investigate the impact of the length and the nature of a short linker to
form a well-packed, ultra-low fouling peptide SAM, specifically the additional inclusion of one
to four proline linker residues which provide hydrophobicity and helical secondary structure. We
compare structures of the low fouling sequence EKEKEKE-PPPPC-Am and EKEKEKE-C-Am
in solution and on a gold surface. The low fouling segment of the peptide contains four
negatively charged glutamic acid residues (E) and three positively charged lysine residues (K).
Overall charge neutrality of the peptide is maintained by leaving the N-terminus as a free amine,
which contributes an extra positive charge to the peptide. To prevent a negative charge near the
gold binding thiol which could impede packing of the SAM through electrostatic repulsion, the
C-terminus of all peptides was amidated.

The secondary structures of these two sequences (EKEKEKE-PPPPC-Am and
EKEKEKE-C-Am) were characterized using circular dichroism (CD) and attenuated total
internal reflection Fourier transform infrared spectroscopy (ATR-FTIR) in a solution and on a
surface, respectively. Molecular dynamics simulations were also performed to further elucidate
secondary structure differences. X-ray photoelectron spectroscopy (XPS) was used to evaluate
surface attachment. Nonspecific protein adsorption was measured via surface plasmon resonance
(SPR) sensors. Furthermore, RGD was added to the N-terminus of the EKEKEKE-PPPPC-Am
sequence to gain specific cell adhesion while maintaining the ultra-low fouling background of

the EK peptide. Extending the EK peptide sequence with RGD eliminates the need for
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conjugation of biomolecular recognition peptides to nonfouling synthetic polymers, such as
PEG. The peptide sequence RGD-EKEKEKE-PPPPC-Am used in this work is illustrated in
Figure 2-1. This all-in-one peptide contains biomolecular recognition, ultra-low fouling, and

surface anchoring functions.

} 1) biomolecular recognition

2) ultra-low fouling

3) surface anchoring

Figure 2-1. Multifunctional all-in-one natural peptide SAM on gold.

All-in-one natural peptide SAM on gold with three distinct functions incorporated into the peptide
sequence: 1) biomolecular recognition via RGD (purple) 2) ultra-low fouling via EKEKEKE (blue and
red) 3) surface anchoring composed of four rigid, hydrophobic proline (P) residues and a cysteine (C)
residue via PPPPC (green).

Finally, we examine the surfaces of human proteins to gain inspiration for the biomimetic
design of additional low fouling sequences. Proteins have adapted to avoid nonspecific
adsorption and display stability in complex media. The analysis of 1,162 human proteins
surfaces, confirmed that glutamic acid and lysine are likely candidates for low fouling materials
since they are the most prevalent amino acids on the surfaces of proteins. In addition, asparagine
(N) was identified as a neutrally charged potential low fouling peptide sequence. The robust
surface anchoring linker developed in this work, -PPPPC, was used to evaluate the low fouling
properties of a random EK sequence and an asparagine (N) sequence. Peptide self-assembled
monolayers were formed from Ac-[EK]7;-PPPPC-Am and Ac-CPPPP-NNNNNNN-Am and

evaluated by SPR for protein fouling.
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2.2 Experimental Methods
2.2.1. Materials

N-Fluorenylmethoxycarbonyl (Fmoc)-protected amino acids with the amine and side chain
protected (Fmoc—Asn(Trt)-OH, Fmoc—Cys(Trt)-OH, Fmoc—Glu(OtBu)-OH, Fmoc-Gly—OH,
Fmoc—Lys(Boc)-OH, Fmoc—Pro—OH), Rink amide AM resin, O-benzotriazole-N,N,N’,N’-
tetramethyluronium hexafluorophosphate (HBTU), N-hydroxybenzotriazole (HOBt), and N,N-
dimethylformamide (DMF) were bought from AAPPTec (Louisville, KY). N,N-
Diisopropylethylamine (DIPEA) was bought from TCI America (Portland, OR). Trifluoroacetic acid
(TFA), pyridine, acetic anhydride, and sodium sulfate were bought from EMD (Darmstadt,
Germany). Piperidine, dichloromethane (DCM)), triisopropylsilane (TIS), 1,3-dimethoxybenzene
(DMB), 1,2-ethanedithiol (EDT), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), phosphate buffered
saline (PBS), fibrinogen from bovine plasma, and lysozyme from chicken egg white were purchased
from Sigma Aldrich (St. Louis, MO). Ethanol was purchased from Decon Labs, Inc. (King of
Prussia, PA). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was purchased from Pierce
(Rockford, IL). Potassium phosphate was purchased from JT Baker (Austin, TX). NIH-3T3
fibroblast cells were purchased from ATCC (Manassas, VA). Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), and penicillin-streptomycin (PS) were purchased from
Invitrogen (Carlsbad, CA). Water used in experiments was purified using a Millipore water

purification system (Darmstadt, Germany) with a minimum resistivity of 18.0 MQscm.

2.2.2. Peptide Synthesis and Characterization
EKEKEKE-C-Am, EKEKEKE-PC-Am, EKEKEKE-PPPC-Am, EKEKEKE-PPPPC-Am,
RGD-EKEKEKE-PPPPC-Am, RDG-EKEKEKE-PPPPC-Am, and EKEKEKE-GGGGC-Am

peptides were ordered from Synthetic Biomolecules (San Diego, CA) at a purity of >95%. Peptides
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were synthesized using Fmoc chemistry and purified by reverse phase high performance liquid
chromatography (RP-HPLC). The sequences Ac-[EK]7-PPPPC-Am (random EK), Ac-GGGGGGG-
PPPPC-Am, and Ac-CPPPP-NNNNNNN-Am were synthesized using the AAPPTec Titan 357
automated synthesizer (Louisville, KY) by a solid-phase technique, starting from a polystyrene Rink
amide AM resin (0.58 mmol/g loading capacity). Coupling was performed using amino acid
monomer, HBTU, HOBt, and DIPEA prepared in DMF in a molar ratio of 1.1:1:1:2 in four times
excess of the loading capacity of the resin. Deprotection of Fmoc groups was achieved using 20%
piperidine in DMF. N-terminal acetylation was achieved with a solution of pyridine (5%), acetic
anhydride (5%) and DMF (90%) (v/v/v). Random peptide sequences were created using the mix and
split capability of the AAPPTec Titan 357. The cleavage of the final peptide product was performed
using a TFA (75%), DCM (15%), DMB (4%), water (2%), TIS (2%), and EDT (2%) (v/v/v/v/v/v)
cleavage cocktail. The peptide purity was evaluated by RP-HPLC for known sequences and purified
as needed. The purity of the glycine peptide sequence was 92% and the asparagine peptide sequence
was 97%. Peptides were analyzed by matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF) to confirm molecular weight values.

2.2.3. Preparation of Peptide SAMs

Gold coated chips were cleaned by rinsing with Millipore water, ethanol, and then drying
with filtered air. They were placed in a UV cleaner for 20 minutes. Cleaned gold chips were
incubated in a PBS solution (pH 7.4 and ionic strength of 150 mM) containing 0.14 mM peptide for
24 hours. Peptide sequences containing asparagine (Ac-CPPPP-NNNNNNN-Am) were first
dissolved in HFIP (4 mg/mL) and then diluted to a final concentration of 0.2 mg/mL PBS containing

0.5 mM TCEP. Once removed, the gold chips were rinsed with Millipore water and dried by filtered
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air. This procedure was followed for all peptide SAM surfaces prepared for SPR, ATR-FTIR, XPS,

and cell adhesion experiments.

2.2.4 Protein Adsorption by SPR Sensor

A four-channel SPR sensor was used to measure protein adsorption. Samples were rinsed
with Millipore water, dried by filtered air, and mounted to the device. The temperature controller was
set to 25 + 0.01°C. Protein adsorption was measured by flowing PBS over the SAM at 40 pL/min for
10 minutes, followed by 1 mg/mL protein solutions of fibrinogen (from bovine plasma) or lysozyme
(from chicken egg white) for 10 minutes, and finally a PBS rinse for 10 minutes. The wavelength
shift between baselines before protein injection and after rinsing was used to quantify the total
amount of protein adsorbed. A reference channel containing PBS was flown for each chip and used
to correct for baseline drift. A 1 nm wavelength shift from 750 nm corresponds to 17 ng/cm?

adsorbed proteins®. The detection limit for the SPR is 0.3 ng/cm?.

2.2.5 CD of Peptide Solutions

CD spectra were recorded between 190 and 270 nm (step resolution of 0.2 nm) of 0.1 mg/mL
peptide in 10 mM potassium phosphate, 50 mM sodium sulfate buffer (pH 7.4) at 25°C with a
JASCO J-720 CD spectropolarimeter using an optical cell of 1.0 mm path length. Each experiment

was repeated three times. Buffer spectra were recorded and subtracted from the sample spectra.

2.2.6 Secondary Structure Simulations for Proline Linker Addition

The study of addition of proline to the peptides was done using the Rosetta protein structure
prediction package®!. It has had excellent performance in the past with de novo structure
prediction®!. The goal of our simulations was not to determine the structure of the peptides, but to
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instead see if the peptides have a more extended conformation. The peptides were first built to have
their ideal rotamers with ideal a-helix rotamers and ideal B-sheet (non-proline residues only), thus
giving two starting structures for each sequence. Next, their bonds, angles, and dihedrals were
optimized according to the Rosetta scoring function using the “idealize” module of Rosetta. Then, a
Monte Carlo optimization of the structures was done for 400,000 steps. The Monte Carlo moves are
backbone dihedral changes. The top 12 structures for the a-helix and B-sheet were chosen for
continuation, resulting in 24 structures for each sequence. Next, the “relax” module of Rosetta was
used to minimize side-chain clashes by changing y-rotamers of the side chains of the top 24
structures. This was followed by another backbone Monte Carlo optimization on each of the 24
structures 300,000 steps and the structures were relaxed. Finally, the 10 structures with the lowest

scores among the 24 candidates were aligned and are shown in Figure 2-4a.

2.2.7 Molecular Simulations for Determination of Secondary Structure Mode and the
Probability Distribution of the Ca-Ca Distance

Molecular dynamics were conducted using the GROMACS 4.5.3 simulation engine®” and the
AMBER99sb-ildn force field®. Single peptides were built using the a-helical Dunbrack rotamers®.
They were then energy minimized using 10,000 steps of steepest descent. The minimized system
was solvated in a box such that the peptide had 1 nm of solvent in all directions. lons were added to
charge equilibrate the system. Annealing was then done for 200 ps with a schedule from 100 K to
500 K in the NPT ensemble. Finally, an equilibration for 100 ps again in the NPT ensemble was
conducted. The resulting system was then used for the production simulation.

Replica exchange with 100 replicas, exchange attempts every 50 fs, and a time step of 2 s in

the NVT ensemble was used for the simulations. The temperature distribution for replica exchange
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was: 300.0, 301.2, 302.5, 303.7, 305.0, 306.2, 307.5, 308.7, 310.0, 311.3, 312.5, 313.8, 315.1, 316 .4,
317.7,319.0, 320.3, 321.6, 323.0, 324.3, 325.6, 326.9, 328.3, 329.6, 331.0, 332.3, 333.7, 335.1,
336.5, 337.8, 339.2, 340.6, 342.0, 343.4, 344.8, 346.2, 347.7, 349.1, 350.5, 352.0, 353.4, 354.9,
356.3, 357.8, 359.2, 360.7, 362.2, 363.7, 365.2, 366.7, 368.2, 369.7,371.2, 372.7, 374.3, 375.8,
377.3,378.9, 380.4, 382.0, 383.6, 385.1, 386.7, 388.3, 389.9, 391.5, 393.1, 394.7, 396.3, 398.0,
399.6,401.2,402.9, 404.5, 406.2, 407.9, 409.5,411.2,412.9,414.6,416.3, 418.0, 419.7, 421.5,
423.2,424.9,426.7,428.4,430.2,431.9, 433.7, 435.5, 437.3, 439.1, 440.9, 442.7, 444.5, 446.3,
448.2, 450.0. Particle-mesh Ewald sums was used to treat electrostatics®>. The Van der Walls cut-off
was 1 nm with an appropriate shifting function. The ““v-rescale” thermostat®® was used, a stochastic
thermostat not to be confused with velocity rescaling. The thermostat time constant was 0.5 ps. The
simulations were run for 20 ns and the secondary structure was characterized at the 300 K replica
using the DSSP program®’ and the per-residue modes are shown in Figure 2-6a. The
“crystallographers’ intuition” codes were used from the DSSP calculations to visually represent the
mode of the secondary structure. The mode corresponds to the free energy minimum when
canonically sampling from an NVT ensemble. Figure 2-6b was plotted using a kernel density
estimator with a bandwidth of 2A. The choice of a kernel density estimator, as opposed to a
histogram, was to allow plotting of the three sequences simultaneously. The horizontal lines are the

raw data medians.

2.2.8 ATR-FTIR of Peptide SAMs
Peptide SAMs were assembled on gold coated mica substrates as described previously. After
incubation the chips were dried in a desiccator overnight before evaluation by ATR-FTIR. The ATR-

FTIR spectra were acquired using Harrick’s GATR single-angle reflection accessory in conjunction
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with a Bruker Tensor spectrometer (Bruker, Billerica, MA). Each spectrum was collected with a
minimum of 80 scans, at 4 cm™ resolution, and 65° incident angle. Optimum contact between the
germanium crystal and the sample were maintained throughout measurements. Bare gold on mica
was recorded as the background spectra and subtracted from the sample spectra. Three replicates of

each SAM were analyzed.

2.2.9 XPS of Peptide SAMs

Peptide SAMs were assembled on gold coated mica substrates. XPS experiments were
performed on a Kratos Axis Ultra DLD (Kratos Analytical, Manchester, United Kingdom)
spectrometer using a monochromatic Al K a x-ray source (hv = 1486.6 eV) operated at 10 mA at 15
kV. The analysis area was approximately 300 x 700 pm. Survey spectra were acquired with an
analyzer pass energy of 80 eV. The high resolution Sz, and Cs spectra were acquired with an
analyzer pass energy of 20 eV. All XPS data were acquired at a nominal photoelectron takeoff angle
of 0°, where the takeoff angle is defined as the angle between the surface normal and the axis of the
analyzer lens. Three spots on two replicates of each SAM were examined. The compositional data

are averages of the values determined at each analysis spot.

2.2.10 Cell Seeding of Peptide SAMs

Prior to cell adhesion experiments, samples were sterilized by soaking and rinsing with
copious amounts of sterilized PBS. NIH-3T3 fibroblasts were plated at 4 x 10* cells/mL in 3 mL
DMEM with 10% (v/v) FBS and 1% (v/v) PS and incubated for 24 hours at 37 °C in 5% CO. and
100% relative humidity. Cell seeding density was determined using a hemocytometer. Cell adhesion

and morphology was observed using a Nikon Eclipse TE2000-U phase contrast microscope (Nikon,
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Tokyo, Japan). The number of cells adhered was determined by visually counting cells present in at

least three microscope images (100x objective magnification).

2.3 Results and Discussion
2.3.1 Peptide Synthesis Characterization

All synthesized peptides were characterized by reverse phase high performance liquid
chromatography (RP-HPLC) for known sequences and purified as needed (Figure 2-2). The purity of
the glycine peptide sequence (Ac-GGGGGGG-PPPPC-Am) was 92% and the purity of the asparagine
peptide sequence (Ac-CPPPP-NNNNNNN-Am) was 97%. Peptides were also analyzed by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) to confirm
molecular weight values.
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160000 1 14514

Intensity

: . . ; . P
1000 miz 1600

19



160000 4

Intensity

1449.4

1451.4

0
1449.0

b) Ac-GGGGGGG-PPPPC-Am

Absorbance

4
1457.0

120000 1

Intensity

Jlm b MMLW&,MJ% st - ﬁ .

600

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0 —AA—

m/z

-0.05 0
0.1

10

20

971.17

30 40

Time (minutes)

4
1200

50

60

20



c) Ac-CPPPP-NNNNNNN-Am
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Figure 2-2. RP-HPLC and MALDI peptide synthesis characterization.

(a) MALDI-TOF mass spectra of Ac-XXXXXXXPPPPC-Am, where X is K or E randomly (top). The
expected molecular weight of Ac-XXXXXXXPPPPC-Am is approximately 1451. A distribution of molecular
weights around this value can be seen in the MALDI spectra (bottom). (b) RP-HPLC (top) and MALDI
(bottom) data for Ac-GGGGGGGPPPPC-Am. The expected molecular weight of Ac-GGGGGGGPPPPC-Am
is 950.03. (¢c) RP-HPLC (top) and MALDI (bottom) data for Ac-CPPPP-NNNNNNN-Am. The expected
molecular weight of Ac-CPPPP-NNNNNNN-Am is 1349.4. The molecular weight of Ac-
GGGGGGGPPPPC-Am and Ac-CPPPP-NNNNNNN-Am are higher by 21.14, which corresponds to a
positive sodium ion conjugated to the peptide and the loss of a proton.

2.3.2 Impact of Nature and Length of Linker on SAM Formation
Surface plasmon resonance (SPR) shows that simply using a cysteine residue containing a
thiol side chain for surface anchoring is insufficient to form a low fouling peptide SAM (Figure

2-3a). The fouling to fibrinogen and lysozyme for the linker-free peptide SAM (EKEKEKE-C-Am)
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is 38.3 £29.0 ng/cm? and 5.3 + 4.4 ng/cm?, respectively. In addition to high fouling, there is a large
distribution in the fibrinogen protein adsorption values (Figure 2-3b).

Here, we consider the effect of including a proline (P) linker and a glycine (G) linker in the
EKEKEKE-C-Am peptide studied. Proline was selected based on its hydrophobicity, its ability to act
as an o-helix destabilizing residue®®, and its rigid structure which all should promote high density
packing for SAM formation. Additionally, the covalently constrained backbone of proline reduces
the entropy loss upon adsorption of the peptide to the surface, whereas other amino acids lose
mobility upon adsorption®. Glycine was selected based on its hydrophilicity and its flexibility for
comparison with proline.

The additional inclusion of four prolines as a linker resulted in an ultra-low fouling SAM,
defined as having an adsorption of less than 5 ng/cm? of fibrinogen'. The fouling to fibrinogen and
lysozyme for the proline linker peptide SAM (EKEKEKE-PPPPC-Am) is 4.4 + 2.9 ng/cm? and 3.5 +
2.6 ng/cm?, respectively, which is comparable to the previously studied butanethiol containing
peptide SAM'®, Furthermore, the proline linker peptide has a narrow distribution for fibrinogen
protein adsorption, as opposed to the large distribution seen for the linker-free peptide (Figure 2-3d).

As a comparison to the rigid, hydrophobic proline residue, the flexible, hydrophilic glycine
residue was also used as a linker. SPR indicates that the inclusion of a glycine linker (EKEKEKE-
GGGGC-Am) results in a high fouling SAM, with fouling to fibrinogen and lysozyme of 17.9 + 11.4
ng/cm? and 4.5 + 3.8 ng/cm?, respectively. It is not surprising that the flexible linker compromised
the fouling properties of the SAM as this would disrupt close packing on the surface, just as in the
linker-free peptide. The glycine linker peptide also has a large distribution for fibrinogen protein

adsorption (Figure 2-3¢). In contrast, the inclusion of the rigid, hydrophobic proline linker allows for
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favorable hydrophobic interactions between chains, enabling better packing. These hydrophobic

groups may be analogous to the role of the methyl groups found in synthetic butanethiol anchors.'?
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Figure 2-3. Effect of peptide linker type on protein adsorption.

(a) Protein adsorption on peptide SAMs composed of the linker-free peptide (EKEKEKE-C-Am), the glycine
linker peptide (EKEKEKE-GGGGC-Am), and the proline linker peptide (EKEKEKE-PPPPC-Am). SPR
results are in the unit of wavelength shift (nm) or converted protein surface concentration (ng/cm?). (black:
fibrinogen, white: lysozyme). Each data point represents an average value + standard deviation from at least
three independent measurements. Lower Panel: Histograms of adsorbed fibrinogen protein (ng/cm?) for (b)
linker-free peptide (c¢) glycine linker peptide and (d) proline linker peptide.
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To determine how many linker residues are needed to promote close packing of the surface,
the effect of linker length on the fouling properties of the SAMs was examined. Backbone and side-
chain Monte Carlo simulations were performed using the Rosetta scoring function® on peptide
sequences containing one to four prolines in the linker. These simulations predict peptide
conformations in solution. Because these peptides contain so few residues, they lack a deep free
energy minimum (fold) and are expected to shift between several low energy conformations. A
sample of the lowest energy structures predicted by simulations for peptide sequences containing one
to four prolines in the linker shows that the addition of proline favors an extended, rigid
conformation for the peptide sequence (Figure 2-4a). The important feature to note is the increasing
extended conformations as proline is added, due to the change from random coil to polyproline
helix. The proline also makes the conformations more rigid, which should reduce the entropic
penalty of peptide adsorption onto a gold surface. We hypothesize that the extended, rigid
conformation allows for closer packing of peptide chains, thus enabling the formation of a uniform,
low fouling surface. As expected, SPR indicates an increase in proline number corresponds to a

decrease in the amount of adsorbed protein (Figure 2-4b).
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Figure 2-4. Effect of peptide linker length on protein adsorption.

(a) Ten lowest energy (score) conformations from 24 different starting structures as predicted using the
Rosetta structure prediction package. They are aligned and oriented with the cysteine (C-terminus) at the
bottom. Sequences from left to right are EKEKEKE-PC-Am, EKEKEKE-PPC-Am, EKEKEKE-PPPC-Am,
and EKEKEKE-PPPPC-Am. (b) Adsorption of protein on peptide SAMs composed of proline linker series
EKEKEKE-C-Am, EKEKEKE-PC-Am, EKEKEKE-PPPC-Am and EKEKEKE-PPPPC-Am determined from
a surface plasmon resonance sensor (SPR) in the unit of wavelength shift (nm) or converted surface
concentration (ng/cm?). (black: fibrinogen, white: lysozyme). Each data point represents an average value £
standard deviation (SD) from at least three independent measurements.

The linker containing four prolines is the threshold for achieving an ultra-low fouling surface
and thus four peptide residues was chosen as the linker length. Overall, simply using a cysteine
residue for surface anchoring does not provide a peptide capable of self-assembly into an ultra-low
fouling surface. Thus, selection of an appropriate peptide linker that will allow close-packing of
chains is essential. Here, we have identified a linker of four residues in length and of a rigid,
hydrophobic nature as one possible robust option. Other strategies have been considered using
natural peptides to improve peptide self-assembly on surfaces’®, on nanoparticles’!, and for
membrane formation’?.
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2.3.3 Impact of Secondary Structure on SAM Formation

In order to further investigate the large differences in fouling between the linker-free peptide
(EKEKEKE-C-Am) and the proline linker peptide (EKEKEKE-PPPPC-Am), we examined
secondary structure in solution via CD and molecular simulations, and on the surface via ATR-FTIR.
CD spectra were collected in 10 mM potassium phosphate, 50 mM sodium sulfate buffer, pH 7.4
(Figure 2-5a). The CD spectrum for the linker-free peptide is indicative of a disordered structure
with very low ellipticity above 210 nm and negative bands near 195 nm’>. In contrast, the CD
spectrum for the proline linker peptide designates an extended polyproline helix conformation with a

strong negative band near 200 nm and a weaker positive band around 225 nm’,
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Figure 2-5. CD and ATR-FTIR secondary structure comparison.

Secondary structure comparison of the linker-free peptide (EKEKEKE-C-Am) and the proline linker peptide
(EKEKEKE-PPPPC-Am). (a) CD spectra of peptide sequences EKEKEKE-C-Am (solid line) and
EKEKEKE-PPPPC-Am (dashed line) in 10 mM potassium phosphate, 50 mM sodium sulfate buffer, pH 7.4.
(b) Representative ATR-FTIR spectra for peptide SAMs EKEKEKE-C-Am (solid line) and EKEKEKE-
PPPPC-Am (dashed line) on Au (111) coated mica substrate. Average maximum intensities for amide I (left)
and amide II (right) bands are listed above peaks in the spectrum from at least three independent
measurements.
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Replica-exchange molecular dynamics simulations were performed in solution to supplement
CD data for the linker-free peptide, the proline linker peptide, and the glycine linker peptide. Figure
2-6a shows the lowest energy secondary structure at each residue position for the three peptides. The
linker-free and the glycine linker peptide lack secondary structure. The proline linker peptide
displays helical structure most likely due to the rigidity imparted on the backbone from the proline
linker. Figure 2-6b shows the C-a to C-a end to end distance as a probability distribution with the
vertical lines indicating the median. The proline linker peptide is more extended than both the linker-

free and the glycine linker control peptides.
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Figure 2-6. Secondary structure molecular simulations.

(a) Secondary structure mode for each residue on EKEKEKE-C-Am, EKEKEKE-PPPPC-Am, and
EKEKEKE-GGGGC-Am. The secondary structure was determined using DSSP on the trajectories obtained
from tempered annealing molecular dynamics simulations of dilute peptides. Yellow indicates no secondary
structure, purple indicates a turn or bend with a hydrogen bond, and red indicates an alpha-helix. (b)
Probability distribution of the Ca-Ca distance between the initial and final residues in the peptide EKEKEKE-
C-Am (red line), EKEKEKE-PPPPC-Am (blue line), and EKEKEKE-GGGGC-Am (green line). The
probability distribution is taken from a kernel density estimator with a bandwidth of 3. The vertical lines are
the medians of the data. The proline linker peptide is the most extended among the three.

27



We examined the linker-free and proline linker peptide SAMs on a gold surface using ATR-
FTIR. Evaluation of ATR-FTIR amide I bands provides surface sensitive information about the
secondary structure of peptide monolayers. The ATR-FTIR spectrum for the linker-free peptide
resulted in maximum intensities for amide I and amide II bands at 1674 + 1 and 1538 + 10 cm™,
whereas the ATR-FTIR spectrum for the proline linker peptide resulted in maximum intensities for
amide I and amide II bands at 1661 £ 3 and 1528 = 3 cm! (Figure 2-5b). The higher shifted intensity
of the amide I band for the linker-free peptide at 1674 cm™! is not characteristic of an a-helix or a -
sheet, suggesting that the structure of this peptide is unordered ’>¢. The amide I band for the proline
linker peptide at 1661 cm! is shifted slightly higher than regular alpha helical structures typically
with amide I bands at 1650-1658 cm™'. This most likely represents the presence of distorted and/or
310 helices as expected for a peptide containing several proline residues’’. Furthermore, the major
amide I band is considerably broad, indicating a larger distribution of slightly different helical
structures.

Results from CD, molecular simulations, and ATR-FTIR all support a disordered, random
structure for the linker-free peptide and an extended, helical structure for the proline linker peptide.
This secondary structure characterization provides a possible explanation for the differences in
fouling between the two surfaces. The disordered structure of the peptide containing no linker
(EKEKEKE-C-Am) could impede packing of the peptide SAM, resulting in non-uniform surface
coverage leading to high fouling and large variations in the results. At the same time, the defined,
extended conformation of the proline linker peptide (EKEKEKE-PPPPC-Am) allows for closer
packing of the monolayer and a more uniform surface with consistent ultra-low fouling behavior.
These results indicate that it is preferable to have a well-defined secondary structure to form a

closely-packed, uniform monolayer.
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Figure 2-7. XPS surface characterization.

(a) XPS Sy, spectra for EKEKEKE-C-Am (top) and EKEKEKE-PPPPC-Am (bottom) peptide SAMs
adsorbed on Au (111) coated mica substrate. To properly fit the experimental peptide SAM spectrum a S,
doublet with 2:1 area ratio and splitting of 1.2 ¢V was used. (b) XPS surface compositions. Percent elemental
surface compositions of Au, C, N, O, and S for EKEKEKE-C-Am (black) and EKEKEKE-PPPPC-Am
(white) peptide SAMs and bare gold control (stripes).

Finally, XPS data were collected for the linker-free and proline linker peptide SAMs to
confirm that their difference in performance is due to their secondary structure rather than their

surface binding characteristics. The binding energy of the Szp32 peak was 161.9 eV for both surfaces,
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consistent with sulfur atoms bound to the gold surface as a thiolate species (Figure 2-7a)’%. The
presence of only bound thiolate species in the high resolution sulfur spectra indicate that the thiol
side chain of the cysteine anchor is bound to the gold and is not simply physically adsorbed on the
surface.

XPS data also provide information about the surface coverage and lateral packing density of
a SAM, determined by measurement of the attenuation of the metal substrate photoelectrons
(Ausp)”. The gold signal for the proline linker peptide is lower than the gold signal for the linker-free
peptide, indicating that the proline linker peptide SAM surface is more densely packed (Figure
2-7b). However, the longer length of the proline linker peptide compared to the linker-free peptide
may also partially account for the attenuation of the gold signal. XPS theoretical vs actual elemental
percent compositions for C, N, O, and S are listed in Table 2-1. The higher surface coverage of the
proline linker peptide SAM indicates improved packing of the peptide chains, corroborating the

secondary structure data from CD, molecular simulations, and ATR-FTIR.

Table 2-1. XPS theoretical vs actual elemental percent compositions.
XPS calculated theoretical vs actual elemental percent compositions for carbon (C), nitrogen (N), oxygen (O),
and sulfur (S) for peptide SAMs composed of EKEKEKE-C-Am and EKEKEKE-PPPPC-Am.

EKEKEKE-C-Am EKEKEKE-PPPPC-Am

Theoretical Actual Theoretical Actual
C 58.6 68.8 62.2 70.6
N 17.1 12.5 16.3 12.5
0] 22.9 18.1 20.4 16.4
S 1.4 0.6 1.0 0.5

Several parameters influence monolayer architecture and thus low fouling behavior,
including chemical moieties, secondary structure formation, peptide length, and peptide packing
density. The inclusion of the four proline residue linker introduced in this work induces helical
structure at the base of the peptide as evidenced by ATR-FTIR and molecular simulations. The

helical formation reduces the mobility of the chains. Thus, this rigid secondary structure results in
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more uniform peptide molecular conformations, allowing chains to pack tighter, increasing packing
density and reducing fouling. As seen in Figure 2-4, the number of proline residues in the linker has
a profound effect on fouling, due to its importance in maintaining the rigid structure necessary for
well-packed monolayers. The transition from three to four proline residues, however, shows that the
effect of the peptide linker length lessens beyond three linker residues. Similarly, as seen in Figure
2-6, the EK residues more than four units beyond the linker are no longer influenced, adopting the
random conformations seen in the linker-free and glycine linker sequences. Unlike mixed charge
alkanethiol SAMs, where regular crystalline structures are observed'?, we expect that the solvent-
exposed surface of peptide SAMs is a uniform display of mixed charge E and K residues. Our
previous work on mixed E and K random copolymerization studies'® show that even with amorphous

conformations, low fouling is achieved.

2.3.4 Specific Biomolecular Recognition on an Ultra-Low Fouling Background

In this experiment, we extend EKEKEKE-PPPPC-Am with the cell-binding sequence RGD.
Cell adhesion onto peptide SAMs composed of mixtures of RGD-EKEKEKE-PPPPC-Am and
EKEKEKE-PPPPC-Am was evaluated to display the biomolecular recognition capabilities of our
all-in-one peptide biomaterial. The molar percentage of RGD-EKEKEKE-PPPPC-Am was increased
from 0 to 100%. Peptide SAMs were seeded with NIH-3T3 fibroblast cells and incubated in
supplemented medium for a period of 24 hours. Cell adhesion was then evaluated by phase contrast
microscopy. As expected, the number of adhered cells increases proportionally to the molar
percentage of the RGD-EKEKEKE-PPPPC-Am peptide (Figure 2-8). The SAM composed entirely
of EKEKEKE-PPPPC-Am had no cell attachment, corresponding with the ultra-low fouling results

for protein adsorption.
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Figure 2-8. Specific recognition via cell adhesion.

NIH-3T3 fibroblast cell adhesion results after 24 hour incubation in supplemented medium for peptide SAMs
composed of mixtures of RGD-EKEKEKE-PPPPC-Am and EKEKEKE-PPPPC-Am. The molar percentage
of RGD-EKEKEKE-PPPPC-Am was increased from 0 to 100%. The scale bar represents 100pm.

The scrambled sequence RDG-EKEKEKE-PPPPC-Am was mixed with EKEKEKE-PPPPC-
Am at molar percentages of 50% and 75% and evaluated for cell adhesion as a control. Surfaces
containing scrambled RDG showed significantly less cell adhesion than peptide SAMs containing
RGD (Figure 2-9). Furthermore, cells adhered to scrambled RDG surfaces displayed rounded
morphology, whereas cells adhered to RGD surfaces were well spread out. These results show that
interactions seen for the RGD sequence are specific and that the EK portion of the peptide maintains

an ultra-low fouling background.
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Figure 2-9. Control cell adhesion experiment with scrambled RDG sequence.

Cell adhesion results for peptide SAMs composed of mixtures of RGD-EKEKEKE-PPPPC-Am (black) and
the scrambled sequence RDG-EKEKEKE-PPPPC-Am (white) with EKEKEKE-PPPPC-Am. The molar
percentage of the RGD peptide and scrambled RDG peptide tested was 0%, 50%, and 75%. Scale bars
represent 100 um. The same cell seeding procedure of peptide SAMs was followed for the control experiment
as listed in the paper, with the exception that the cell plating concentration was 3.3 x 10* cells/mL in 3 mL
Dulbecco's Modified Eagle Medium (DMEM) with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v)
penicillin-streptomycin (PS).
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2.3.5 Low Fouling Surfaces Based on Biomimicry of Human Protein Surfaces

Proteins resist nonspecific adsorption allowing them to be stable in complex environments
such as the cytoplasm of a cell, which contains thousands of protein types®’. 1,162 human protein
surfaces were analyzed to gain insight into their surface chemistry*’. It was found that the amino
acids glutamic acid (E) and lysine (K) are the most prevalent amino acids on protein surfaces, and
even more so on protein surfaces found in the crowded cytoplasm*’. In addition, it was determined
that the large fractions of E and K on the surface are not correlated with a frequently occurring
surface motif and are instead nearly randomly distributed. In addition, asparagine (N) was selected
as the best neutrally charged low fouling candidate based on its high hydration and disfavored
interactions with the protein core*.

In order to confirm the low fouling properties of random EK and N, the surface anchoring
linker platform —PPPPC was used to create peptide self-assembled monolayers on gold. We
evaluated surfaces containing the random glutamic acid/lysine sequence Ac-[EK]7-PPPPC-Am and
the sequence Ac-CPPPP-NNNNNNN-Am for fouling to single protein solutions using SPR. The
sequence Ac-GGGGGGG-PPPPC-Am was evaluated as a general hydrophilic peptide for
comparison. In addition, bare gold chips were evaluated as a control surface. Both the random EK
sequence and the N sequence showed ultra-low fouling having less than 5 ng/cm? adsorbed
fibrinogen on the surface (Figure 2-10). The fouling to fibrinogen and lysozyme for the random EK
sequence (Ac-[EK]7-PPPPC-Am) is 4.4 + 3.1 ng/cm? and 1.7 + 1.5 ng/cm? and for the N sequence
(Ac-CPPPP-NNNNNNN-Am) is 5.2 + 1.0 ng/cm? and 2.7 + 0.4 ng/cm?, respectively. The
hydrophilic glycine peptide surface displayed moderate levels of fouling with 16.8 + 7.1 ng/cm? of

adsorbed fibrinogen and 3.2 + 1.0 ng/cm? of adsorbed lysozyme on the surface. Finally, the bare gold
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control surface displayed high levels of fouling with 352.6 + 10.9 ng/cm? of adsorbed fibrinogen and

175.1 + 7.5 ng/cm? of adsorbed lysozyme.
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Figure 2-10. Protein adsorption on random EK and N surfaces.
Protein adsorption results as determined by SPR for Ac-GGGGGGG-PPPPC-Am (G), Ac-CPPPP-
NNNNNNN-Am (N), and Ac-[EK];-PPPPC-Am (Random EK) to fibrinogen (black) and lysozyme (white).

2.4 Conclusions

Overall, simply using a cysteine residue for surface anchoring does not provide a peptide
capable of self-assembly into an ultra-low fouling monolayer on gold surfaces. Selection of an
appropriate peptide linker that will allow close-packing of chains is essential. Here, through rational
design, we have identified a linker of four residues in length together with the amino acid cysteine
and of a rigid, hydrophobic nature as one possible robust linker. This provides a well-defined
secondary structure needed to promote closely packed monolayers with ultra-low fouling properties.
The linker -PPPPC is an effective surface anchoring sequence for a wide range of applications
beyond low fouling involving peptide assembly onto a gold surface. The tri-amino acid sequence

RGD was added as an example for the inclusion of specific interactions on a low fouling
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background, eliminating the need for chemical conjugation to synthetic materials such as PEG. This
strategy is applicable to any other functional peptide beyond RGD. The concept of this all-in-one
natural peptide can be easily adapted to introduce biomolecular recognition, ultra-low fouling and
surface binding functions into all natural materials.

In addition, through biomimetic design, it was confirmed that EK is a robust choice for a low
fouling material. The residues E and K are the most common amino acids on protein surfaces, and
even more so on protein surfaces in crowded environments, such as the cytoplasm. Furthermore,
structure and interaction results indicate that E and K rarely interact with other amino acids, are
highly hydrated, and lack sequence patterns. SPR results of random EK peptide sequences show that
EK does not need to be strictly alternating in order to display low fouling properties. In addition, it
was shown that neutrally charged amino acids, such as asparagine (N), can also be used to form

ultra-low fouling surfaces.
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Chapter 3: Biologically Inspired Stealth Peptide-Capped Gold Nanoparticles

Introduction into the human body makes most nanoparticle systems susceptible to
aggregation via nonspecific protein binding. Here, we developed a peptide-capped gold nanoparticle
platform that withstands aggregation in undiluted human serum at 37°C for 24 hours. This
biocompatible and natural system is based on mimicking human proteins which are enriched in
negatively charged glutamic acid and positively charged lysine residues on their surface. The
multifunctional EKEKEKE-PPPPC-Am peptide sequence consists of a stealth glutamic acid/lysine
portion combined with a surface anchoring linker containing four prolines and a cysteine. Particle
stability was measured via optical spectroscopy and dynamic light scattering in single protein, high
salt, and undiluted human serum solutions. /n vitro cell experiments demonstrate EKEKEKE-
PPPPC-Am capped gold nanoparticles effectively minimize nonspecific cell uptake by
nonphagocytic bovine aortic endothelial cells and phagocytic murine macrophage RAW 264.7 cells.
Cytotoxicity studies show that peptide-capped gold nanoparticles do not affect cell viability. Finally,
the stealth peptide EKEKEKE-PPPPC-Am was extended with cyclic RGD to demonstrate specific
cell targeting and stealth without using poly(ethylene glycol). Adding the functional peptide via
peptide sequence extension avoids complex conjugation chemistries that are used for connection to
synthetic materials. Inductively coupled plasma mass spectroscopy results indicate high aortic
bovine endothelial cell uptake of c[RGDfE(SGG-KEKEKE-PPPPC-Am)] capped gold nanoparticles
and low uptake of the control scrambled sequence c[RDGfE(SGG-KEKEKE-PPPPC-Am)] capped

gold nanoparticles.
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3.1 Introduction

Nanoparticle-based technology has many biomedical applications, including drug delivery,
biosensing, diagnostics, and imaging®' 4. These nanoparticle systems must be capped appropriately
to render them biocompatible, functional, and stable against aggregation in biological systems. A
current challenge is maintaining size and size distribution upon introduction into an in vivo
environment. Ideally, the nanoparticle size should be larger than 10 nm to avoid renal clearance®
and below 100 nm with a neutral or negative charge to avoid phagocytic uptake and hepatic
filtration®0. Most particles when introduced into the blood stream are susceptible to opsonization and
are rapidly cleared from circulation by the reticuloendothelial system (RES) or the mononuclear
phagocytic system (MPS)®’. This process of nonspecific protein adsorption can drastically alter the
physicochemical properties of nanoparticles and affect their circulation, biodistribution, cellular
internalization, and trafficking in vivo®. In addition, opsonization can result in undesired cellular
uptake, nanoparticle aggregation, or an immune system response.’

Current methods for creating “stealth” or “low fouling” nanoparticles that resist nonspecific
protein adsorption include surface modification by poly(ethylene glycol) (PEG)®, polysaccharides®!,
mixed charge self-assembly”?, or zwitterionic polymers®>°*. An attractive alternative for stealth
coatings is to examine the use of natural materials such as peptides: they are biocompatible, well-
characterized, nonimmunogenic, biodegradable, and multifunctional®. Peptide-coated gold
nanoparticles have been reported to make stable systems in phosphate buffered saline (PBS)’>¢.
However, achieving stability in complex media such as undiluted human serum is even more
challenging than in PBS due to the presence of thousands of proteins.

Peptide-coated gold nanoparticles have also been evaluated for in vivo applications’”*®. The

effect of interactions between peptide-capped gold nanoparticles and serum proteins were not fully
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elucidated. It is essential to study particles in complex media solutions before performing in vivo
experiments. Developing peptide-capped gold nanoparticles that are stable in complex environments,
such as human serum, can broaden in vivo applications and provide additional low fouling materials.
In addition to possessing stealth properties, it is desirable to incorporate specific interactions
for biomedical applications. Many peptide sequences possess specific molecular recognition for
receptors on various cell types, including multiple cancer cells’’. However, additional conjugation
steps are required to add peptide targeting sequences onto stealth particles containing synthetic low
fouling polymers such as PEG'%*!1°!, Peptide coatings offer an advantage because the targeting

102,103 avoiding complex

sequence can simply be extended off the existing peptide sequence
conjugation steps. Combining the stealth peptide sequence with a targeting moiety achieves specific
interactions while maintaining a low fouling background leading to increased stability in complex
media and improved functionality.

In this work, we have designed a low fouling peptide composed of alternating negatively
charged glutamic acid (E) and positively charged lysine (K) amino acid residues. The EK sequence
forms a strong hydration layer similar to zwitterionic materials providing resistance to nonspecific

protein adsorption'?. Furthermore, the EK sequence mimics the surfaces of human proteins which

have adapted to avoid nonspecific adsorption and display stability in complex media (Figure 3-1a).

a)

=)

39



b)

> 1) biomolecular recognition

> 2) ultra-low fouling

/

} 3) surface anchoring

gold nanoparticle
surface

Figure 3-1. Design of stealth peptide sequence.

(a) Schematic depicting the design of the stealth peptide sequence inspired by the analysis of human protein
surfaces, which contain E and K as the most prevalent amino acids on the surface (indicated by red and blue
spheres). Structure of survivin-borealin-INCENP core complex (left). (b) All-in-one natural peptide sequence
with three distinct functions: (1) biomolecular recognition via cyclic RGDfE (purple); (2) ultra-low fouling
via KEKEKE (red and blue); and (3) surface anchoring via PPPPC (green).

We have previously shown from the analysis of 1,162 human proteins that E and K are the two most
prevalent amino acids on the surfaces of proteins*®. The percentage of charged residues present on
the surfaces of proteins increases as the environment becomes more complex: 44% for proteins
found in the crowded cytoplasm, 56% for proteins that have close contact with other proteins such as
the interior of molecular chaperone proteins, and 70% for the interior of molecular chaperone
proteins found in thermophilic bacteria*®*!. On the basis of protein surfaces, the low fouling segment
of our peptide contains four negatively charged glutamic acid residues and three positively charged
lysine residues. Overall charge neutrality is maintained by leaving the N-terminus as a free amine,
which contributes an extra positive charge to the peptide. The C-termini of all peptides were
amidated to cap the negative charge of the carboxylic acid. The EK stealth peptide sequence was
attached to gold nanoparticles via the inclusion of a surface anchoring linker containing four prolines

and a cysteine (-PPPPC). Cysteine contains a thiol group allowing for covalent bonding to the gold
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surface. The rigid, hydrophobic proline linker forms a well-ordered structure with a high surface

104 Optical spectroscopy (UV-vis)

density creating a robust self-assembled monolayer on the surface
and dynamic light scattering (DLS) results indicate EKEKEKE-PPPPC-Am capped gold
nanoparticles (EK-GNPs) resist aggregation in high salt conditions, protein solutions, and undiluted
human blood serum.

Additionally, the EK-GNP platform can include specific function by extending the peptide
sequence, without the need for chemical conjugation. To demonstrate this versatility, a specific cell
targeting sequence (cyclic RGD) was added to the low fouling EK peptide. A short linker (SGG)
was included between the targeting moiety and the remainder of the peptide to improve receptor-
ligand interactions. Particles containing specific targeting moieties (CRGD-EK-GNPs) are uptaken
by cells possessing the appropriate receptor. Conversely, particles lacking the specific targeting
moiety (EK-GNPs) or particles containing a scrambled sequence (cCRDG-EK-GNPs) are not uptaken
by cells and maintain stealth properties. The peptide sequence c[RGDfE(SGG-KEKEKE-PPPPC-
Am)] used in this work is illustrated in Figure 3-1b. This multifunctional peptide contains
biomolecular recognition, ultra-low fouling, and surface anchoring properties in one sequence.

Moreover, this system is easily constructed in one step by mixing gold nanoparticles and self-

assembling peptides.

3.2 Experimental Methods
3.2.1 Materials

N-Fluorenylmethoxycarbonyl (Fmoc)-protected amino acids with the amine and side chain
protected (Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Cys(Trt)-OH , Fmoc-Glu(OAll)-OH,
Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-D-Phe-OH, Fmoc-Pro-OH,
Fmoc-Ser(tBu)-OH), Rink amide AM resin, O-Benzotriazole-N,N,N',N'-tetramethyl-uronium-
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hexafluoro-phosphate (HBTU), N-hydroxybenzotriazole (HOBt), and N,N-dimethylformamide
(DMF) were bought from AAPPTec (Louisville, KY). N,N-diisopropylethylamine (DIPEA) and N-
methylmorpholine (NMM) was bought from TCI America (Portland, OR). Citric acid trisodium salt
dehydrate was bought from Fisher Scientific (Waltham, MA). Sodium chloride was purchased from
Avantor (Center Valley, PA). Trifluoroacetic acid (TFA), sodium hydroxide (NaOH), and Omni
Trace nitric acid (HNO3) was bought from EMD (Darrnstadt, Germany). Piperidine,
dichloromethane (DCM), triisopropylsilane (TIS), 1,2-ethanedithiol (EDT), gold (III) chloride
trihydrate (HAuCls), tetrakis(triphenyl-phosphine) palladium (0) (Pd(PPhs)4), sodium
diethyldithiocarbamate trihydrate (NaDEDTC), acetonitrile (AcOH), chloroform (CH3Cl3),
phosphate buffered saline (PBS), fibrinogen from bovine plasma, and lysozyme from chicken egg
white were purchased from Sigma Aldrich (St. Louis, MO). Pooled human blood serum was
purchased from BioChemed Services (Winchester, VA). Bovine aortic endothelial cells (BAEC) and
mouse macrophage RAW 264.7 cells were purchased from ATCC (Manassas, VA). Dulbecco’s
Modified Eagle Medium (DMEM), fetal bovine serum (FBS), and penicillin-streptomycin (PS) were
purchased from Invitrogen (Carlsbad, CA). Water used in experiments was purified using a
Millipore water purification system (Darmstadt, Germany) with a minimum resistivity of 18.0

MQecm.

3.2.2 Peptide Synthesis

All peptides were synthesized by solid-phase techniques using the AAPPTec Titan 357
automated synthesizer (Louisville, KY). Polystyrene Rink amide AM resin with a 0.58 mmol/g
loading capacity was used. Coupling was performed using amino acid monomer, HBTU, HOBt, and
DIPEA prepared in DMF in a molar ratio of 1.1:1:1:2 in four times excess of the loading capacity of

the resin. Deprotection of Fmoc groups was achieved using 20% piperidine in DMF. Cyclization of
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peptides containing the RGD moiety was achieved by selective deprotection of the allyl group'®.
Briefly, removal of the allyl group was performed using 3 equivalents of Pd(PPh3)s in a mixture
solvent of CH3Cls/AcOH/NMM (37:2:1) under nitrogen for two hours. Following deprotection, the
resin was rinsed three times with 0.5% DIPEA in DMF (v/v), 0.5% NaDEDTC in DMF (w/w), and
0.5% HoBt in DMF (w/w), successively. Next the Fmoc group was removed with 20% piperidine.
Finally, the resulting linear peptide was cyclized using HBTU, HOBt, and DIPEA in a DMF solution
using 1.5, 2, and 4 equivalents of the loading capacity of the resin, respectively. The final cleavage
of peptides from the resin was performed by a TFA (77.5%), DCM (15%), water (2.5%), TIS
(2.5%), and EDT (2.5%) (v/v/v/v/v) cleavage cocktail. Peptide purity was evaluated by preparative
reverse phase high performance liquid chromatography (RP-HPLC) and purified as needed. The
purity of all peptide sequences is higher than 95%. Peptides were analyzed by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) to confirm accurate

molecular weights of products.

3.2.3 Citrate-Capped Gold Nanoparticle Synthesis

Gold nanoparticles (13 nm) were prepared by reduction of HAuCls with citric acid. A
vigorously stirred aqueous solution of HAuCls (250 mL, 1 mM) was refluxed at which point a
solution of sodium citrate was quickly added (25 mL, 38.8 mM). Reflux was continued for 20
minutes. The solution was then removed from heat and stirred for another 20 min. The solution was

filtered through a 0.2 pm filter to remove any precipitates.

3.2.4 EK-Capped Gold Nanoparticle Assembly
Citrate-capped gold nanoparticles were adjusted to a pH of 7 using a 0.1 M NaOH solution.

EK-capped gold nanoparticles were prepared by mixing citrate-capped gold nanoparticles (pH 7)
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with a 0.69 mM peptide solution in PBS in a volume ratio of 10 to 1. In the case of cRGD-EK-GNPs
or cRDG-EK-GNPs peptide solutions were composed of 5% (mol) c[RGDfE(SGG-KEKEKE-
PPPPC-Am)] or c[RDGfE(SGG-KEKEKE-PPPPC-Am)] and 95% (mol) EKEKEKE-PPPPC-Am
peptide. Self-assembly was performed for 24 hours. An Econo-Pac 10DG desalting column from
Bio-Rad Laboratories (Hercules, CA) was used to remove free peptide from solution and to perform

a buffer exchange into PBS.

3.2.5 Characterization of Gold Nanoparticles

UV-vis absorption spectra were recorded at room temperature with a Smart Spec 3000
spectrophotometer (Bio-Rad Laboratories, Hercules, CA) or a Cytation 3 multi-mode plate reader
(BioTek, Winooski, VT) from 300 to 800 nm. The core gold size and morphology of particles was
determined by transmission electron microscopy (TEM) using a Tecnai G2 F20 (FEI, Hillsboro,
OR). Samples were prepared by evaporating 5 uLL of GNP solution onto carbon-supported copper
grids. For the determination of particle size, over 200 particles were counted from multiple pictures
from different areas of the TEM grid using ImageJ software. The hydrodynamic size and zeta
potential of the particles was analyzed by dynamic light scattering (DLS) using the Zetasizer Nano-
ZS (Malvern, Worcestershire, United Kingdom). Measurements were carried out at 25 °C in aqueous
media. The zeta potential was calculated from the electrophoretic mobility based on the
Smoluchowski theory. For zeta potential measurements, Cit-GNPs were analyzed in QW and EK-

GNPs were analyzed in a 10% (vol) PBS.

3.2.6 Stability Experiments
To evaluate the stability of peptide-capped gold nanoparticles, samples were centrifuged to
remove dispersion solution and resuspended in either Millipore water (QW), PBS, 1 mg/mL
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fibrinogen, 1 mg/mL lysozyme, 20% (wt) NaCl, or undiluted human serum. Stability tests in salt
and single protein solutions were conducted for 1 hour. UV-vis measurements were performed using
the corresponding testing solution as a blank. Samples were then centrifuged at 12k rpm and rinsed
with PBS twice before being measured by DLS. For serum stability tests particles were centrifuged
at 12k for EK-GNPs and 8k for citrate-capped GNPs and then resuspended in undiluted human
serum and placed in an incubator at 37°C. Samples were removed at various time points over a
period of 24 hours. Each aliquot was centrifuged (EK-GNPs at 12k and Cit-GNPs at 8k) and
redispersed in PBS (EK-GNPs) or QW (Cit-GNPs) twice. Aliquots were measured by DLS. Control
samples in PBS (EK-GNPs) and QW (Cit-GNPs) were evaluated concurrently with all samples

during stability experiments.

3.2.7 Cytotoxicity Assay

Cell viability of BAEC and RAW 264.7 cells was tested by an Alamar Blue cytotoxicity
assay (Invitrogen, Carlsbad, CA). Cells were seeded in a 96-well culture plate in 100 uL. of DMEM
supplemented with 10% (v/v) FBS and 1% (v/v) PS. Cells were incubated at 37°C in 5% CO> and
100% relative humidity, until they reached 80-90% confluence. On the day of the test, cells were
incubated with 100 pL of fresh medium containing various concentrations of peptide-capped GNPs.
After 24 hours, cells were rinsed with PBS three times and incubated with 100 uL of phenol free
DMEM supplemented with 10% FBS and 1% PS and 10 pL of Alamar Blue for another four hours.
Fluorescence measurements were performed on a Victor® V plate reader (PerkinElmer, Waltham,
MA) at an excitation wavelength of 544 nm, and the emission spectra was collected at 595 nm.
Percent viability was calculated by dividing the fluorescence emission of cells exposed to GNPs by
the fluorescence emission of cells in media. Three independent measurements were performed for

each sample.
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3.2.8 Cell Uptake Experiments

BAEC and RAW 264.7 cells were seeded in 6 well plates in 2 mL of DMEM supplemented
with 10% FBS (v/v) and 1% PS (v/v) and incubated at 37°C in 5% CO> and 100% relative humidity
until they reached 80-90% confluence. On the day of the test, cells were washed with fresh medium
and then incubated with 2 mL of nanoparticle solutions at various concentrations. Cells were
incubated for four hours and then rinsed with PBS three times. Cells were lysed with 200 uL of 50
mM NaOH. The lysed cell solution was digested in 50% HNO;3 for 24 hours. Samples were then
diluted to 2% HNOs3 and analyzed for gold concentration by ICP-MS using the ELAN-DRCe

(PerkinElmer, Waltham, MA).

3.3 Results and Discussion

3.3.1 Peptide Synthesis Characterization

All synthesized peptides were characterized by reverse phase high performance liquid
chromatography (RP-HPLC) for known sequences and purified as needed (Figure 3-2). The purity of
all synthesized sequences was greater than 95%. Peptides were also analyzed by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) to confirm accurate

molecular weight values.
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Figure 3-2. RP-HPLC and MALDI peptide synthesis characterization.

RP-HPLC (top) and MALDI (bottom) data for synthesized peptide sequences. (a) EKEKEKE-PPPPC-Am (b)

¢[RGDfE(SGG-KEKEKE-PPPPC-Am)] (c) c[RDGfE(SGG-KEKEKE-PPPPC-Am)].
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3.3.2 EK-GNP Synthesis and Characterization

Citrate-capped gold nanoparticles (Cit-GNPs) were synthesized following the Turkevich
method!?1%7 by adding sodium citrate to a refluxed solution of chloroauric acid (HAuCls). Peptide-
capped GNPs were formed by self-assembling peptides on the surface of gold nanoparticles over 24
hours. Capped EK-GNPs were purified from free peptide and transferred to phosphate buffered
saline (PBS) by passing through a desalting column. Cit-GNPs were left in water since adding PBS
will immediately cause particle aggregation due to screening of the electrostatic repulsion between
particles by salt!%®.

The Cit-GNPs and EK-GNPs were characterized by transmission electron microscopy
(TEM), optical spectroscopy (UV-vis), and dynamic light scattering (DLS) as seen in Figure 3-3.
TEM image analysis indicates that the core gold nanoparticle diameter of the Cit-GNPs and the EK-
GNPs is 12.9 + 1.0 nm. Peptide capping does not affect the gold core size if particles do not
aggregate during assembly. On the basis of the TEM images and the constant gold core diameter, it
is evident that EK-GNPs remain monodisperse after capping. From UV-vis, Cit-GNPs show a
plasmon band at 519 nm. The particle diameter can be calculated from the concentration of gold
nanoparticles and the absorbance at the surface plasmon resonance and is in agreement with a
diameter of 13 nm'%. For EK-GNPs, the plasmon band absorbance shifts to 527 nm. The
hydrodynamic diameter (volume percentage) of Cit-GNPs and EK-GNPs was measured by DLS to
be 13.9+ 0.1 nm and 16.0 £ 0.2 nm, respectively. Zeta potential measurements indicate that the
charge of the Cit-GNPs is -45.2 = 1.8 mV in water and the charge of EK-GNPs is -16.4 + 0.3 mV in
10% (vol) PBS. The differences observed between Cit-GNPs and EK-GNPs in UV-vis, DLS, and
zeta potential measurements show evidence that the EK peptide is effectively capping the GNPs.

The shift to a higher plasmon band and the hydrodynamic diameter size increase by 2 nm after
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addition of peptide is consistent with the formation of a peptide layer on the surface®. In addition,
the reduction of charge from -45.2 mV to -16.4 mV indicates displacement of negatively charged
citric acid by the EK peptide. The slightly negative charge remaining on the EK-GNPs is most likely

due to a small amount of residual citrate molecules remaining on the surface after ligand exchange.
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Figure 3-3. Characterization of EK-GNPs and Cit-GNPs.

(a) TEM images of Cit-GNPs in QW (left) and EK-GNPs in PBS (right). (b) UV-vis spectra of Cit-GNPs in
QW (solid line) and EK-GNPs in PBS (dashed line). (c) Hydrodynamic diameter (volume %) (nm) measured
by DLS of Cit-GNPs in QW (solid line) and EK-GNPs in PBS (dashed line). (d) Zeta potential distribution
(mV) of Cit-GNPs in QW (solid line) and EK-GNPs in 10% (vol) PBS (dashed line).

3.3.3 Stability of EK-GNPs in Protein, High Salt, and Undiluted Human Serum
Stability in PBS is the first criteria for developing a robust, biocompatible system. However,
if particles are to be utilized in more complex environments, such as in vivo, then harsher conditions

need to be evaluated. Particle stability was assessed by monitoring the hydrodynamic diameter of
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particles using UV-vis and DLS. First, particles were evaluated in 1 mg/mL fibrinogen and lysozyme
protein solutions. Fibrinogen is a negatively charged protein and lysozyme is a positively charged
protein. It is important to test proteins of both charges to ensure that the EK-GNPs are not stable due
to electrostatic repulsion from similarly charged proteins. Fibrinogen surface adsorption is
challenging to resist since it is rather sticky. Resisting fibrinogen adsorption is relevant because it
plays a key role in platelet adhesion and clotting in the body'. As seen in Figure 3-4a, EK-GNPs
maintain the same hydrodynamic diameter after exposure to 1 mg/mL fibrinogen and lysozyme
solutions.

Next, we examined EK-GNP stability under high salt conditions. Most particles aggregate as
salt is added due to the screening of any electrostatic repulsion; however, zwitterionic and mixed
charge materials can resist aggregation due to the presence of a strongly bound surface hydration
layer>**119 In addition to examining particle stability in PBS solutions, the stability of EK-GNPs
was also measured in higher salt concentrations. EK-GNPs maintain stability in concentrations of
even 20% (wt) salt. This result verifies the formation of a peptide coated layer on the surface. UV-
vis spectra for single protein solution and high salt stability tests support DLS data with no shift

observed in the plasmon band for all samples (Figure 3-4b).
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Figure 3-4. Stability in single protein solutions and high salt concentration.

(a) DLS measurements of the hydrodynamic diameter (volume percentage) (nm) of EK-GNPs after exposure
to PBS, 1 mg/mL fibrinogen in PBS, 1 mg/mL lysozyme in PBS, and 20% (wt) NaCl solution for one hour.
Each data point represents an average value + standard deviation from at least three independent
measurements. (b) UV-vis spectra for stability tests performed in PBS (red line), 1 mg/mL fibrinogen (orange
line), 1 mg/mL lysozyme (green line), and 20% (wt) NaCl (purple line). Spectra were all normalized to have a
maximum absorbance at 1 for comparison. Blanks for each sample were composed of the stability solution
being evaluated, i.e. PBS, 1 mg/mL fibrinogen, etc.

EK-GNPs were also exposed to undiluted human serum at 37°C for 24 hours to determine
stability under physiologically relevant conditions. Human serum contains thousands of proteins and
is an extremely challenging environment for particles to retain stability®®. Most particle stability tests
are performed in aqueous buffers which are not representative of the in vivo environment. Even
studies that examine stability in culture medium often do not contain more than 10% serum in
solutions. In this stability test, samples were removed at several time points and measured by DLS to
determine their hydrodynamic size. Since undiluted serum contains many proteins that interfere with
the signal of the gold nanoparticles during DLS analysis, the samples were centrifuged to separate
EK-GNPs from serum proteins. Final measurements were conducted in PBS after a series of two

rinses. In addition to collecting DLS data, UV-vis spectra were collected for samples while still in
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undiluted human serum to ensure that particles were not aggregating during centrifugation (Figure

3-5).
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Figure 3-5. UV-vis spectra for particles in undiluted human serum.

(a) UV-vis spectra for EK-GNPs in PBS (green line) and undiluted human serum (purple line) after 24 hours.
(b) UV-vis spectra for Cit-GNPs in QW (green line) and undiluted human serum (purple line) after 24 hours.

Serum samples were run with a serum blank. Samples with serum contain some noise due to interference
from proteins in the serum solution.
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EK-GNPs exposed to undiluted human serum maintained a constant size of 18.8 + 0.3 nm
throughout 24 hours (Figure 3-6a). However, Cit-GNPs aggregated almost immediately to a constant
size of 98.2 + 4.3 nm. The Cit-GNPs did not precipitate out of solution and retained a constant size
most likely due to the adsorption of serum proteins. The size increase of Cit-GNPs was evident from
the immediate color change to dark purple upon addition of undiluted human serum indicating an
increase in the surface plasmon band. EK-GNPs in undiluted human serum maintained a deep red
color similar to their color in PBS (Figure 3-6b). As a control, EK-GNPs in PBS at 37 °C were tested
and maintained a diameter size of 18.6 + 0.8 nm, the same size as EK-GNPs exposed to undiluted
human serum. The Z-average value was used to track the hydrodynamic diameter for serum stability

tests due to the larger polydispersity of Cit-GNPs once exposed to serum.
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Figure 3-6. Stability of EK-GNPs and Cit-GNPs in undiluted human serum.

(a) DLS measurement of the Z,vs hydrodynamic diameter (intensity percentage) (nm) of EK-GNPs in human
serum (blue solid line, diamonds), EK-GNPs in PBS (gray dashed line, squares), and Cit-GNPs in human
serum (green dotted line, triangles) over 24 hours. All samples were kept at 37° C. Each data point represents
an average value + standard deviation from at least three independent measurements. (b) Picture showing the
difference in color between EK-GNPs in PBS, EK-GNPs in undiluted human serum, Cit-GNPs in QW, and
Cit-GNPs in undiluted human serum (left to right).

3.3.4 Stability in Culture Medium and Cytotoxicity of EK-GNPs

Ensuring stability in cell culture medium is an important factor when performing in vitro
experiments. The stability of EK-GNPs in 10% fetal bovine serum (FBS) supplemented cell culture
medium (DMEM) was monitored by UV-vis spectroscopy (Figure 3-7). UV-vis is sensitive to
aggregation as shown by spectrum shape and plasmon peak shifts!%. The plasmon peak and
spectrum shape did not change for EK-GNPs in cell culture medium over a period of 48 hours,
compared to EK-GNPs in PBS. Cit-GNPs aggregated almost immediately in cell culture medium as
evidenced by a shift to a higher plasmon peak and broadening of the spectrum shape. Cit-GNPs most
likely aggregate due to the coating by proteins found in FBS and the higher salt content of cell

culture medium.
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Figure 3-7. UV-vis spectra for GNPs in cell culture medium.

UV-vis spectra for (a) Cit-GNPs, (b) EK-GNPs, (¢c) cRGD-EK-GNPs, and (d) cRDG-EK-GNPs in QW/PBS
(green line) and cell culture medium DMEM supplemented with 10% FBS and 1% PS (purple line) after 48
hours.

The cytotoxicity of EK-GNPs to bovine aortic endothelial cells (BAEC) and mouse
macrophage (RAW 264.7) cells was evaluated by an Alamar Blue assay after 24 hour incubation in
various EK-GNP concentrations (Figure 3-8a). Alamar Blue incorporates an oxidation-reduction
indicator that both fluoresces and changes color in response to chemical reduction of growth medium
resulting from cell growth. Percent viability was calculated by dividing the fluorescence signal from
cells exposed to GNPs by the fluorescence signal from control cells exposed only to growth medium.
There was no obvious cytotoxicity in all test concentrations for the EK-GNPs. Since EK-GNPs

possess stealth properties and do not aggregate in cell culture medium it is likely that they do not
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interact with the cells and thus do not affect cell viability. Particles containing cyclic RGD (Figure

3-8b) and cyclic RDG (Figure 3-8c¢) targeting moieties were also not cytotoxic to cells.
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Figure 3-8. In vitro cytotoxicity assay.
Alamar Blue cytotoxicity assay of BAEC (black) and RAW 264.7 (white) cells exposed to varying
concentrations of (a) EK-GNPs (b) cRGD-EK-GNPs and (¢) cRDG-EK-GNPs for 24 hours. Each data point

represents an average value + standard deviation from three measurements.
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3.3.5 Resistance to Cell-Uptake

In order for particles to have long circulation times in the body, they need to resist cellular
uptake. Of particular importance is resisting uptake by macrophage cells, which are abundant in the
liver and spleen and are well-known for removing particles from blood circulation, as most particles
end up in these locations®®!!'!. For uptake experiments, phagocytic RAW 264.7 and nonphagocytic
BAEC cells were seeded in 6 well plates and allowed to grow to 90% confluence. EK-GNPs and Cit-
GNPs were added to wells in concentrations of 10 ug/mL and 20 pg/mL. After four hours of
incubation, the wells were rinsed three times with PBS and cells were lysed with 50 mM sodium
hydroxide. Samples were analyzed for gold content after concentrated acid digestion via inductively
coupled plasma mass spectrometry (ICP-MS). Cells that were not exposed to gold nanoparticles
were analyzed as a negative blank control. EK-GNPs were not selectively uptaken by either RAW
264.7 or BAEC cells (Figure 3-9). However, the Cit-GNPs were uptaken by both cell types. The
phagocytic macrophage cells had slightly higher uptake numbers for EK-GNPs at 20 pg/mL most
likely due to their high rate of environment sampling compared to other cell lines!'!. As expected,
the cells exposed to a higher concentration of Cit-GNPs had double the amount of gold uptaken.
Higher uptake of Cit-GNPs is most likely due to coating by serum proteins and an increase in size®’.
The amount of citrate capped nanoparticles ingested by RAW 264.7 and BAEC cells are similar to

other values reported in the literature®®!12,
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Figure 3-9. Cell uptake of GNPs in BAEC and RAW 264.7.

Cell uptake of EK-GNPs and Cit-GNPs (number of gold nanoparticles per cell 10*) in BAEC (white) and
RAW 264.7 (black) cells measured by ICP-MS. Each data point represents an average value + standard
deviation from at least three independent measurements.

3.3.6 Specific Cell-Uptake by Functionalized cRGD-EK-GNPs

In addition to being able to resist nonspecific uptake by cells, it is desirable to target specific
cells for uptake. Several cell types contain integrins on their cell surface which can specifically
recognize the RGD sequence, including BAEC'!®. To demonstrate specific cell uptake, we extended
the peptide sequence EKEKEKE-PPPPC-Am with the cell-binding sequence cyclic RGD. To
incorporate the cell-binding sequence onto gold nanoparticles the assembly peptide solution was
composed of 5% (mol) c[RGDfE(SGG-KEKEKE-PPPPC-Am)] and 95% (mol) EKEKEKE-PPPPC-
Am. A peptide containing a scrambled sequence with cyclic RDG was used as a control sequence.
Cells were seeded and allowed to grow to 90% confluence and then were incubated with varying
concentrations of cRGD-EK-GNPs and the scrambled cRDG-EK-GNPs. Particles containing cyclic

RGD were uptaken by cells in a concentration dependent manner, whereas particles containing the
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scrambled sequence cyclic RDG were uptaken similarly to the blank and EK-GNPs (Figure 3-10).
These results demonstrate that the interactions of cRGD-EK-GNPs with cells are sequence specific

and that the EK portion of the peptide sequence maintains a low fouling background.
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Figure 3-10. Specific cell uptake with cyclic RGD.

Cell uptake of EK-GNPs, scrambled cRDG-EK-GNPs, and targeting cRGD-EK-GNPs (number of gold
nanoparticles per cell 10%) in BAEC cells measured by ICP-MS. Exposure concentration was 10 pg/mL and
20 pg/mL for each peptide-GNP tested. Each data point represents an average value + standard deviation from
at least three independent measurements.

3.4 Conclusions

We have developed a stealth peptide coating inspired by the surfaces of proteins in the
human body. This low fouling peptide coating is composed of alternating negatively charged
glutamic acid (E) and positively charged lysine (K) residues, which create a strong hydration layer
near the surface. Gold nanoparticles are capped by self-assembly and a rigid, hydrophobic linker (-

PPPPC) is included in the peptide sequence to facilitate surface anchoring. EK-GNPs display
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stability in high salt and protein solutions without aggregating. Furthermore, EK-GNPs are stable in
undiluted human serum at 37°C for 24 hours and show low macrophage cell uptake suggesting that
EK-GNPs could achieve long blood circulation half-life in vivo. Importantly, the particles can be
functionalized without the need for chemical conjugation simply by extending the peptide sequence
with a specific targeting moiety. In this work, the cell recognition sequence cyclic RGD was added
as an example of specific cell targeting while maintaining a low fouling background. This system
provides an all-natural coating that can be easily adapted for stealth applications in many particle

based platforms.
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Chapter 4: EK-PLGA for Drug Delivery Applications

Biodegradable polymers play an important role in a wide range of applications including
drug delivery, gene transfer, tissue engineering, and regenerative medicine. Polylactic-co-glycolic
acid (PLGA) is one of the most commonly used polymers to form drug delivery nanocarriers due to
its complete biodegradability and ability to form micelles. However, PLGA suffers from drawbacks
of rapid clearance from the body upon intravenous injection and lack of targeting capabilities.
Stealth materials such as poly(ethylene glycol) (PEG) and zwitterionic polymers have been
conjugated to PLGA in order to alleviate stability issues in vivo. However, these synthetic polymers
are not fully biodegradable and may induce an immune system response. In this work, we conjugate
the stealth peptide sequence glutamic acid/lysine (EK) to PLGA to form an EK-PLGA polymer
conjugate. The use of a fully biocompatible and biodegradable stealth poly(amino acid) coating has
advantages including low toxicity, easily metabolized degradation products, and potentially lower
immunogenicity than non-biodegradable polymer systems. EK-PLGA diblock copolymers having
hydrophilic EK segments of various lengths were synthesized. An EK-PLGA diblock copolymer
containing eight EK repeats ([EK]s-PLGA) was assembled into micelles utilizing nanoprecipitation
techniques. Formed [EK]3-PLGA micelles were characterized using dynamic light scattering (DLS),
zeta potential, and scanning electron microscopy (SEM). Future work for this project will include
optimization of EK-PLGA micelle formation containing various hydrophilic EK segment lengths. In
addition, more extensive stability testing in protein solutions and undiluted human serum, as well as

drug loading release studies should be performed.
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4.1 Introduction
Nanoparticle systems are commonly used to deliver small molecule drugs, vaccines, and

14116 One of the most successfully used biodegradable polymers is

biological macromolecules
poly(lactic-co-glycolic acid) (PLGA). Utilizing PLGA in drug delivery formulations allows for
controlled release in a time dependent manner which can improve therapeutic efficacy, reduce the
required dosage of drug needed, and minimize unwanted side effects'!”. Degradation rates can be
controlled by varying the molecular weight and copolymer ratio''®. PLGA is convenient because
degradation products are endogenous and easily metabolized to carbon dioxide and water or excreted
in the kidneys!".

One of the limitations of in vivo applications of PLGA particles is recognition and rapid
clearance by the reticuloendothelial system (RES) due to the hydrophobic nature of the surface. As
soon as particles enter the blood stream the binding of opsonin proteins from blood serum occurs
leading to macrophage attachment and subsequent internalization by phagocytosis!!’. In order to
prevent rapid clearance of PLGA nanoparticles, these particles are often synthesized with an
additional stealth coating to prevent recognition by the RES. The most common surface modification
utilized to create stealth coatings is poly(ethylene glycol) (PEG)'?*'22, While PEG has been
successfully utilized as a stealth surface coating it has several disadvantages'¢: (1) potentially
interferes with nanoparticle cell interactions; (2) elicits an antibody immune response; (3) degrades
under oxidative conditions. Alternative polymers utilized as stealth coatings include

)24, polyglycerols'?®, and

polyoxazolines!?*, n-(2-hydroxypropyl)methacrylamide (HPMA
zwitterionic polybetaines'?®.

One potential disadvantage common to synthetic polymer systems is the lack of

biodegradability which can affect clearance of the polymer from the body and cause potential
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cytotoxic effects from accumulation in organs such as the liver'®. Two biodegradable alternatives are
the use of polysaccharides'?’ or poly(amino acids)**!?%. These materials are biocompatible and
readily degradable in the body reducing the risk of accumulation and related toxicity. Several
poly(amino acid) polymers have been synthesized for drug delivery applications including polymers
derived from phenylalanine'?’, arginine!®°, aspartic acid'®!, tyrosine'*?, glutamic acid'*?, proline'**,
lysine!®3, and cysteine!>®.

It has been recently shown that polypeptides based on alternating glutamic acid and lysine
residues possess stealth properties'>»!%. These mixed charge peptides are based on zwitterionic
materials which possess better resistance to nonspecific protein adsorption than PEG, but have the
advantage of being completely biodegradable. In this work, we propose the development of an EK-
PLGA diblock copolymer which can be self-assembled into a polymer micelle for controlled drug
delivery applications. A synthesis method was developed to form EK-PLGA by performing a
coupling reaction between an amine terminated side-chain protected EK peptide of varying lengths
and a carboxylic acid terminated PLGA polymer (Figure 4-1). Following deprotection of amino acid
side chains, the EK-PLGA diblock copolymers can form micelles with a PLGA core and an EK
shell. EK-PLGA micelles were characterized for size, charge, and morphology via dynamic light
scattering (DLS), zeta potential, and scanning electron microscopy (SEM), respectively. Future work

will involve testing for stability in complex media, cytotoxicity to cells, and drug release kinetics.
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Figure 4-1. Synthesis of EK-PLGA copolymers and formation of EK-PLGA nanoparticles.
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4.2 Experimental Methods
4.2.1 Materials

Poly(D,L-lactide-co-glycolide) (PLGA) with a 50:50 monomer ratio was purchased from
Durect Corporation (Pelham, Al). 2-Chlorotrityl chloride (CTC) resin (1.54 mmol Cl/g resin) was
purchased from Thermo Fisher AnaSpec (Waltham, MA). N-Fluorenylmethoxycarbonyl (Fmoc)-
protected amino acids with the amine and side chain protected (Fmoc—Glu(OtBu)-OH, Fmoc—
Lys(Boc)-OH), piperidine, and N,N-dimethylformamide (DMF) were purchased from AAPPTec
(Louisville, KY). N,N-Diisopropylethylamine (DIPEA), thionyl chloride, and triethylamine (TEA)
were purchased from TCI America (Portland, OR). Trifluoroacetic acid (TFA) and acetic acid were
purchased from EMD (Darmstadt, Germany). Anhydrous dichloromethane (DCM), dichloromethane
(DCM), methanol (MeOH), diethyl ether, hexane, triisopropylsilane (TIS), thioanisole, 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (DBU), 2,2,2-trifluoroethanol (TFE), N-hydroxy-succinimide
(NHS), and phosphate buffered saline (PBS) were purchased from Sigma Aldrich (St. Louis, MO).
N-methylpyrrolidone (NMP) and acetonitrile (AcOH) were purchased from Fisher Scientific
(Waltham, MA). N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) was
purchased from Oakwood Products Inc. (West Columbia, SC). O-(1H-6-Chlorobenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HCTU) was purchased from Chem-Impex

International Inc. (Wood Dale, IL).

4.2.2 Loading of First Amino Acid onto CTC resin
The first amino acid was manually loaded onto 2-chlorotrityl chloride (CTC) resin. If needed

137

the resin was first regenerated using methods described in the literature™”’. Briefly, CTC resin was

rinsed with DMF and three times with anhydrous DCM. The resin was then treated with a 1.7%
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thionyl chloride solution in DCM (v/v) for one hour at room temperature. Finally, the resin was
rinsed with DMF and DCM. The activated resin was used directly. 1 g of CTC resin was placed in a
round bottom flask and was deoxygenated by five repetitions of a strong vacuum followed by
nitrogen backfill. 10 mL of anhydrous DCM was added to allow swelling of the resin. After 10 min
of swelling, 0.75 equivalents of Fmoc—Lys(Boc)-OH and 3.75 equivalents of DIPEA were added in
10 mL of anhydrous DCM. The resin was allowed to react for 30 minutes and then drained. To
endcap any remaining reactive 2-chlorotrityl groups 20 mL of a DCM (85%), MeOH (10%), and
DIPEA (5%) (v/v/v) solution was added for 20 minutes. The resin was then washed (10 mL/g resin)
three times with DCM, two times with DMF, two times with DCM, three times with MeOH, and
dried under reduced pressure overnight.

Estimation of loading of the CTC resin was determined using an Fmoc sensitive assay'*®.
Approximately, 10 mg of dry, Fmoc-amino acid loaded resin was weighed into a 20 mL scintillation
vial and 2 mL of'a 2% DBU in NMP solution (v/v) was added in order to cleave the Fmoc groups.
The solution was swirled for 15 min and then diluted to 10 mL with AcOH. Next, 2 mL of this
solution was taken and diluted to 25 mL. A reference solution was prepared in the same manner, but
without the addition of resin. Cuvettes were loaded with 1 mL of solution and the absorbance was
measured at 304 nm via a Cytation 3 multi-mode plate reader (BioTek, Winooski, VT). Fmoc

loading of the resin can be estimated using the following equation:

. mmol (Absorbancesample-Absorbancereference) x16.4
Fmoc loading ( >=

g resin mg of dry resin

The Fmoc loading of the resin was determined to be 0.48 mmol/g.
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4.2.3 Peptide Synthesis

All peptides were synthesized by solid-phase techniques using the AAPPTec Titan 357
automated synthesizer (Louisville, KY). Lysine-loaded CTC resin with a 0.48 mmol/g loading
capacity was used. Coupling was performed using amino acid monomer, HCTU, and DIPEA
prepared in DMF in a molar ratio of 1.1:1:2 in six times excess of the loading capacity of the resin.
All amino acid additions underwent double coupling. Deprotection of Fmoc groups was achieved
using 20% piperidine in DMF.

In order to verify that expected molecular weights were achieved and to assess purity,
peptides were cleaved from the resin and deprotected for analysis. The cleavage and side-chain
deprotection of the peptide product was performed using a TFA (85%), DCM (10%), TIS (2%,
thioanisole (2%), and water (1%) (v/v/v/v/v) cleavage cocktail. Peptides were precipitated into
diethyl ether, dried, and the peptide purity was evaluated by reverse phase high performance liquid
chromatography (RP-HPLC) to determine purity. The purity of the peptide sequences was 100% for
NH»-[EK]s-COOH, 78% for NH»-[EK]16-COOH, and 72% for NH»-[EK]24-COOH. Peptides were
also analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry

(MALDI-TOF-MS) to confirm molecular weight values.

4.2.4 Cleavage of Protected EK Peptide from CTC Resin

In order to obtain side-chain protected peptides, low acid cleavage can be performed on CTC
resin'*>1%0, Peptide-loaded CTC resin was suspended in a 1:1:8 by volume mixture of acetic
acid/TFE/DCM (10 mL per gram of resin) for 1 hour. The resin was then filtered and washed with
additional cleavage solution. The filtrates were combined and 15 times the volume of hexane was

added. The solvent was removed under reduced pressure. The acetic acid is removed as an azeotrope

68



with hexane. The peptide was then dissolved in cold methanol and precipitated with water. The

precipitated peptide was rinsed twice with water and then dried under reduced pressure.

4.2.5 EK-PLGA Conjugation

In order to conjugate side-chain protected EK peptide segments to PLGA, EDC/NHS
chemistry was utilized. First, PLGA was modified in order to form PLGA-NHS. Briefly, 2 g of
COOH terminated PLGA (0.20 dl/g), 54 mg of NHS, and 92 mg of EDC were reacted in 6 mL of
anhydrous DCM for 4.5 hours at room temperature. The reaction was precipitated into 45 ml of cold
diethyl ether. The resulting PLGA-NHS was washed with a cold 2:1 by volume mixture of diethyl
ether and methanol five times to remove any residual EDC and NHS. The final product was then
dried under high vacuum.

To form an [EK]s-PLGA conjugate, 30 mg of an amine-terminated [EK]s protected peptide
and 265 mg of PLGA-NHS were placed in a round bottom flask and were deoxygenated by five
repetitions of a strong vacuum followed by nitrogen backfill. The conjugation reaction proceeded in
6 mL of anhydrous DCM and 50 pL of TEA for 40 hours at room temperature under nitrogen. The
resulting [EK]s-PLGA diblock copolymer was precipitated into cold methanol. Any unreacted [EK]s
protected peptide was removed by repeated washing in methanol. The polymer was then dried under
high vacuum. Conjugation was verified by analyzing conjugation reaction samples and control
reaction samples on a size exclusion column (SEC). Gel permeation chromatography (GPC) samples
were run on an Agilent 1200 Infinity Series (Agilent Technologies, Santa Clara, CA) connected to a
Viscotek I-Series Mixed Bed Low MW and Mixed Bed Mid MW columns (Malvern,

Worcestershire, United Kingdom) at 1 mL/min in DMF with 0.05 M LiBr. Samples were monitored
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with a Mini Dawn Treos light scattering detector and an Optilab T-rex refractive index detector

(Wyatt Technology, Santa Barbara, CA).

4.2.6 Deprotection of Peptide Side Chains on EK-PLGA

To remove side-chain protecting groups from the protected EK peptide, the [EK]s-PLGA
polymer was deprotected using a TFA (94%), TIS (3%), and thioanisole (3%) (v/v/v) solution for 1
hour. From previous work it has been shown that PLGA treated with TFA for up to 6 hours did not
show significant molecular weight changes'?°. The resulting deprotected [EK]s-PLGA polymer was
precipitated into diethyl ether, and re-dissolved in a small amount of TFE and precipitated in diethyl

ether repeatedly. The polymer was then dried under high vacuum.

4.2.7 Formation of EK-PLGA Micelles via Nanoprecipitation

Polymer micelles were formed via nanoprecipitation methods. [EK]s-PLGA copolymer was
dissolved in a 2.25:1 by volume mixture of TFE and MeOH at a concentration of 0.6 mg/mL. The
copolymer solution was then added dropwise to water stirring at 1,000 rpm. A four time excess of
water by volume was used relative to the amount of copolymer solution. In addition to adding
copolymer solution to water, a second method was explored where water was added to the
copolymer solution instead. In both cases, the solution was left stirring for 2 hours in order to allow
evaporation of organic solvents to occur. The particles were then concentrated and exchanged to
PBS using an Amicon Ultracel Centrifugal Filter Unit with a nominal molecular weight limit
(NMWL) of 30 kDa (Millipore, Billerica, MA). If necessary, particles were filtered through a

Millex-GV 0.22 pm polyvinylidene fluoride (PVDF) syringe filter (Millipore, Billerica, MA).
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Control PLGA nanoparticles can be synthesized utilizing single emulsion solvent evaporation
techniques'*!. Briefly, polymer is dissolved in an organic phase such as dichloromethane and the
resulting solution is dropped at a constant speed into water. The formed oil-in-water emulsion is
gently stirred at room temperature to evaporate the organic solvents. Particles can then be washed

and lyophilized until use.

4.2.8 Characterization of EK-PLGA Micelles

The hydrodynamic size and zeta potential of [EK]s-PLGA micelles was analyzed by dynamic
light scattering (DLS) using the Zetasizer Nano-ZS (Malvern, Worcestershire, United Kingdom).
Measurements were carried out at 25 °C in aqueous media. The zeta potential was calculated from
the electrophoretic mobility based on the Smoluchowski theory. For zeta potential measurements,
[EK]s-PLGA micelles were analyzed in water or a 10% (vol) PBS solution. The morphology of
particles was determined by scanning electron microscopy (SEM) using a Dual Beam FIB (FEI,
Hillsboro, OR). SEM samples were prepared by evaporating 5 pL. of micelle solution onto a silica

wafer.

4.3 Results and Discussion
4.3.1 Comparison of Synthesis Routes for EK-PLGA

Two methods were considered for synthesis of EK-PLGA, each with its advantages and
disadvantages. The first method consists of coupling a carboxylic acid terminated PLGA polymer to
an amine terminated EK peptide. This method is advantageous because the EK peptide sequence can
be precisely controlled. The disadvantage is that solid-phase peptide synthesis is limited to peptide
sequences composed of up to 50 amino acids in length (~6500 Da). Coupling reactions between

amine groups and carboxylic acids can be achieved via many different reactions'**. One possibility
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is the use of peptide coupling chemistry to add a carboxylic acid-terminated PLGA polymer to the
end of a peptide containing a free amine group on a polymer resin. The standard peptide coupling
reaction can be monitored using a ninhydrin test to ensure coupling has gone to completion'*’.
However, when this approach was tried yield coupling on resin was very low. Another possibility is
to synthesize EK peptides on a polymer resin that allows for cleavage of fully protected peptide
sequences. The coupling of EK peptide and PLGA polymer can then be achieved in solution and
much higher coupling yields can be obtained. Following conjugation of the EK peptide and PLGA
polymer, a trifluoroacetic acid cleavage cocktail can be used to remove the side chain protecting
groups on the peptide. PLGA polymers are stable in trifluoracetic acid solutions'?*!3!, The product
can then be precipitated into diethyl ether and dried under vacuum.

The second method consists of performing a random ring opening polymerization of
glutamic acid and lysine off of a polylactic acid (PLA) macroinitiator. This method allows access to
longer length EK polymer chains. The disadvantage of this method is that there is no control over the
sequence, resulting in a random EK sequence. However, as long as a 50:50 monomer ratio of
glutamic acid to lysine is used then the overall fouling properties will remain low!>%.
Polymerization of glutamic acid/lysine polymers using ring opening polymerization has been
previously reported!®. The synthesis of n-carboxy anhydrides (NCAs) of y-benzyl--glutamate and
N:-benzyloxycarbonyl-i-lysine are also reported in the literature!'>!*4. This procedure can be
modified to polymerize off of a PLA macroinitiator containing an amine group'*>!43, Following
polymerization, a deprotection step needs to be performed in order to remove protecting groups off
of NCA monomer side chains. Finally, the product can be precipitated into diethyl ether for

purification and dried under vacuum.
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Here, we decided to pursue synthesis of EK-PLGA through conjugation of amine terminated
side-chain protected EK peptide and PLGA-NHS (Figure 4-1). With this synthesis method complete
control over the resulting EK peptide sequence was achieved. This ensures that equal amounts of

glutamic acid and lysine residues will be present in the polymer in a strictly alternating order.

4.3.2 Synthesis of Amine Terminated Side-Chain Protected EK Peptide

Direct conjugation of EK peptide to PLGA is difficult because of their dramatic difference in
polarity. Mixed charge EK is only soluble in water or methanol, whereas PLGA is not soluble in
either solvent. In addition, PLGA can become hydrolyzed in the presence of water!'8. In order to
overcome these difficulties, CTC resin was used to synthesize EK peptide which allows for cleavage
of fully protected peptide sequences in weak acidic conditions. Side chains of glutamic acid are
protected with fert-butyl ester groups (OtBu) and side chains of lysine are protected with zert-
butyloxycarbonyl groups (Boc). Protected peptides consisting of three varying EK lengths were
synthesized utilizing CTC resin: NH-[EK]s-COOH, NH»-[EK]1s-COOH, and NH»-[EK]24-COOH.
In order to determine peptide purity, a small sample of each peptide was fully deprotected and
cleaved from the resin utilizing a TFA cleavage cocktail. Analysis by RP-HPLC shows that peptide
purity was 100% for NH»-[EK]3-COOH, 78% for NH»-[EK]16-COOH, and 72% for NH>-[EK]2s-
COOH (Figure 4-2). In addition to analyzing peptide sequences by RP-HPLC for purity, peptides
were also analyzed by MALDI-TOF to confirm accurate molecular weights. Since these peptides are
larger in size they were analyzed in linear mode by MALDI-TOF (Figure 4-3). Although the purity
for NH>-[EK]16-COOH and NH»-[EK]24-COOH peptide sequences is slightly lower, most impurities
are simply sequences missing a glutamic acid or lysine residue as indicated by MALDI-TOF. The

NH»-[EK]16-COOH and NH»-[EK]24-COOH peptide sequences are 32 and 48 residues long,
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respectively. These longer peptide sequencess are approaching the maximum lenght for solid phase
peptide synthesis on resin, which is typically limited to 50 residues'#®. In order to achieve higher
molecular weight EK peptide segments synthesis strategies such as recombinant DNA technology,

native chemical ligation, or convergent synthesis could be considered'’.

)
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Figure 4-2. Synthesis of EK peptide of varying lengths.
RP-HPLC chromatograms of fully deprotected EK peptides. Top panel is NH»-[EK]s-COOH (100 % purity),
the middle panel is NH»-[EK]i6-COOH (78% purity), and the bottom panel is NH,-[EK]s-COOH (72%

purity).
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Figure 4-3. MALDI peptide synthesis characterization.
Linear mode MALDI spectra for synthesized peptide sequences. (a) NH,-[EK]s-COOH (b) NH»-[EK]16-
COOH (¢) NH-[EK]»4-COOH.
4.3.3 Conjugation of [EK]s Peptide to PLGA

Following synthesis of EK peptide, cleavage of fully side-chain protected peptide sequences
was achieved through weak acid cleavage in a 1:1:8 by volume mixture of acetic acid/TFE/DCM.
The cleaved EK peptide sequences display good solubility in organic solvents, thus allowing
conjugation to PLGA-NHS in anhydrous DCM to form protected EK-PLGA diblock copolymers. To
verify successful conjugation, GPC was used to monitor molecular weight changes of PLGA-NHS
before and after conjugation. Two reactions were set up with one containing [EK]s peptide and
PLGA-NHS and the other containing [EK]s peptide and PLGA. Three control vials containing
PLGA-NHS, PLGA, and [EK]s peptide alone were also prepared. All samples were analyzed by

GPC on a SEC Viscotek I-series column at 1mL/min in 0.05 M LiBr DMF (Figure 4-4).
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Figure 4-4. GPC analysis of EK-PLGA conjugation reaction.

(a) GPC chromatograms of conjugation reaction showing [EK]s peptide (blue line), PLGA-NHS (red line),
and [EK ]z and PLGA-NHS (orange line). (b) GPC chromatograms of negative control conjugation reaction

24

showing [EK ]z peptide (blue line), PLGA (purple line), and [EK]s and PLGA (green line). Solvent peaks are

colored in grey for all spectra.
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From the GPC chromatogram, the reaction containing [EK]g peptide and PLGA-NHS shows
a shift to a larger polymer size in reference to simply PLGA-NHS alone. In addition, the [EK]s
peptide peak has decreased significantly indicating its consumption in the conjugation reaction. In
contrast, the control reaction containing [EK]s peptide and PLGA shows no difference in reference
to PLGA alone. In addition, the [EK]s peptide peak has high signal indicating it has not reacted. This
is as expected, since there should be no conjugation reaction occurring in the presence of unmodified
PLGA. Conjugation should only take place in the presence of the NHS group.

Following conjugation of EK peptide to PLGA-NHS, the diblock copolymer needs to be
deprotected in order to remove OtBu and Boc protecting groups present on glutamic acid residues
and lysine residues, respectively. This was accomplished through deprotection in a TFA cleavage
solution for 1 hour. From previous work, it has been shown that PLGA can withstand TFA treatment
for up to 6 hours without destroying the ester backbone'?°. The resistance of PLGA!'*® and polylactic
acid (PLA)"*114%:150 t6 acid degradation has also been reported in the literature. This synthesis
strategy can also be applied to generate any amphiphilic block copolymer containing a hydrophilic

EK peptide block and a hydrophobic polymer block.

4.3.4 Micelle Formation of [EK]s-PLGA via Nanoprecipitation
To formulate EK-PLGA micelles a nanoprecipitation method was used in which the block

126 Upon introduction of water, in

copolymer is dissolved in an organic solvent that is water-miscible
which the EK block is soluble but the PLGA block is not, PLGA core/EK shell structured
nanoparticles (NPs) are formed. With time, the organic solvent evaporates while stirring, and leaves

an aqueous solution in which the NPs harden. Hydrophobic drugs can be encapsulated in the

hydrophobic core of the NP by mixing the drug with the copolymer solution during formation.
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The diblock copolymer [EK]s-PLGA was dissolved in a solution of 2.25:1 by volume
mixture of TFE and MeOH at a concentration of 0.6 mg/mL. The inclusion of methanol helps to
improve the solubility of the EK block in TFE. The [EK]s-PLGA polymer solution was then mixed
with a volume of water four times in excess of the copolymer solution. Two approaches were used to
mix the copolymer solution and water. In the first approach, the polymer solution was added
dropwise to the water. In the second approach, water was added dropwise to the polymer solution. In
both cases, the solution was stirred for 2 hours to allow evaporation of the organic solvents. Particles
were then concentrated using a 30 kDa molecular weight cut-off Amicon filter, and then exchanged

into PBS using the same method.

4.3.5 Characterization of [EK]s-PLGA Micelles

Dynamic light scattering (DLS) was used to characterize the hydrodynamic size and zeta
potential of particles formed during nanoprecipitation from both methods (Table 4-1). Particles
formed by adding polymer solution to water had a hydrodynamic size of 134.4 + 2.6 nm with a
polydispersity (PDI) of 0.24 + 0.01 and a zeta potential of -12.5 + 0.9 mV. After exchange into PBS,
the nanoparticles partially aggregated, but aggregates were able to be removed with a filter. The
resulting hydrodynamic size in PBS was 174.0 £ 4.0 nm with a polydispersity (PDI) of 0.09 + 0.07
and a zeta potential of -16.2 £ 2.2 mV. These results suggest that not enough EK is present on the
surface of particles in order to stabilize them after transfer into PBS solution. The high PDI in water
indicates that particles are not uniformly formed and is most likely contributing to the instability
upon transfer to PBS. However, once particles have been filtered the PDI indicates that there is a

monodisperse population of particles.
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Table 4-1. Hydrodynamic size and zeta potential of [EK]s-PLGA nanoparticles.

DLS data of [EK]s-PLGA nanoparticles prepared via two different nanoprecipitation methods: 1) polymer
solution added to water 2) water added to polymer solution. The hydrodynamic diameter (nm), PDI, and zeta
potential (mV) are shown for each nanoparticle in both water and PBS.

Polymer Solution Water Added to
Added to Water Polymer Solution
Size (nm) PDI Zeta (mV) Size (nm) PDI Zeta (mV)
Water 1344+26 024+001 -125+09 |6909+163 0.14+0.02 -272+0.6
PBS 174.0+£4.0 0.09+0.07 -16.2+£22 |619.4+£235 0.15+0.04 n/a

Particles formed by adding water to the polymer solution resulted in much larger sizes than
particles formed by adding polymer solution to water. The hydrodynamic size was nearly five times
larger at 690.9 + 16.3 nm with a PDI of 0.14 &+ 0.02, and a zeta potential of -27.2 £ 0.6 mV. Upon
addition of 50% PBS to the particle solution, the hydrodynamic size decreased slightly to 619.4 +
23.5 nm and the PDI remained similar at 0.15 £ 0.04. The larger size of these particles and the more
negative zeta potential indicate less incorporation of the EK block into the shell of the particle. The
addition of water into the organic polymer solution may not have allowed for the EK block to
become solubilized as quickly and there may have been some reverse micelles forming with EK in
the core and PLGA in the shell.

In addition to using DLS to characterize particles, scanning electron microscopy (SEM) was
used to probe particle morphology. A sample of [EK]3-PLGA micelles in water formed by adding
polymer solution to water were deposited on a silica wafer and examined by SEM (Figure 4-5).
Particles of around 150 nm in size can be seen, corresponding with DLS data. A few of the particles

appear to be clustered in groups upon drying, but the majority maintain a rounded morphology.
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Figure 4-5. SEM image of [EK]s-PLGA nanoparticles in water.
SEM image of [EK]s-PLGA nanoparticles prepared by adding copolymer solution into water. The sample was

prepared by depositing 5 pL of solution onto a silica wafer.

Initial nanoprecipitation results show promise for forming stable [EK]s-PLGA micelles,
however, the process needs to be optimized. There are several parameters that can be adjusted in
order to fine tune the nanoprecipitation process including: adjusting the concentration of polymer,
changing the organic solvent used, adjusting the amount of water added, and changing the order of
addition. It is also possible that a chain length consisting of only eight EK repeats may be too short
in order to stabilize the EK-PLGA particles. It will be beneficial to compare micelle formation of

particles made with [EK]i6 and [EK]4.

4.4 Conclusions

In this work, we propose a synthesis route to develop the diblock copolymer EK-PLGA
which can be used to form stealth nanoparticle drug delivery carriers. Stealth properties are achieved
from the superhydrophilic EK peptide block composed of alternating negatively charged glutamic
acid (E) and positively charged lysine (K) residues. Drug loading capabilities are introduced by the
inclusion of a hydrophobic PLGA block. This system is unique compared to PEG-PLGA and other
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synthetic polymer systems because it is completely biodegradable and can be metabolized by the
body to nontoxic degradation products. In addition, EK-PLGA particles may display
nonimmunogenic properties in vivo. Nanoprecipitation methods were used to form [EK]s-PLGA
nanoparticles that were stable upon transfer to PBS after filtering. Future work for this project will
involve optimizing the nanoprecipitation method and forming micelles with varying EK block
lengths. In addition, stability testing in single protein solutions and undiluted human serum, as well

as, cytotoxicity tests will be performed. Finally, drug release kinetics will be studied.

4.5 Future Work
4.5.1 Optimization of EK-PLGA Micelle Formation

The formation of EK-PLGA needs to be optimized. This will involve changing the
nanoprecipitation parameters including adjusting the concentration of polymer, changing the organic
solvent used, adjusting the amount of water added, and changing the order of addition. In addition,
several EK-PLGA polymers will be analyzed containing varying lengths of the EK peptide block. It
may also be beneficial to alter the conjugation reaction between EK and PLGA in order to have the
EK peptide in excess. Currently, PLGA is in excess and it may still be present in the reaction
following conjugation. It will be much easier to remove unreacted EK peptide than to separate EK-
PLGA from unreacted PLGA. The drawback to having excess EK peptide is that it is much more

challenging to make and the peptide synthesis would need to be scaled up significantly.

4.5.2 Stability Testing of EK-PLGA in Single Protein Solutions and Undiluted Human Serum
To evaluate the stability of EK-PLGA micelles and PLGA micelles, concentrated samples

will be incubated in water, PBS, 1 mg/mL fibrinogen, 1 mg/mL lysozyme, or undiluted human
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serum. Stability tests will be conducted for at least 1 hour. After the allotted exposure time, samples
will be analyzed via dynamic light scattering to evaluate the hydrodynamic radius and via zeta

potential to evaluate surface charge.

4.5.3 In vitro Cytotoxicity Study

The EK-PLGA and control PLGA particles will be assessed for cytotoxicity by performing a
cell viability assay. Particles are expected to be nontoxic based on the biocompatibility of PLGA
polymer'>! and the biocompatibility of EK peptides (Figure 3-8). HepG2 cells will be exposed to
varying concentrations of EK-PLGA particles up to 10 mg/mL for 24 hours. Cells will then be

analyzed for viability using an Alamar Blue cytotoxicity assay.

4.5.4 Drug Release Profile

Finally, the drug release profile will be examined for EK-PLGA particles and control PLGA
particles. Micelles will be loaded with docetaxel as a model drug. The drug loading for polymer
micelles can be determined by centrifuging solutions containing drug-loaded nanoparticles and
solutions containing free drugs. Both samples are then analyzed for drug content using reverse-phase
high performance liquid chromatography (RP-HPLC). Release kinetics can be determined by
placing drug loaded particles in mini dialysis microtubes. At varied time points, three microtubes can
be removed and drug content inside the nanoparticles can be determined by RP-HPLC. Samples
need to be mixed with an equal volume of acetonitrile overnight in order to ensure complete drug
release before running RP-HPLC. We expect the drug release kinetics to be similar between EK-
PLGA and control PLGA polymers. The kinetics can be tuned by changing the length of the PLGA

blocks and the copolymer composition'2,
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Chapter 5: Discovering Low Fouling Peptides via Combinatorial Chemistry

Rational design of low fouling peptides via known zwitterionic principles and biomimetics
can successfully lead to the discovery of novel sequences possessing stealth properties. However,
rational design is limited to the analysis of tens of sequences at a time. Applying combinatorial
screening methods on one-compound-one-bead libraries can increase the number of peptide
sequences tested to thousands of compounds. Traditional screening techniques such as phage display
and resin display seek to identify specific binding targets and cannot be used for the identification of
low fouling sequences due to the interference of background binding. Here, we explore a new
screening platform that allows for facile formation of a combinatorial library via amine modification
of controlled pore glass substrates. A combinatorial library was created using a mix and split
technique to include cationic, anionic, hydrophobic, aromatic, and hydrophilic residues. This library
was screened with fluorescently labeled fibrinogen and evaluated via confocal microscopy to
identify substrates containing low fouling peptide sequences. Peptide sequences can be recovered
using partial Edman degradation in combination with matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry. However, the current controlled pore glass substrate does not
possess enough peptide mass per substrate to successfully recover sequences. Other substrate options
were explored and recommendations are made for improvement to the combinatorial library
screening method. Fundamental understanding and mechanistic insights into why surfaces are

nonfouling at the molecular level can be gained through the identification of nonfouling sequences.

5.1 Introduction
Nonfouling properties are relevant to many biomedical applications including drug delivery,

surface coatings, and biosensing!>. Natural materials such as peptides can offer several advantages as
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biomaterials: they are biocompatible, well-defined, nonimmunogenic, biodegradable,
multifunctional, and offer nearly infinite sequence combinations to explore*. Recently, we have
identified several low fouling peptide sequences including glutamic acid/lysine (EK) and asparagine
(N) through rational and biomimetic design**!*. However, rational and biomimetic design only
allow access to a limited number of sequences for testing. Combinatorial screening methods can
increase the number of compounds from tens of sequences to thousands of sequences. Combinatorial
screening methods are traditionally utilized to identify sequences possessing specific binding
properties. Screening a larger pool of compounds allows for the discovery of sequences containing
new specific functions and has been used to identify mineral binding peptides'*®, antimicrobial

156 "and protease cleavage sites'’.

peptides'>*, cancer-targeting peptides'>’, enzyme binding motifs
Commonly used display platforms for the screening of peptides include phage®, yeast*,
bacterial®, ribosome!®! or polymer resin display'>®!*°. Phage display is the most frequently used for
identification of specific binding peptides due to several advantages: (1) synthesis and sequencing is
performed using established DNA technologies, since the peptide sequence is encoded in the phage
DNA; (2) multiple rounds of scanning can be performed to enhance resolution; (3) biological
amplification is straightforward!°. In this work, we want to identify low binding sequences and
therefore traditional platforms cannot be used due to background interference. For example, in phage
display the envelope proteins would cause nonspecific binding preventing the identification of low
fouling peptide sequences. Similarly, when traditional polymer resins such as TentaGel are used for

t*7. To overcome these

peptide synthesis they are susceptible to swelling and protein entrapmen
limitations we developed a novel protein adsorption screening technique utilizing a controlled pore

glass (CPQ) substrate coated with peptides.
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The newly developed CPG substrate can be used to synthesize a combinatorial library
utilizing mix and split techniques. The created one-bead-one-compound (OBOC) library can then be
subjected to screening using fluorescently labeled fibrinogen. Confocal microscopy can be utilized
to identify low fouling substrates (CPG substrates with low fluorescence). Finally, sequence
identification can be achieved using partial Edman degradation (PED) in combination with matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). A

diagram of the entire screening procedure is shown in Figure 5-1.

Synthesize
Cominatorial
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*Mix and split technique synthesis
*Deprotect beads

Fluorescence *Screen with flourescently

o labeled fibrinogen
Protein *Use confocal microscopy
Screeing to identify low fouling
substrates

*Partial Edman degradation
Sequence *Removal of Fmoc, reduction Met

1 : *Cleavage of peptide
Identification VRS

Figure 5-1. Schematic of combinatorial peptide screening for nonfouling sequences.

Here, we create an eight-residue peptide combinatorial library containing cationic, anionic,
hydrophobic, aromatic, and hydrophilic groups on an amine modified CPG substrate. This one-bead-
one-compound (OBOC) library was screened for protein adsorption using fluorescently tagged
fibrinogen. Low fouling sequences were identified using confocal microscopy, a technique

previously utilized for OBOC libraries'®!. Several known control sequences were synthesized and
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evaluated along with the library in order to serve as benchmarks for low and high fouling values.
After screening 100 randomly selected CPG substrates, in addition to three known fouling peptide
controls (leucine, glycine, glutamic acid/lysine), 37% of the library was found to have lower fouling
than previously identified ultra-low fouling glutamic acid/lysine. Successful recovery of peptide
sequences via partial Edman degradation (PED) and matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF) was hindered due to mass limitations. A second CPG
substrate containing smaller pore sizes was then evaluated as a replacement substrate. While the
mass signal was improved for the system, sequence recovery on individual substrates was still
hindered. In the future, a more appropriate CPG substrate needs to be identified to facilitate

successful peptide sequence recovery.

5.2 Experimental Methods
5.2.1 Materials

Triisopropylsilane (TIS), 9-Fluorenylmethyl N-succinimidyl carbonate (Fmoc-OSU), protein
sequencing grade phenyl isothiocyanate (PITC), trifluoroacetic acid (TFA), y-
glycidoxypropyltrimethoxysilane (GPTMS), N,N-diisopropylethylamine (DIPEA),
bromotrimethylsilane, thioanisole, phenol, methanol (MeOH), anhydrous pyridine, anhydrous
dichloromethane (DCM), anhydrous trifluoroaetic acid (TFA), dimethyl sulfide, sodium bicarbonate
(NaHCO:3), alpha-cyano-4-hydroxycinnamic acid matrix, and fibrinogen from bovine plasma were
purchased from Sigma-Aldrich (St. Louis, MO). Controlled pore glass substrates with 1000 A
(CPG1000A) and 3000 A (CPG3000A) pores and amino-PEGA resin were purchased from EMD
Millipore (Billerica, MA). Tetraethyleneglycol diamine (PEO4-Bis Amine) was purchased from
Molecular Biosciences (Boulder, CO). Alexa Fluor® 488 Carboxylic Acid, 2,3,5,6-

Tetrafluorophenyl Ester, 5-iosmer (Alexa Fluor® 488 5-TFP), acetonitrile (AcOH), dichloromethane
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(DCM), N,N-dimethylformamide (DMF), and pyridine were purchased from Fisher Scientific
(Waltham, MA). N-Fluorenylmethoxycarbonyl (Fmoc)-protected amino acids with the amine and
side chain protected (Fmoc—Ala—OH, Fmoc—Arg(Pbf)-OH, Fmoc—Asn(Trt)-OH, Fmoc—
Asp(OtBu)-OH, Fmoc—Glu(OtBu)-OH, Fmoc—Gly—OH, Fmoc—His(Trt)-OH, Fmoc—Leu—OH,
Fmoc—Lys(Boc)-OH, Fmoc—Met—-OH, Fmoc—Phe—OH, Fmoc—Ser(OtBu)-OH, Fmoc—Thr(OtBu)—
OH, Fmoc—Val-OH) piperidine, N-hydroxybenzotriazole (HOBt), and O-benzotriazole-N,N,N’,N’-
tetramethyl-uronium-hexafluoro-phosphate (HBTU) were purchased from AAPPTec (Louisville,
KY). Sulfuric acid and toluene were purchased from Macron Fine Chemicals (Center Valley, PA).
Hydrogen peroxide was purchased from JT Baker (Austin, TX). Ammonium hydroxide and acetic
anhydride were purchased from EMD (Darrnstadt, Germany). Triethylamine (TEA) was purchased
from TCI America (Portland, OR). Ammonium iodide and cyanogen bromide were purchased from
Acros Organics (Geel, Belgium). Water used in experiments was purified using a Millipore water

purification system (Darmstadt, Germany) with a minimum resistivity of 18.0 MQscm.

5.2.2 Modification of Controlled Pore Glass Substrates

Controlled pore glass substrates were treated with a piranha solution composed of H2SO4
(80%) and H202 (20%) (v/v) for 15 minutes. The substrates were rinsed several times with water and
NH4OH was added until the pH became basic. The CPG substrates were then treated with a
Millipore water (QW) (70%), NH4OH (15%), and H202 (15%) (v/v/v) solution for 10 minutes. The
CPG substrates were washed several times with QW to remove any residual salts and then several
times with methanol to remove residual QW. The CPG substrates were dried under reduced pressure
and then placed in an oven at 150°C overnight to remove any trace water. After cooling to room

temperature the CPG substrates were added to a solution of anhydrous toluene (90%) and GPTMS
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(10%) (v/v) under nitrogen. Silination was performed at 80°C for 18 hours. The CPG substrates were
then rinsed several times with anhydrous toluene, followed by DCM, and then dried under reduced
pressure. The silanized CPG substrates were next added to a solution of tetraethyleneglycol diamine
(2%) in anhydrous toluene (98%) (v/v) at 80°C for 18 hours. The CPG substrates were then rinsed
several times with anhydrous toluene, followed by acetonitrile, and then dried under reduced
pressure. Unreacted surface epoxide groups were deactivated by incubating in a solution of H>SO4
(0.1%) in QW (99.9%) (v/v) overnight. Finally, the CPG substrates were rinsed with water,

methanol, and then dried under reduced pressure.

5.2.3 Synthesis of Combinatorial Peptide Library

Standard Fmoc-solid phase peptide synthesis was used to form an eight amino acid length
library on a Titan 357 peptide synthesizer (AAPPTec, Louisville, KY). Amino acids possessing
cationic, anionic, hydrophilic, hydrophobic, and aromatic properties were used to create the library
including: arginine (R), histidine (H), lysine (K), aspartic acid (D), glutamic acid (E), serine (S),
threonine, (T), asparagine (N), glycine (G), alanine (A), valine (V), leucine (L), and phenylalanine
(F). One-bead-one-compound (OBOC) peptide libraries were constructed using a mix and split
synthesis technique. CPG3000A substrates were evenly distributed into 13 reaction vessels (one per
amino acid in the library) where the addition of one amino acid residue took place. The CPG
substrates were then removed from all vessels, recombined, mixed, and evenly redistributed. This
process was repeated eight times to create an 8-length amino acid library. Each CPG substrate
contains one unique peptide sequence which can be screened for fouling properties. A common
peptide linker (surface-MTRTET) was included at the base of each CPG substrate in order to

facilitate peptide cleavage from the substrate and molecular weight identification by MALDI-TOF.
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Coupling was performed in solutions containing 80 mM amino acid, 80 mM HBTU, 80 mM
HOBt, and 160 mM DIPEA in DMF for two, consecutive 60 minute cycles. Following coupling, any
unreacted amine groups were acetylated using acetic anhydride (5%), pyridine (5%), and DMF
(90%) (v/v/v). Deprotection was performed using a 20% piperidine solution in DMF. All washing
steps between deprotection and coupling were performed using DMF. Following peptide synthesis,
the CPG substrates were rinsed with DCM and methanol, then dried under reduced pressure. Acid
cleavable protecting groups for side chains were deprotected after synthesis using a solution of TFA
(79%), bromotrimethylsilane (10%), thioanisole (10%), and phenol (1%) (v/v/v/v) for two hours.
Finally, CPG substrates were rinsed with TFA, DCM, methanol, and then dried under reduced

pressure.

5.2.4 Synthesis of Control Peptide Sequences

Several known control peptide sequences were synthesized on CPG3000A and CPG1000A
beads. Coupling was performed using amino acid monomer, HBTU, HOBt, and DIPEA prepared in
DMF in a molar ratio of 1.1:1:1:2 in six times excess of the loading capacity of the resin. All amino
acid additions underwent double coupling. Following coupling, any unreacted amine groups were
acetylated using acetic anhydride (5%), pyridine (5%), and DMF (90%) (v/v/v). Deprotection of
Fmoc groups was achieved using 20% piperidine in DMF. All washing steps between deprotection
and coupling were performed using DMF. Following peptide synthesis, the CPG substrates were
rinsed with DCM and methanol, then dried under reduced pressure. Acid cleavable protecting groups
for side chains were deprotected after synthesis using a solution of TFA (79%),
bromotrimethylsilane (10%), thioanisole (10%), and phenol (1%) (v/v/v/v) for two hours. Finally,

CPG substrates were rinsed with TFA, DCM, methanol, and then dried under reduced pressure.
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5.2.5 Fmoc Loading Assay

Estimation of loading of the CPG substrate was determined using an Fmoc sensitive assay!'*%.
Approximately, 100-200 mg of dry, Fmoc—Met—OH loaded resin was weighed into a 20 mL
scintillation vial and 2 mL of a 2% DBU in NMP solution (v/v) was added in order to cleave the
Fmoc groups. The solution was swirled for 15 min and then diluted to 10 mL with AcOH. Next, 2
mL of this solution was taken and diluted to 25 mL. A reference solution was prepared in the same
manner, but without the addition of resin. Cuvettes were loaded with 1 mL of solution and the
absorbance was measured at 304 nm via a Cytation 3 multi-mode plate reader (BioTek, Winooski,

VT). Fmoc loading of the resin can be estimated using the following equation:

. mmol (Absorbancesample-Absorbancereference) x16.4
Fmoc loading ( >=

g resin mg of dry resin

5.2.6 Screening of Combinatorial Library Utilizing Fluorescently Tagged Fibrinogen

Fluorescently labeled fibrinogen was prepared by conjugation with Alexa Fluor® 488 5-TFP.
Briefly, 30 mg of fibrinogen was dissolved in 3 mL of 100 mM NaHCOs, pH 9. This solution was
added to a vial containing ~1 mg Alexa Fluor® 488 5-TFP. After 2 hours, the labeled conjugates
were twice purified using 10 mL Bio-Gel P-6DG disposable size exclusion columns (Bio-Rad
Laboratories, Hercules, CA).

Prior to fluorescent protein screening CPG substrates were rinsed several times with
phosphate buffered saline (PBS). Next, CPG substrates were incubated in a 0.5 mg/mL solution of
Alexa Fluor 488 labeled fibrinogen for two hours. After adsorption, CPG substrates were rinsed five
times with PBS to remove unbound protein and quickly analyzed using a Zeiss LSM 510 (Jena,

Germany) confocal microscope. Cross-sectional fluorescent images of the CPG substrates were
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taken (X-Z plane) using a 488 nm argon laser for excitation and detecting an emission signal
between 500-550 nm. In addition to combinatorial CPG substrate analysis, several controls of known

low and high fouling sequences were evaluated in parallel.

5.2.7 Evaluation of Peptide Sequences via PED and MALDI-TOF

Peptide sequence determination was performed using partial Edman degradation (PED) and
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF). CPG
substrates were subjected to partial Edman degradation to form segmented versions of the peptide
sequence on the same CPG substrate. PED degradation can be performed without cleaving the
peptide sequences from the CPG substrate allowing the reaction to be performed on groups of CPG
substrates. The PED degradation takes place in small reaction vessels fitted with a porous glass frit
to facilitate solvent removal between steps.

For each cycle of partial Edman degradation CPG substrates were first rinsed with pyridine
followed by a 2:1 (v/v) pyridine/water solution containing 0.1% triethylamine. Then the CPG
substrates were suspended in a 160 pL aliquot of 2:1 (v/v) pyridine/water solution containing 0.1%
triethylamine. A degradation reagent mixture containing 583 mM PITC and 9-16 mM Fmoc-OSU
was prepared in pyridine (ratio of PITC/Fmoc-OSU ~65-36:1). A 172 pL aliquot of this mixture was
added to the pyridine/water solution containing 0.1% triethylamine and the reaction was allowed to
proceed for 6 minutes at room temperature with intermittent stirring. The solution was then drained
and the CPG substrates were washed with anhydrous pyridine, anhydrous dichloromethane, and
anhydrous TFA. Next, the CPG substrates were treated twice with anhydrous TFA at room
temperature for 6 min each to cleave the PITC bound amino acids. Chains that were bound with an

Fmoc group remain protected from degradation for the entirety of the procedure. CPG substrates
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were then washed extensively with dichloromethane and then pyridine. This PED procedure was
repeated for n — 1 times, where 7 is the number of residues to be sequenced.

After PED degradation, Fmoc groups added to the amine terminus of peptide chains and
Fmoc groups added to the side chains during the protocol were removed by 20% piperidine in DMF
(v/v). CPG substrates were rinsed with DCM and methanol and the solvent was evaporated under
reduced pressure. Next, CPG substrates were suspended in 1 mL of TFA containing 20 pL dimethyl
sulfide, and 50 mg ammonium iodide for 20 minutes to reduce any oxidized methionine. CPG
substrates were then washed with copious amounts of water and methanol to remove any remaining
ammonium iodide. Finally, individual CPG substrates were manually transferred into vials for
cleavage such that each vial contains one CPG substrate. Cleavage from the CPG substrate was
achieved using 10 uL of a 40 mg/mL cyanogen bromide in 70% TFA/30% H>O (v/v) solution in the
dark. After overnight cleavage, the cleavage solution was removed under reduced pressure. The
remaining peptide residue was dissolved in 2 pL of MALDI matrix solution (60 mg/mL alpha-
cyano-4-hydroxycinnamic acid matrix dissolved in 1:1 acetonitrile to water with 0.1% TFA),

mounted on a stainless steel MALDI plate, and analyzed via MALDI-TOF.

5.3 Results and Discussion
5.3.1 Traditional Polymer Resins Result in Salting Out Effect

From previous work it was determined that traditional peptide resins were unsuitable for low
fouling peptide screening. When charged peptide sequences were synthesized on traditional resins,
such as TentaGel, salting out of the fluorescent screening proteins occurred within the polymer
scaffold in the presence of highly charged peptide sequences*’ (Figure 5-2a). TentaGel resin is

composed of a polystyrene matrix containing a PEG spacer from which peptide sequences are
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synthesized. The swelling ratio of TentaGel in DMF is 5 mL/g and the swelling ratio of TentaGel in
water is 3.6 mL/g!62. If highly charged peptides are synthesized on the resin then fluorescently
labeled proteins will salt out into the resin and become trapped during screening. This salting-out
effect is due to the attraction of water molecules to charged species (in this case EK peptide), which
decreases the number of water molecules available to interact with other species (in this case
fibrinogen). As a result of the increased demand for solvent molecules, the protein-protein
interactions exceed the solvent-solute interactions and the protein molecules precipitate out'®*. In
fact, high concentrations of amino acids have been reported to salt-out proteins such as egg

165166 "and antihemophilic factor'®’. In addition, the

albumin'®*, carboxyhemoglobin'®*, fibrinogen
presence of hydrophobic polystyrene in the resin most likely contributes to the precipitation of

protein into the resin.

a) L
TentaGel Resin X

Capped (no peptide) EKEKEKEK-TETRTM
b)
PEGA Resin
Bare resin (no peptide) KEKEKEKE-TTETRM

Figure 5-2. Salting out effect of fluorescently labeled fibrinogen in traditional polymer resins.

(a) Confocal image of TentaGel Resin containing a capping agent with no peptide (left) and EKEKEKEK-
TETRTM-TentaGel (right) after screening with fluorescently labeled fibrinogen. (b) Fluorescence microscope
image of PEGA resin containing no peptide (left) and KEKEKEKE-TTETRM-PEGA (right) after screening
with fluorescently labeled fibrinogen.

In order to prevent the salting out effect of TentaGel Resin, a PEGA resin was also tested.

PEGA resins consist of dimethyl acrylamide and mono-2-acrylamidoprop-1-yl[2-aminoprop-1-yl]
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poly(ethylene glycol) cross-linked with bis 2-acrylamidoprop-1-yl poly(ethylene glycol)!®®. These
resins swell much more extensively than TentaGel with a swelling ratio of 11 mL/g in DMF and a
swelling ratio of 16 mL/g in water'®?. In addition, they lack the hydrophobic polystyrene present in
TentaGel. They are permeable to macromolecules up to 35 kDa and are commonly used for on-resin
enzyme assays. To determine if PEGA resin would show improvement over TentaGel, bare resin
containing no peptide and resin containing KEKEKEKE-TTETRM-PEGA were exposed to 0.5
mg/mL of fluorescently labeled fibrinogen. After extensive rinsing in PBS, samples were evaluated
under a fluorescent microscope. While, the salting-out effect was reduced compared to TentaGel
resin, there was still indication of the salting-out of fibrinogen occurring (Figure 5-2b). This
confirms that traditional polymer resins are an unsuitable substrate for screening low fouling

peptides.

5.3.2 Development of CPG Substrate for Nonspecific Screening

To prevent the interference of complex adsorption events a rigid surface scaffold was
selected to remove background effects. To allow for sequence recovery after screening a balance
was needed between a rigid scaffold and a high surface area. Controlled pore glass (CPG) substrates
containing a diameter of ~150 um and pores of 300 nm (£10%) (CPG-3000A) and substrates
containing a diameter of ~150 um and pores of 100 nm (£10%) (CPG-1000A) were selected. The
selection was based on the criteria that the substrates should have sufficient surface area to
synthesize adequate amounts of peptide for sequence recovery and possess pores large enough to
prevent protein entrapment during screening. In theory, this platform should provide enough peptide

per individual CPG substrate to be within the detection range of the MALDI-TOF instrument.
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The CPG substrates were modified with amines in order to allow for standard Fmoc-solid
phase peptide synthesis (Figure 5-3). This was accomplished by modification with an epoxy silane,
followed by a tetracthylene glycol diamine linker. A four spacer ethylene glycol linker was used as
an alternative to shorter diamines in order to improve amino acid coupling'®®. Peptides were then

synthesized from the amine groups utilizing standard solid phase peptide synthesis.
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Figure 5-3. Surface modification of glass substrate for peptide synthesis.

After cleaning, controlled pore glass substrates were modified with GPTMS to introduce a monolayer of
epoxide groups to the surface. Next, the epoxide surface was exposed to PEO4-Bis Amine to attach reactive
amine groups needed for peptide synthesis. Finally, peptides were grown using standard Fmoc solid phase

peptide synthesis.

To verify that the salting-out effect was not occurring on the CPG substrate, a control low
fouling EK peptide sequence was synthesized on both CPG1000A and CPG3000A substrates and
compared to a hydrophobic fouling control. On both CPG3000A (Figure 5-4a) and CPG1000A
(Figure 5-4b) substrates there was no evidence of a salting-out effect occurring. As expected,

substrates containing high fouling surfaces displayed high fluorescence and substrates containing EK

peptide displayed low fluorescence.
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LLLLLLLL-TETRTM EKEKEKEK-TETRTM
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Amine modified KEKEKEKE-TTETRM

Figure 5-4. Protein screening of CPG substrates.

(a) Fluorescence microscope image of CPG3000A containing a high fouling LLLLLLLL-TETRTM-
CPG3000A sequence (left) and a low fouling EKEKEKEK-TETRTM-CPG3000A peptide (right) after
screening with fluorescently labeled fibrinogen. (b) Fluorescence microscope image of CPG1000A containing
a high fouling amine modified CPG1000A substrate (left) and a low fouling KEKEKEKE-TTETRM-
CPG1000A peptide (right) after screening with fluorescently labeled fibrinogen.

5.3.3 Evaluation of Fibrinogen Fouling on Control Sequences via Confocal Microscopy
Control peptide sequences possessing known low fouling and high fouling properties were
synthesized and screened as controls to validate the proposed screening method (Figure 5-5a). The
sequence KEKEKEKE-TETRTM-CPG3000A was used as a low fouling control and the sequence
FFFFFFFF-TETRTM-CPG3000A was used as a high fouling control. The peptide sequence
TETRTM is included as a linker. CPG substrates were exposed to 0.5 mg/mL fluorescently labeled
fibrinogen for two hours and then rinsed extensively with PBS. Evaluation of fouling was conducted
using confocal microscopy. By integrating the fluorescence signal across the surface of the CPG
substrate a numerical value can be assigned to each sequence. The fluorescence intensity of the low

fouling glutamic acid/lysine (EK) surface was 2,279 and the fluorescence intensity of the high
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fouling phenylalanine (F) surface was 80,890 (Figure 5-5b). The inclusion of known sequences in

addition to sequences from the library is important since absolute measurements of fouling cannot be
obtained. Only values relative to known low fouling sequences that have simultaneously gone

through the screening can be identified.
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Figure 5-5. Protein screening of known low and high fouling peptide sequence controls.
Confocal microscopy analysis of fluorescence screening to known sequences KEKEKEKE-TETRTM-
CPG3000A (low fouling) and FFFFFFFF-TETRTM-CPG3000A (high fouling). Intensity of fluorescence is

analyzed via integration of the signal through the CPG substrate.
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5.3.4 Design of Combinatorial Peptide Library

After development of a suitable substrate platform for screening, a combinatorial peptide
library was developed. A selection of 13 amino acids containing cationic, anionic, hydrophilic,
hydrophobic, and aromatic residues was used to synthesize the combinatorial library including:
arginine (R), histidine (H), lysine (K), aspartic acid (D), glutamic acid (E), serine (S), threonine, (T),
asparagine (N), glycine (G), alanine (A), valine (V), leucine (L), and phenylalanine (F) (Figure 5-6).
Several amino acids needed to be excluded due to limitations of the PED/MALDI-TOF technique.
Proline (P) was avoided due to its incompatibility with partial Edman degradation. Cysteine (C) was
not used due to its ability to form disulfide bonds. MALDI-TOF cannot discriminate between amino
acids of the same molecular weight. There are two instances where this occurs: glutamine (Q) and
lysine (K) both have a molecular weight of 146 g/mol and leucine (L) and isoleucine (I) both have a
molecular weight of 131 g/mol. Since glutamine (Q) is chemically similar to asparagine (N), it was
excluded. Similarly, isoleucine (I) was also excluded. Tryptophan (W) and tyrosine (Y) were
excluded due to difficulty in synthesis and their possession of reactive protecting groups that can
cause undesired side reactions. Finally, methionine (M) was left out because the thioester side group
interferes with the final peptide cleavage.

For all sequences synthesized a known peptide linker was first added to all CPG substrates.
The linker consisted of surface-methionine-threonine-arginine-threonine-glutamic acid-threonine-
NH: (surface-MTRTET-NH3). The inclusion of a linker serves two purposes: 1) provides additional
molecular weight to the peptide required for detection by MALDI-TOF and 2) the methionine at the
peptide base is used to cleave the peptide from the CPG substrate upon exposure to cyanogen
bromide!”. In the future, modification of the linker to avoid having a threonine (T) residue directly

following the methionine (M) would prove beneficial to improve cleavage of peptide from the resin.
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Cyanogen bromide induced bond cleavage at a methionine residue has an efficiency of greater than
90%, except in situations where a serine (S) or threonine (T) residue follows methionine (M) in the

amino acid sequence'’".
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Arginine Histidine Lysine Aspartic Acid Glutamic Acid
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Figure 5-6. Natural amino acids used to create combinatorial library.
Cationic, anionic, hydrophilic, hydrophobic, and aromatic amino acid residues were used to create an 8 length

amino acid combinatorial peptide library on the CPG3000A substrate.

To verify successful synthesis of the peptide library, eight CPG3000A substrates were
randomly selected for cleavage from the resin and analyzed by MALDI-TOF (Figure 5-7). Expected
molecular weights of cleaved peptides in the library range from 1144.4 (GGGGGGGG-TETRTM) to
1937.5 (RRRRRRRR-TETRTM). Out of eight selected beads for cleavage, six showed a single
peptide peak indicating successful synthesis of the library (Figure 5-7a-f). Two beads had no signal
in the expected peptide library range (Figure 5-7g-h).
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Figure 5-7. MALDI evaluation of single CPG3000A substrates from combinatorial library.
(a)-(h) Cleavage of peptide from single CPG3000A substrates selected randomly from the library.
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5.3.5 Combinatorial Peptide Library Screening with Fluorescently Labeled Fibrinogen

Using a mix and split technique in combination with Fmoc solid phase peptide synthesis, a
diverse library of CPG substrates was created with varying degrees of fouling (Figure 5-8a). Several
sequences with lower fouling than the EK sequence were identified through confocal microscopy.
After screening 100 randomly selected CPG substrates, in addition to three known fouling peptide

controls (leucine, glycine, glutamic acid/lysine), 37% of the library was found to have lower fouling

than ultra-low fouling glutamic acid/lysine (Figure 5-8b).
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Figure 5-8. Fluorescent protein screening of combinatorial peptide library.

(a) Bright field image of glass substrate used for combinatorial synthesis (top). Fluorescence screening of
combinatorial peptide library to Alexa Fluor 488 labeled fibrinogen (bottom). (b) Through integration of
fluorescent signal across the CPG substrate, numerical values can be assigned to each sequence. This is
fouling data for 100 randomly selected CPG substrates and three known control sequences (LLLLLLLL-
TETRTM-CPG3000A, GGGGGGGG-TETRTM-CPG3000A, and EKEKEKEK-CPG3000A). 37% of the
library is found to have lower levels compared to EKEKEKEK-CPG3000A.

In the future, the screening method can potentially be improved by adding a fluorescently
labeled positively charged protein to the procedure. Currently, only a negatively charged protein is
used for screening which may bias the screening to select for negatively charged peptides. To
implement the use of different charged proteins for screening, most likely two separate screening

steps would need to be performed to prevent precipitation of proteins out of solution.
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5.3.6 Peptide Sequence Recovery via PED and MALDI-TOF

Following protein adsorption screening of the library and selection of low fouling CPG
substrates via confocal microscopy, the peptide sequences must be recovered. Partial Edman
degradation (PED) can be used to break down the peptide into shorter chains!”. Following cleavage
of segmented peptides from a single CPG substrate, MALDI-TOF can be used to identify a
molecular weight for each degradation product from PED. The differences between peaks found in
the MALDI-TOF spectra correspond to the amino acid sequence!”>.

PED was performed on random CPG3000A substrates selected from the eight-residue
peptide combinatorial library. Ten substrates were pulled out after 2, 4, 6, and 8 cycles of PED were
performed. These CPG substrates were then cleaved to recover peptide and evaluated with MADLI-
TOF. After 2 cycles of PED all ten substrates showed identifiable peptide peaks corresponding to the
first amino acid residue of the sequence. However, after 4 cycles of PED only one substrate out of
ten displayed a clearly identifiable peptide sequence (Figure 5-9). No identifiable peptide sequences
were recovered after 6 and 8 cycles of PED. Even after optimizing the PED procedure the signal was
not able to be improved indicating that there is not enough mass present on one individual substrate

to reliably recover the peptide sequence.
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Figure 5-9. MALDI-TOF of randomly selected CPG3000A substrate from library after 4 cycles of PED.

To improve the peptide sequence recovery procedure a new substrate needed to be selected
that met the following conditions: 1) enough mass on one substrate to obtain sufficient signal for
MALDI-TOF, 2) rigid substrate to prevent salting-out of the screening protein, and 3) large enough
pore sizes to prevent entrapment of screening protein. A CPG substrate containing smaller pore sizes
(1000 A) was tested in order to increase the surface area available for peptide synthesis, but to
maintain a rigid substrate. Control peptide sequences containing varying hydrophobic properties
were synthesized to evaluate the CPG1000A substrate. The following sequences were synthesized:
NEKSGRDH-TTETRM-CPG1000A (Control A), DAKTGRLG-TTETRM-CPG1000A (Control B),
and NAVSGTLG-TTETRM-CPG1000A (Control C). In addition to changing the substrate, the
linker was also modified in order to avoid a threonine (T) directly following the methionine (M)

residue, which can significantly impede cleavage of the peptide sequence'”".
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Figure 5-10. MADLI-TOF spectra of single substrate cleavage of control peptide sequences.
MALDI-TOF of control peptide sequences cleaved from a single CPG1000A substrate. (a) Control A,

NEKSGRDH-TTETRM-CPG1000A (MW: 1611.9) (b) Control B, DAKTGRLG-TTETRM-CPG1000A
(MW: 1486.9) (c) Control C, NAVSGTLG-TTETRM-CPG1000A (MW: 1387.8).

105



Control peptide sequences were successfully synthesized and high signal is achieved when peptide is
cleaved from a single CPG1000A substrate (Figure 5-10).

Following verification of correct sequences for control peptide sequences, 3 cycles of PED
was performed to determine if there is sufficient mass for peptide sequence recovery. Groups of 50,
10, 5, and 1 CPG1000A substrates were cleaved and analyzed by MALDI-TOF. Good signal was
obtained for groups of down to 5 beads, however, single CPG1000A substrates did not possess
enough signal to be observed by MALDI-TOF. Representative MALDI-TOF spectra are shown for
groups of 5 beads for all three control sequences after 1, 2, and 3 cycles of PED (Figure 5-11). While
the signal has improved compared to the CPG3000A substrates and the overall quality of the
MALDI-TOF spectra after PED have improved, there is still not enough mass present on one
CPG1000A substrate for robust recovery of the peptide sequence.

In the future, a platform that can have more mass per individual substrate is needed. Once a
suitable platform is identified a new library can be generated and screened. In addition to finding a
new platform, there are several parameters that can affect the quality of the partial Edman
degradation procedure and optimization should be performed for the platform selected. The most
important parameter affecting the results of the degradation is the ratio of Fmoc-OSU to PITC!73174,
This ratio determines which chains will be capped and which chains will be degraded on a single
CPG substrate. Chains that are capped with an Fmoc-OSU group will be shielded from degradation.
If the ratio of Fmoc-OSU is too high then there will not be enough uncapped chains remaining to
degrade the peptide completely to the linker. Conversely, if the ratio of PITC is too high then all the
chains will be degraded too quickly. The PED procedure needs to be consistent and work every

single time for a variety of peptide sequences to have successful recovery of peptide sequences.
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Figure 5-11. MADLI-TOF of control peptide sequences from groups of 5 CPG1000A substrates after 1, 2, and 3 cycles of PED.
(a) Control A, NEKSGRDH-TTETRM-CPG1000A (b) Control B, DAKTGRLG-TTETRM-CPG1000A (c) Control C, NAVSGTLG-TTETRM-CPG1000A.

Sdsahah, T L . ‘\li L g Lol

107



In addition to performing PED successfully, the MALDI spotting method needs to be
optimized in order to maximize the signal. Since we are analyzing peptide from a single CPG
substrate, the signal is much closer to the detection limit of the instrument and is more difficult to
analyze compared to signal from traditional peptide resins which contain much higher concentrations
of peptide. Parameters influencing MALDI signal include the matrix solution composition, the rate

of matrix crystal growth, matrix additives, and contamination products'’>177,

5.3.7 Fmoc Loading Assay to Evaluate Future CPG Substrates

An Fmoc loading assay was performed on CPG1000A and CPG3000A substrates to
quantitatively measure how much peptide is loaded on the substrate. CPG1000A substrates were
determined to have a loading of 0.0074 mmol per gram of substrate, which translates to an average
of 580 fmol of peptide per substrate after 8 PED cycles. Conversely, CPG3000A substrates were
determined to have a loading of 0.026 mmol per gram of substrate, corresponding to an average of
6,516 fmol peptide per substrate after 8 PED cycles. These loading values were compared to the
loading of TentaGel resin which is 10,926 fmol peptide per each resin bead (Figure 5-12). The
CPG3000A substrate was found to have 5 + 2% of the loading capacity of TentaGel, whereas the

CPGI1000A substrate was found to have 60 + 2% of the loading capacity of TentaGel.
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Figure 5-12. Measured peptide loading on CPG3000A and CPG1000A substrates.
Measured peptide loading of CPG3000A (blue) and CPG1000A (red) substrates normalized to the peptide

loading of TentaGel resin.

While the loading of peptide on the CPG1000A substrate seems reasonable, we were unable
to successfully perform PED. The actual number of peptides recovered per substrate may be lower
due to incomplete cleavage of methionine from the residue, losses of peptide due to volume transfers
and test tube surfaces, and overestimation of the substrate volume of one CPG unit. In the future, a
platform with more peptide mass per substrate unit is needed. The Fmoc loading assay and control

peptide sequences described here can be a robust first step in identifying a suitable platform.

5.4 Conclusions
A new combinatorial screening method utilizing controlled pore glass substrates was explored to
screen for low binding peptide sequences. Known control peptide sequences were synthesized and

evaluated to validate the new screening platform. Following platform validation, a combinatorial
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library was created and screened for nonfouling activity. Several nonfouling sequences containing
lower binding levels than previously known low fouling sequences were discovered. PED and
MALDI-TOF techniques were developed to recover low fouling peptide sequences from the
screening. It was determined that mass limitations prevented successful recovery through PED on a
single substrate. Alternative platforms were evaluated for library screening including PEGA resin
and CPG substrates with varying pore sizes. Future criteria for a successful substrate platform were
identified: 1) a rigid substrate 2) sufficient mass per substrate for MALDI-TOF 3) large enough pore
sizes to prevent protein entrapment. Identification of a suitable platform would allow recovery of
low fouling peptide sequences leading to the examination of properties that characterize low fouling
peptides. If sufficient low fouling sequences are identified then structure-property quantity
relationships can be established. Mechanistic insight and a deeper fundamental understanding of low
fouling mechanisms can be gained from this work. The identification of new low fouling sequences
can provide novel insights into the fundamental understanding of molecular-level nonfouling

mechanisms and the development of new nonfouling materials.
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Chapter 6: Zwitterionic Mucus-Penetrating Particles

Mucosal barriers pose a challenge for drug delivery due to the sticky, hydrophobic nature of
mucus and its rapid turnover rate in the body. A particle that could efficiently penetrate the mucosal
barrier and provide uniform and longer delivery would greatly improve therapeutic approaches for a
number of diseases. Zwitterionic and mixed charged materials have already been shown to have
excellent low fouling properties when applied to the surfaces of nanoparticles. In this work, we
explore the use of poly(carboxybetaine acrylamide) and poly(sulfobetaine methacrylate) zwitterionic
polymers to coat dye-loaded polystyrene particles. Both graft-to and graft-from polymer synthesis is
explored for forming zwitterionic coated particles. The stability of particles is evaluated via dynamic
light scattering and zeta potential measurements in phosphate buffered saline and single protein
solutions. Particle tracking experiments are performed in synthetic mucus to evaluate the
effectiveness of the zwitterionic polymer coating on the mucus penetration capabilities of the
particles. Particles coated with poly(sulfobetaine methacrylate) display mucus-penetrating

properties.

6.1 Introduction

The development of systems that can penetrate mucosal barriers in the human body, such as
those of the lung airways, gastrointestinal tract, female reproductive tract, nose, and eye, can have
many relevant biomedical applications such as drug delivery*’, gene therapy™’, and vaccination®. A
method that could provide more uniform and longer lasting delivery to mucosal surfaces can greatly
improve therapeutic approaches for a number of diseases including sexually transmitted infections,
cystic fibrosis, chronic rhinosinusitis, inflammatory bowel disease, and glaucoma*®. However,

penetration of mucosal barriers is difficult due to the efficient trapping and removal of foreign

111



particles and hydrophobic molecules by the human body'”®!”°. Mucus is a sticky, viscoelastic layer
that is composed of cross-linked and entangled mucin fibers coated with a diverse array of

proteoglycans!®?

. Mucus forms adhesive interactions with introduced particulates via hydrophobic,
electrostatic, and hydrogen bonding interactions*®. In addition to the challenging chemical
environment of mucus, the mucosal layer in the body is continuously secreted, then shed and
discarded or digested and recycled. The mucosal turnover rate varies from several minutes to hours
depending on the location in the body providing another obstacle to efficient delivery*®.

Two strategies to overcome the mucosal barrier include mucoadhesion and mucopenetration.
Mucoadhesive systems focus on enhancing the association of particles to the mucus layer in order to
slow particle transit time to the time scale of mucus renewal, thereby enhancing drug absorption'8!
Common biomaterials used to make mucoadhesive particles include chitosan'®?, poly(ethylene
glycol)'®?, derivatives of poly(acrylic acid)'®*, poly(methacrylates)'®3, and poly(sebacic acid)'®¢.
These particles achieve mucoadhesion via electrostatic interaction, hydrogen bonding, polymer
entanglement, hydrophobic interactions, or a combination of these mechanisms. Although
mucoadhesion can increase the bioavailability of drugs delivered there are several important
fundamental limitations. Since mucoadhesive systems are bound to the mucus layer the transit time
of these systems is determined by the physiological turnover time of the mucus layer*®. In addition,
mucoadhesive systems are incapable of penetrating across the mucus layer and are unsuitable for
applications requiring intracellular delivery to the underlying epithelial cells.

To overcome the limitations of mucoadhesive systems, there has been an interest in
developing mucus-penetrating particles (MPP) that can avoid adherence to mucus and diffuse

through the low viscosity pores without steric obstruction. Notris et al. observed the transport of

surface-modified carboxyl, sulfate, and amidine nanoparticles. Despite the slow transport of all
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particles, the most hydrophilic surface (amidine) was found to have the fastest transport'®’. Sakuma
et al. studied nanoparticles containing surface poly(N-isopropylacrylamide), poly(N-vinylacetamide),
poly(vinylamine), and poly(methacrylic acid) chains and observed increased mucoadhesion for all
nanoparticles except poly(N-vinylacetamide)'®®. The most successful MPP particles developed up to
date are particles containing a high density of low molecular weight poly(ethylene glycol)

190 and mixed charge polymers!'®! have also

(PEG)*'%_ In addition, mixed charge peptide materials
been shown to possess mucus-penetrating properties.
An alternative approach to using PEG for mucus-penetrating particles would be to use
zwitterionic materials. Polymers containing zwitterionic moieties such as carboxybetaine and
sulfobetaine have already been shown to resist interactions in complex environments such as whole
blood, tissue, and marine environments'®. Carboxybetaine polymers possess increased resistance to
protein adsorption when compared with traditionally used PEG and can be functionalized easily
through the use of the carboxylic acid side chain. Previously, poly(carboxybetaine acrylamide)
(polyCBAA) was shown to be an ultra-stable and functionalizable coating for gold nanoparticles in

undiluted blood serum®?

. Nature has already employed the concept of zwitterionic materials to
cross the mucus layer. Many viruses that are known to penetrate the mucosal barrier including
poliovirus, Norwalk virus, and human papilloma virus (HPV), are densely coated with both
positively and negatively charged groups on the surface, while maintaining a net neutral charge'*2.
In this work, we explore the use of a zwitterionic coated particle for mucus penetration.
Fluorescently labeled carboxylate-modified polystyrene particles are coated with zwitterionic
polymers utilizing either a graft-to or graft-from approach. Coated particles are characterized by

dynamic light scattering (DLS) and zeta potential (ZP). In addition, stability of particles in PBS and

single protein solutions of fibrinogen and lysozyme was tested. A synthetic mucus formulation was
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used to perform particle tracking experiments and to assess mucus penetration properties.
Poly(sulfobetaine methacrylate) (SBMA) coated particles are shown to have mucus-penetrating

properties.

6.2 Experimental Methods
6.2.1 Materials

2% (w/v) FluoSpheres® carboxylate-modified microspheres, 0.1 um, yellow-green
fluorescent (505/515) were purchased from Invitrogen (Carlsbad, CA). Copper (I) bromide
(99.999%), copper (II) bromide (>99.0%), 2-bromoisobutyryl bromide, t-Boc-aminoethyl alcohol,
2,2’-bipyridine (Bpy), Tween20 detergent, bovine plasma fibrinogen, chicken lysozyme egg white,
dried porcine gastric mucin type III, imidurea, methylparaben, propylparaben, sodium borate,
sodium bicarbonate (NaHCO3), magnesium sulfate, diethyl ether, tetrahydrofuran (THF), methanol
(MeOH), [2-(methacryloyloxy)ethyl]-dimethyl-(3-sulfopropyl)-ammonium hydroxide (SBMA
monomer) and phosphate buffered saline (PBS, 0.01 M phosphate, 0.138 sodium chloride, 0.0027 M
potassium chloride, pH 7.4) were purchased from Sigma Aldrich (St. Louis, MO). N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), sulfo-N-hydroxysuccinimide
(sulfo-NHS), and 2-(N-morpholino)ethanesulfonic acid (MES) were purchased from Acros Organics
(Geel, Belgium). Sodium hydroxide (NaOH) and trifluoracetic acid (TFA) were purchased from
EMD (Darmstadt, Germany). SupercolU guar gum was kindly donated by Hercules (Wilmington,
DE). Triethylamine (TEA) was purchased from TCI America (Portland, OR). Dichloromethane
(DCM) was purchased from Fisher Scientific (Waltham, MA). Methoxyl PEG Amine (5kDa) was
purchased from NanoCS (New York, NY). (3-Acryloylamino-propyl)-(2-carboxy-ethyl)-dimethyl-

ammonium (CBAA monomer) was synthesized as previously reported”>. Water used in experiments
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was purified using a Millipore water purification system (Billerica, MA) with a minimum resistivity

of 18.0 MQecm.

6.2.2 Synthesis of Amine-Terminated ATRP Initiator

An ATRP initiator with an NH; functional group was synthesized via a modified method
based on established procedures previously reported!?S. Briefly, 3.57 g of 2-bromoisobutyryl
bromide was added to a solution of 2.5 g t-Boc-aminoethyl alcohol and 1.73 g triethylamine in 8 ml
methylene chloride in an ice bath. After 4 hours, the salts were filtered off and the filtrate was
extracted with saturated sodium bicarbonate solution. The DCM phase was dried over magnesium
sulfate and evaporated. The resulting t-Boc-aminoethyl 2-bromoisobutyrate was treated with 15 ml

trifluoroacetic acid (TFA) for 2 hours and crystallized upon addition of diethyl ether (yield 95%).

6.2.3 Polymer Synthesis of CBAA and SBMA

An amine terminated CBAA polymer was synthesized via atom transfer radical
polymerization (ATRP). Copper (I) bromide (11.8 mg), copper (II) bromide (3.7 mg), and Bpy (30.9
mg) were weighed into a vial and deoxygenated by five repetitions of a strong vacuum followed by
nitrogen backfill. In a separate vial, CBAA monomer (2 g) and amine-terminated ATRP initiator
(26.7 mg) was weighed and also deoxygenated. 7 mL of MeOH (bubbled with nitrogen) was added
to the monomer solution and 3 mL of MeOH (bubbled with nitrogen) was added to the initiator
solution. Solutions were stirred for 15 minutes under nitrogen and then combined. The ATRP
reaction was run overnight under nitrogen. Next, the polymer was precipitated into THF then
centrifuged and dried. Dialysis was performed using Slide-A-lyzer® dialysis cassette with a 3,500

molecular weight cutoff (MWCO) (Thermo Scientific, Waltham, MA) in water in order to remove
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unreacted monomer, copper (I) bromide, copper (II) bromide, and Bpy ligand. Polymers were then
lyophilized and analyzed by gel permeation chromatography (GPC) to determine the molecular
weight.

Amine-terminated poly(sulfobetaine methacrylate) polymers (SBMA) were synthesized in a
very similar manner. Copper (I) bromide (11.8 mg), copper (II) bromide (3.7 mg), and Bpy (30.9
mg) were weighed into a vial and deoxygenated by five repetitions of a strong vacuum followed by
nitrogen backfill. In a separate vial, SBMA monomer (565 mg) and amine-terminated ATRP
initiator (26.7 mg) was weighed and also deoxygenated. 7 mL of MeOH (bubbled with nitrogen) was
added to the monomer solution and 3 mL of MeOH (bubbled with nitrogen) was added to the
initiator solution. Solutions were stirred for 15 minutes under nitrogen and then combined. The
ATRP reaction was run overnight under nitrogen. Next, crystallized polymer was filtered out of the
reaction solution and dissolved in water and precipitated into cold methanol, centrifuged, and dried.
Dialysis was performed using Slide-A-lyzer® dialysis cassette with a 3,500 molecular weight cutoff
(MWCO) (Thermo Scientific, Waltham, MA) in water in order to remove unreacted monomer,
copper (I) and (II) bromide, and Bpy ligand. Polymers were then lyophilized and analyzed by GPC
to determine the molecular weight.

Gel permeation chromatography (GPC) samples were run on an Agilent 1200 Infinity Series
(Agilent Technologies, Santa Clara, CA) connected to either an Agilent PL Aquagel-OH column
(Agilent Technologies, Santa Clara, CA) or a Waters Ultrahydrogel column (Waters, Milford, MA)
at 1 mL/min in PBS with 0.02% azide (w/v). Samples were monitored with a Mini Dawn Treos light

scattering detector and an Optilab T-rex refractive index detector (Wyatt Technology, Santa Barbara,

CA).
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6.2.4 Graft-To Modification of Fluorescent Latex Beads

To prepare CBAA-PS beads, carboxylate-modified fluorescent latex particles (2 w/v%) were
diluted in half with a 100 mM MES buffer, pH 6. An equal volume of a 50 mM MES, pH 6 solution
containing five times molar excess of EDC/sulfoNHS was then added. Beads were allowed to
activate for 20 minutes. Beads were then be purified with an Amicon Ultra Centrifugal Filter Unit
with a molecular weight cut-off (MWCO) of 100 kDa (Millipore, Billerica, MA) at least three times
to remove any excess EDC/sulfoNHS. Next, a five time molar excess of NH2-CBAA polymer
solution was added in 100 mM PBS, pH 7.4. Beads were reacted overnight and then underwent
extensive dialysis in PBS using Float-A-Lyzer G2 dialysis devices with a MWCO of 100 kDa
(Spectrum Laboratories, Rancho Dominguez, CA).

To prepare SBMA-PS and PEG-PS beads, carboxylate-modified fluorescent latex particles (2
w/v%) were diluted fourfould in Millipore water. A ten time molar excess of NH2-SBMA or NH»-
PEG polymer was then added to the solution. Sulfo-NHS was added to a final concentration of 7
mM and 200 mM borate buffer (pH 8.2) was added to a foufould dilution of the starting volume.
EDC was added to a final concentration of 10 mM. Beads were reacted overnight at room
temperature and then underwent extensive dialysis in PBS using Float-A-Lyzer G2 dialysis devices

with a MWCO of 100 kDa (Spectrum Laboratories, Rancho Dominguez, CA).

6.2.5 Modification of Fluorescent Latex Beads with ATRP Initiator

Carboxylate-modified fluorescent latex particles (2 w/v%) were placed in 100 mM MES
buffer at pH 6. Varying amounts of EDC and sulfo-NHS were weighed out and dissolved in MES,
pH 6 buffer. The EDC/sulfo-NHS solution was added to the beads and activated for 15 minutes at

room temperature. In the meantime, a stock solution of amine-terminated ATRP initiator was
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prepared (62.5 mg in 2mL) in PBS with 0.1% Tween20 by volume. The pH of the solution was
adjusted to 7.4 with NaOH. ATRP initiator was added to the beads in varying ratios and the latex
particles were allowed to react overnight while being rotated and covered with aluminum foil.
Particles were characterized before and after ATRP initiator conjugation with dynamic light
scattering (DLS) and zeta potential (ZP). After conjugation was complete the particles were dialyzed
in a 0.1% Tween20 solution to remove any remaining free initiator and to stabilize the particles with

detergent before polymerization.

6.2.6 Graft-From ATRP from Fluorescent Latex Beads

ATRP conditions with ratios of 1:100:1:0.25:2.5 of initiator to monomer to copper I to
copper II to ligand were used. Cu(I)Br (5.02 mg, 0.035 mmol), Cu(II)Brz2 (1.95 mg, 0.0088 mmol),
and BPY (32.8 mg, 0.21 mmol) were placed in a small test tube under nitrogen protection and sealed
with a rubber septum. CBAA monomer (877.8 mg, 3.85 mmol) and Tween20 (0.1 vol%) were
placed in a large test tube, also under nitrogen protection and sealed with a rubber septum. Finally,
300 uL of initiator containing particles were placed in a test tube under nitrogen protection and
sealed with a rubber septum. All test tubes were deoxygenated by five repetitions of a strong vacuum
followed by nitrogen backfill. Deoxygenated water (bubbled with nitrogen gas) was then added to
the test tube containing Cu(I)Br/Cu(II)Bro/BPY (2.45 mL) and to the test tube containing CBAA
monomer/Tween20 (1.75 mL). The test tube containing BPY ligand was stirred for 20 minutes to
allow for ligand-copper complex formation. To initiate polymerization, 0.5 mL of CBAA
monomer/Tween 20 followed by 0.7 mL of Cu(I)Br/Cu(Il)Br2/BPY was added to the initiator
containing latex particles. Polymerization was allowed to proceed overnight. Following completion

of the polymerization reaction CBAA particles were dialyzed in PBS.

118



6.2.7 Stability Testing of CBAA-PS Beads in PBS and Single Protein Solutions

To evaluate the stability of CBAA-PS, particles were concentrated using an Amicon Ultra
Centrifugal Filter Unit with a MWCO of 100 kDa (Millipore, Billerica, MA) and resuspended in
either PBS, 1 mg/mL fibrinogen, or I mg/mL lysozyme. Stability tests in PBS and single protein
solutions were conducted for 1 hour. After the allotted exposure time, samples were analyzed via
dynamic light scattering (DLS) (Malvern, Worcestershire, UK) to measure the hydrodynamic radius

and via zeta potential (ZP) to measure the surface charge.

6.2.8 Synthetic Cervical Mucus Formulation

Preservatives (0.6 g imidurea, 0.3 g methylparaben, 0.04 g propylparaben) were dissolved in
90% of the water (173 mL) and stirred by an Arrow 6000 electric lab stirrer (Arrow Engineering,
Hillside, NJ) at high speed for five minutes. A total of 2 g of guar gum was slowly added to this
mixture into the vortex. The solution was then mixed for twenty minutes. Complete hydration was
marked by a visual increase in the viscosity of the dispersion. A solution containing 1 g of dried
porcine gastric mucin type III, 0.52 g of dibasic potassium phosphate, and 3.14 g of monobasic
potassium phosphate dissolved in the remaining 10% of water (19 mL) were then added. Finally, at
the end 0.5 mL of a 0.1 M sodium borate solution was added and the contents were shaken

thoroughly.

6.2.9 Rheology Measurements of Synthetic Cervical Mucus

Rheology measurements were performed on an Anton Paar MCR301 model rheometer
(Osterreich, Austria). A stainless steel cone and plate were used with a diameter of 49.963 mm, an
angle of 1.008°, and a truncation of 49 pm. A shear rate from 0 to 20 (1/s) was applied and the shear

stress was recorded.
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6.2.10 Particle Tracking Experiments

Particle tracking experiments were performed in synthetic mucus formulations to determine
diffusive properties of COO-PS, PEG-PS, and SBMA-PS particles. Particle transport rates were
measured by analyzing trajectories of yellow-green fluorescent particles, recorded using a CCD Cool
Snap cf Color Camera (Photometrics, Tucson, AZ) mounted on an inverted epifluorescence Nikon
Eclipse TE2000-U microscope (Nikon, Tokyo, Japan) equipped with a 100x oil immersion objective
and the appropriate filters. Experiments were carried out in glass bottom 24 well plates (MatTek
Corporation, Ashland, MA), where diluted particle solutions (0.0082% wt/vol) were added to 1 mL
of synthetic mucus to a final concentration of 3% (v/v) (final particle concentration, 8.25 x 107%
wt/vol) and incubated for 2 hours before microscopy. Movies were captured with the camera at a
temporal resolution of 181.8 ms for 20 s. A software plugin from Image J was used to analyze the
positional data in the x and y direction for individual particles. The coordinates of nanoparticle
centroids were transformed into a time-averaged mean square displacement (MSD), calculated as
<Ar¥(t)> = [x(t+1) — x(t)]* + [y(t+1) — y(t)]%, where x and y represent the nanoparticle coordinates at
a given time and 7 is the time scale or time lag. The effective diffusivites (Dmucus) of particles in
mucus can be calculated from MSD = 4Dmucus T, Where 7 is the time scale. All effective diffusivities
in mucus were calculated at a time scale of 1 second. Theoretical diffusion coefficients in water
(Dwater) are calculated based on the Stokes-Einstein equation, Dyaer = kT/6mpa, where k is the

Boltzmann’s constant, T is temperature, p is the viscosity of the medium, and a is the particle radius.

6.3 Results and Discussion
Graft-to and graft-from methods were considered for the formation of zwitterionic coated

particles to demonstrate mucus-penetrating capabilities (Figure 6-1). Graft-to methods allow for
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facile conjugation of polymers to the surface and allow for better control over polymer size.
Polymers are first synthesized via atom transfer radical polymerization (ATRP) and then attached to
a particle surface utilizing conjugation chemistries. Conversely, graft-from methods allow for a
higher density of ligands on the surface and allow for greater control over grafting density'**. To
perform graft-from polymerization on beads an appropriate initiator needs to be added to the surface.
Following functionalization with an initiator, particles are grafted with zwitterionic polymer via
atom transfer radical polymerization (ARTP). In this work, we modify carboxylate coated
polystyrene particles that have a fluorescent dye incorporated inside the core to enable particle
tracking experiments. Carboxylate modified polystyrene particles are convenient since they are

amenable to EDC/sulfo-NHS functionalization.
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Figure 6-1. Scheme showing graft-to and graft-from approach to form zwitterionic particles.
(a) Graft-to approach. (b) Graft-from approach.

6.3.1 Polymer Synthesis of CBAA and SBMA

To prepare graft-to polystyrene particles amine-terminated polymers of varying sizes were
synthesized. ATRP was performed in solution to obtain zwitterionic polymers of
poly(carboxybetaine acrylamide) (polyCBAA) and poly(sulfobetaine) methacrylate (polySBMA).
All polymers were evaluated by gel permeation chromatography (GPC) to determine the
hydrodynamic size comparable to PEG standards. Two polymers were synthesized via ATRP:

CBAA-NH> (MW: 25,145 Da, PDI: 1.23) and SBMA-NH> (MW: 3,813 Da, PDI: 1.17).
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Figure 6-2. GPC Chromatograms for CBAA-NH; and SBMA-NH..
GPC chromatograms for (a) CBAA-NH; and (b) SBMA-NH,. CBAA-NH, samples were analyzed on an

Agilent PL Aquagel-OH column at a flow rate of 1 mL/min in PBS. SBMA-NH, samples were analyzed on a
Waters Ultrahydrogel column at a flow rate of 1 mL/min in PBS. Molecular weights were determined based
on a series of PEG standards.

6.3.2 Graft-To Modification of COO-PS Particles
Carboxylate modified polystyrene latex particles having a diameter of 100 nm were modified

with either CBAA-NH»>, SBMA-NH,, or PEG-NH> utilizing a graft-to technique in combination with
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EDC/sulfo-NHS chemistry. If particles were going to be conjugated with CBAA-NH; polymers, the
activated particles were purified by ultracentrifugation to remove any unreacted EDC/sulfo-NHS
which may react with the carboxylate group on the polymer side chain. Conjugated particles
underwent extensive dialysis in PBS and were then characterized by DLS for size and zeta potential.
Bare carboxylate particles (COO-PS) were prepared as a negative control.

The hydrodynamic size (nm), PDI, and zeta potential (mV) of all graft-to particles are
summarized in Table 6-1. All particles displayed very low PDI values less than 0.1 indicating
monodispersity after polymer conjugation. Bare COO-PS beads have a highly negative charge at
almost -49.1 + 1.8 mV. A shift towards a more neutral charge would be expected upon polymer
addition. This is the case with PEG-PS particles which decrease in zeta potential to -1.5 + 0.1 mV
after polymer conjugation. Likewise, SBMA-PS particles decrease in zeta potential to -25.2 £ 0.7
mV. The negative charge remaining is most likely due to poor surface grafting of the SBMA
polymer leaving unreacted carboxylate groups. PEG is able to achieve a zeta potential closer to

neutral since it is a linear polymer and can pack more tightly on the surface.

Table 6-1. DLS of graft-to particles for COO-PS, PEG-PS, SBMA-PS, and CBAA-PS.

Graft-to Particle | Polymer Size (Da) | Hydrodynamic PDI Zeta Potential
Size (nm) (mV)
COO-PS none 123.4+1.0 0.03 £0.01 -49.1+1.8
PEG-PS 5,000 153.1+1.4 0.06 = 0.03 -1.5+0.1
SBMA-PS 3,813 133.3+£0.6 0.02+£0.01 -252+0.7
CBAA-PS 25,145 212.1+£1.5 0.07 £0.05 19.15+1.3

On the other hand, CBA A-PS particles possess a positive charge after surface modification.
This is an unexpected result and is most likely due to the CBAA polymer salting out inside the
polystyrene particle and becoming trapped. In fact, even when no EDC/sulfo-NHS is added to the

polymer conjugation solution, the zeta potential of particles becomes positive and remains positive
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even after extensive dialysis in PBS. Conversely, when SBMA polymer is added to the conjugation
solution with no EDC/sulfo-NHS the zeta potential of the COO-PS particles returns to -49.1 + 1.8
mV after rinsing in PBS. Carboxybetaine polymers are more highly hydrated than sulfobetaine

polymers making them more sensitive to salting-out effects.

6.3.3 Formation of Initiator Coated PS Particles

In addition to utilizing graft-to techniques to form CBAA-PS particles, graft-from techniques
were also explored for particle synthesis. Carboxylate modified polystyrene latex particles having a
diameter of 100 nm were reacted with an amine terminating ATRP initiator through EDC/sulfoNHS
chemistry. The addition of the initiator to the surface can be indirectly monitored by tracking the
zeta potential of particles before and after the reaction. Unmodified particles have a zeta potential of
-49.1 £ 1.8 mV. A range of initiator concentrations from 3 mM to 100 mM (final concentration in
reaction) were tested in order to determine the optimal concentration that allows addition of initiator
without aggregation of particles. Figure 6-3 indicates that as the concentration of initiator increases
the zeta potential of the particles decreases. This is in agreement with the conjugation of initiator to
carboxylate groups on the surface which would replace a negatively charged carboxylate group with
a neutrally charged fert-butyl bromide group. A value of 37 mM ATRP initiator was selected as
optimal for all experiments based on a balance between addition of initiator and size stability of the
initiator coated particle. It was found that it was necessary to include a 0.1% Tween detergent
solution to stabilize the initiator-coated particles from aggregating during dialysis. Following the
addition of initiator, a dialysis was performed in order to remove any unreacted free initiator from

the system.
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Figure 6-3. Modification of COO-PS latex particles with ATRP initiator.
Measurement of hydrodynamic diameter (nm) (left axis, red squares) and zeta potential (mV) (right axis, blue

diamonds) for varying amounts of ATRP initiator in solution (mM) during functionalization of the
carboxylate-modified polystyrene particles.

6.3.4 ATRP Polymerization to Form Graft-From CBAA-PS Particles

Atom transfer radical polymerization of particles was performed to grow
poly(carboxybetaine acrylamide) from the surface. A ratio of 1:1:0.25:2.5 of initiator to copper I to
copper II to ligand were used. Varying amounts of monomer were added in 10 and 20 times excess
of the initiator. Reactions were performed under oxygen-free environments and in the presence of
0.1% Tween detergent overnight.

Particles undergoing ATRP polymerization were evaluated using dynamic light scattering
(DLS) and zeta potential (ZP) in PBS after ultracentrifugation through 30 kDa Amicon molecular

weight cut-off filters to remove unreacted monomer from the solution (
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Figure 6-4). Relatively monodisperse particles were formed from ATRP conditions containing 10:1
and 20:1 monomer to initiator ratios. The average hydrodynamic size of particles under 10:1
conditions was 260.6 + 0.9 nm with a PDI of 0.14 + 0.01 and the average hydrodynamic size of

particles under 20:1 conditions was 291.1 £+ 1.3 nm with a PDI of 0.14 £+ 0.02.
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Figure 6-4. Hydrodynamic size comparison of CBAA-PS after ATRP.
Intensity data from dynamic light scattering of particles in PBS after ATRP with monomer to initiator ratios
of 10:1 (green line) and 20:1 (blue line).

In addition to evidence that polymerization is occurring from dynamic light scattering data,

zeta potential measurements provide further confirmation. As seen in Table 6-2, the zeta potential of

CBAA-PS particles is around 5 mV after final purification into PBS.

Table 6-2. Zeta potential comparison of CBAA-PS to control particles after ATRP.

Monomer to Initiator Ratio Zeta Potential (mV)
10:1 49+0.1
20:1 44+0.2

6.3.5 Further Development of CBAA Coated Particle
Both CBAA-PS graft-to and CBAA-PS graft-from particles displayed aggregation upon
introduction into synthetic mucus. CBAA-PS graft-to particles possessed a positive charge due to
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salting-out of polymer inside the latex beads. CBAA-PS graft-from particles had a nearly neutral
charge, but needed the addition of Tween 20 detergent for stabilization during ATRP. It is likely that
all of the Tween 20 detergent was not removed by dialysis and may cause aggregation of particles in
mucus. The formation of CBAA-PS particles needs to be optimized to form particles with a neutral
charge and an appropriate detergent to be able to accurately assess the stability of these particles in
mucus.

In addition to the development of CBAA-PS particles, diblock polymers consisting of
CBAA-PLGA can be tested as potential candidates for mucus-penetrating particles. These polymers
can be assembled into spherical structures and loaded with a fluorescent dye using nanoprecipitation
methods!'?®. The block lengths of hydrophilic polymer (CBAA) and hydrophobic polymer (PLGA)
can be varied to adjust the size and morphology of structures formed. CBAA-PLGA particles loaded
with fluorescent dye can be evaluated via multiple particle tracking for mucus-penetrating

applications identically to CBAA-PS particles.

6.3.6 Stability of Particles in Protein Solutions

Since, CBAA-PS particle formation was not able to be optimized we decided to proceed with
further testing of SBMA-PS particles. In addition to testing stability in PBS, SBMA-PS and PEG-PS
particles were tested in single protein solutions of 1 mg/mL fibrinogen and 1 mg/mL lysozyme in
PBS. COO-PS particles were evaluated as a control. Particles were concentrated using ultra-
centrifugation filters with a molecular weight cut-off of 100 kDa and then resuspended in protein
solutions. After one hour particle size was assessed using DLS. There was no aggregation observed
for particles after exposure to lysozyme proteins solutions and a slight increase in size after exposure

to fibrinogen proteins (Figure 6-5) for SBMA-PS and PEG-PS particles. The hydrodynamic diameter
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of SBMA-PS particles was 133.3 £+ 0.6 nm for PBS, 143.4 + 0.8 nm for fibrinogen, and 135.7 £ 1.2
for lysozyme. For PEG-PS, the hydrodynamic diameter was 153.1 + 1.4 nm for PBS, 171.2 £ 0.4 nm
for fibrinogen, and 155.6 = 2.0 nm for lysozyme. Finally, for control COO-PS particles the

hydrodynamic diameter was 123.4 + 1.0 nm for PBS, 164.1 + 1.0 nm for fibrinogen, and 2,135.3 +

122.3 nm for lysozyme.
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Figure 6-5. Hydrodynamic size of COO-PS, PEG-PS, and SBMA-PS after exposure to protein
solutions.

Intensity data from dynamic light scattering of particles in the control PBS solution (red line) and after
exposure to 1 mg/mL fibrinogen in PBS (blue line) and 1 mg/mL lysozyme in PBS (green line) for one hour.
(a) COO-PS (b) PEG-PS and (c) SBMA-PS.

6.3.7 Particle Tracking Experiments

Although preliminary stability tests can give an indication of whether particles will be viable
candidates for containing mucus-penetrating properties, it is best to test particles directly in mucus.
A synthetic cervical mucus formulation was prepared for preliminary testing!®*. This synthetic
formulation contains 1% (w/w) guar gum cross-linked with borate ion and 0.5% (w/w) dried porcine
gastric mucin (type III). Natural mucus has varying ranges of viscosity reported in the literature
ranging from 2,840 cp to 10,000 cp for mid-cycle human cervical mucus'*>!%. Rheology
measurements were performed on the synthetic mucus sample in order to ensure the viscosity falls
within the range for natural mucus. The shear rate vs shear stress were measured at 23 °C and 37 °C
and the apparent viscosity was calculated by averaging the individual viscosities at each time point
measured (Figure 6-6). The apparent viscosity was 3,565.2 cp at 23 °C and 2,474.1 cp at 37 °C. The
apparent viscosities are slightly low compared to the average of natural cervical mucus which falls

around 5,000 cp.
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Figure 6-6. Rheology measurement of synthetic mucus formulation at varying temperatures.
Plot of shear stress (dynes/cm?) vs shear rate (1/s) for synthetic mucus formulation at 23 °C (green triangles)
and 37 °C (orange squares).

The synthetic mucus formulation can be used to perform fluorescent multiple particle
tracking experiments to determine individual and ensemble transport properties'*”1%¢. Two
dimensional tracking can provide accurate information on particle behavior if the environment is
locally isotropic. By tracking the x and y positional data of the transporting particles over time, the
mean square displacement can be calculated, in two dimensions, of each particle. This value can then
be used to obtain the effective diffusivity. The values for individual particles can be averaged to
obtain ensemble values.

Particle tracking measurements were performed in synthetic mucus for COO-PS, PEG-PS,
and SBMA-PS particles. Ensemble-averaged geometric mean square displacements (<MSD>) as a
function of time scale are shown in Figure 6-7. Preliminary results indicate that particles coated with
SBMA-PS displayed slightly faster penetration than particles coated with PEG-PS. To further
confirm these results larger sample sizes need to be analyzed to obtain statistical significance (at

least n = 90).
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Figure 6-7. Ensemble-averaged geometric mean square displacements as a function of time scale.
Transport rates of 100 nm modified PS particles in synthetic mucus. Ensemble-averaged geometric mean
square displacements as a function of time scale for COO-PS (blue line), PEG-PS (orange line), and SBMA-
PS (green line).

In addition to calculating the MSD value, the effective diffusivity values in mucus (D) can
be calculated at a selected time scale and compared to the theoretical diffusivity in water (Dw). The
theoretical diffusivity in water (Dw) can be calculated from the Stokes-Einstein equation. The value
of Dw/Dyw can then be compared to reported literature values for PEG-PS particles'®. Results for the
calculation of Din/Dy are found in Table 6-3. Effective diffusivity values were calculated at a time
scale of 1 second. COO-PS particles do not penetrate mucus and have a diffusion rate 1,300 times
slower in mucus compared to their diffusion in water. PEG-PS particles have a diffusion rate 48
times slower in mucus and SBMA-PS particles have a diffusion rate 18 times slower in mucus

compared to water. Literature values report that PEG-PS particles can have diffusion times that are

4-6 times slower than water'®®. The slower values reported for diffusion here may be due to
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insufficient sample size. These results should be considered preliminary and a larger sample size
needs to be evaluated to confirm the results. Zwitterionic coated SBMA-PS particles show promise
as effective mucus-penetrating particles. In the future, particle optimization to achieve a higher

polymer graft density of SBMA and to obtain a zeta potential closer to neutral should be performed.

Table 6-3. Characterization of COO-PS, PEG-PS, and SBMA-PS and their diffusion values.
Hydrodynamic size and the ensemble average diffusion coefficients in mucus (Dmucus) compared to in water

(Dw). Effective diffusivity values were calculated at a time scale of 1 s. Dwaer Was calculated from the Stokes-
Einstein equation.

Particle ‘ Diameter MSD ‘ Dmucus ‘ Duwater ‘ D Do Til.nes slower
(nm) (um?) (um?/s) (um?/s) fueustEmwater in water
COO-PS 122.3 0.012 2.73x 10 | 3.57x 10" 0.0008 1300
PEG-PS 133.7 0.288 6.75x 10 | 327x 10" 0.0207 48
SBMA-PS 129.8 0.807 1.88x 1013 | 3.36x 102 0.0560 18

6.4 Conclusions

The use of zwitterionic polymers is considered as a potential material for mucus-penetrating
particles. Delivering particles through mucosal barriers is a challenging task due to its sticky,
hydrophobic nature and its continual clearance from the body. Zwitterionic polymers have already
proven versatile for many applications where nonspecific adsorption needs to be avoided and is a
promising candidate for mucus penetration. Graft-to and graft-from methods were explored to
modify a fluorescent polystyrene based particle with zwitterionic polymers. The SBMA-PS particles
were shown to be stable in PBS and single protein solutions of fibrinogen and lysozyme. In addition,
SBMA-PS particles were shown to display mucus-penetrating properites. Future work will involve
optimizing the formation of CBAA-PS particles. CBAA polymers should work very well for mucus

penetration when high surface packing densities are achieved. Particles possessing different polymer
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densities and different sizes can be evaluated to determine the optimal coatings for mucus

penetration.
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Chapter 7: Conclusions

This work has discussed the importance of the continued expansion of low fouling materials
for biomedical applications. Rational and combinatorial design approaches to develop peptides as a
new low fouling material are described. Several applications of low fouling peptide sequences are
presented. In addition, the utilization of zwitterionic polymers is applied to improve the properties of
mucus-penetrating particles.

In Chapter 2, zwitterionic principles were used to rationally design a low fouling peptide
sequence composed of alternating charged residues of glutamic acid and lysine (EK). In addition, the
surfaces of human proteins were analyzed to biomimetically design peptide sequences inspired by
nature. The sequence EK was again identified as a prime candidate, in addition to neutrally charged
asparagine (N). These sequences were evaluated for nonspecific protein adsorption by forming them
into peptide self-assembled monolayers on a surface. It was discerned that simply using a cysteine
residue for surface anchoring does not provide a peptide capable of self-assembly into an ultra-low
fouling monolayer on gold surfaces. We identified that inclusion of a rigid, hydrophobic linker is
necessary to allow close-packing of chains. The inclusion of a four residue proline linker in addition
to cysteine (-PPPPC) provides a well-defined secondary structure determined by circular dichroism,
molecular simulations, ATR-FTIR, and XPS. The cell recognition sequence RGD was added as an
example of specific recognition, while maintaining a nonfouling background.

The concept of an all-in-one natural peptide possessing biomolecular recognition, ultra-low
fouling, and surface anchoring functions was applied to a gold nanoparticle system in Chapter 3.
Developing stealth applications for circulating nanoparticles is challenging due to rapid clearance
and potential aggregation upon introduction into the human blood stream. EK-GNPs displayed

stability in high salt, single protein solutions, and undiluted human serum at 37°C for 24 hours. /n
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vitro cell studies show low macrophage cell uptake suggesting EK-GNPs could achieve long blood
circulation half-life in vivo. Importantly, the particles can be functionalized without the need for
chemical conjugation by simply extending the peptide sequence with a specific targeting moiety.
Specific cell uptake is demonstrated by including a cyclic RGD targeting sequence in addition to the
low fouling EK background.

In addition to the development of low fouling peptide-self assembled monolayers and stealth
gold nanoparticles, Chapter 4 proposes the design of an EK-PLGA diblock polymer that can be
assembled to form micelle drug delivery nanocarriers. This platform capitalizes on the complete
biodegradability of poly(amino acids) adding advantages such as low toxicity, easily metabolized
degradation products, and potentially lower immunogenicity as compared to non-biodegradable
stealth polymer systems such as poly(ethylene glycol) (PEG). Several synthesis routes were explored
for EK-PLGA polymer synthesis and nanoprecipitation methods were used to form micelles.

Chapters 2 through 4 exemplify relevant biomedical applications of the rationally designed
EK low fouling peptide sequence. While designing low fouling sequences based on known
zwitterionic principles and inspiration from nature can be successful, these methods are limited to
the analysis of tens of sequences. In Chapter 5 we explore the development of a new combinatorial
screening method to identify novel low fouling peptide sequences. Traditional display technologies
could not be employed due to the interference of nonspecific background binding, so an amine-
modified controlled pore glass substrate platform was developed. Thousands of peptide sequences
can be screened using fluorescently labeled protein followed by confocal microscope evaluation. A
combination of PED and MALDI-TOF can be used to recover the peptide sequences of low fouling

beads. The identification of new low fouling sequences can provide novel insights into the
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fundamental understanding of molecular-level nonfouling mechanisms and the development of new
nonfouling materials.

Finally, in Chapter 6 zwitterionic polymers were considered as a potential material for
mucus-penetrating particles since they have already proven versatile for many applications where
nonspecific adsorption needs to be avoided. Delivering particles through mucosal barriers is a
challenging task due to its hydrophobic nature, densely cross-linked network, and continual
clearance from the body. Preliminary results for poly(sulfobetaine methacrylate) coated polystyrene
particles (SBMA-PS) are presented. The SBMA-PS particles were shown to be stable in PBS and
single protein solutions of fibrinogen and lysozyme. Preliminary particle tracking experiments
indicate that SB-PS can successfully penetrate mucus.

The continual development of new low fouling materials, such as peptides, can provide
attractive alternatives to traditionally used stealth materials such as PEG. Peptides offer advantages
such as well-defined structure, biocompatibility, chemical diversity, and biodegradability. In
addition, zwitterionic polymers can find utility in many fields where the resistance of non-specific

adsorption is necessary, such as in mucus-penetrating particles.
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