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Abstract

Recent studies have shown microarrays to be indispensable for various biological applications,
allowing for high-throughput processing and screening of biological samples such as RNA,
DNA, proteins and peptides using a small sample volume (< 1 pL). Peptoids (poly-N-substituted
glycine oligomers) can be used as a substitute for antibodies as capture molecules, as well as
coatings for slides in antibody microarrays. The ease of synthesis of peptoids, high
customizability with desired bioactivity, and speed of synthesis allows us to build a diagnostic
system with a large dynamic range that can detect biomolecules from a minimal sample size. In
this study, peptoid-based antibody mimics are designed to have both structural and functional
features similar to those of antibodies, including a stable constant region (scaffolding) and a
variable region for protein recognition. Peptoids previously screened via combinatorial library
synthesis to be specific to bind Mdm-2 (mouse double minute 2 homolog) and GST
(gluthathione S-transferase), have been synthesized. The protein recognition peptoids have been
conjugated to PEG (polyethylene glycol) molecules with modified end groups; an amine group
on one end that allows for immobilization and orientation on the slide, and an azide group on the
other end that will allow for attachment to the peptoid through “click chemistry”. The number of
capture molecules printed on the slides can be increased by making the available surface area of
the slide larger via coating with microspheres. We have determined that partially water soluble
peptoids that are also helical, can self-assemble into microspheres. Sequences have been
developed that can consistently produce uniform microsphere coatings on slides that increase the
overall surface area. A high surface area corresponds to a higher number of binding sites, and
therefore a more sensitive system. The work done has shown that slides may be successfully

coated in order to potentially improve the detection system.
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1. Background

1.1 Case for Early Detection of Diseases Such as Cancer

Early screening for cancer attempts to detect the presence of cancer before the presence of
symptoms. Symptoms of cancer vary with the type of cancer, and often present themselves as
symptoms of other diseases, which can make accurate diagnoses very difficult. A large
proportion of patients diagnosed with lung, colorectal, and breast cancers already have localized
or metastasized malignant masses at the time of diagnosis [1]. The survival rates of patients of
advanced cancer are significantly lower than those of patients whose cancers are diagnosed early
[1]. Cancer can be a debilitating condition, not only for the patient but also for the patient’s
family and loved ones. It also comes with a huge economic burden. The National Institutes of
Health (NIH) estimated that the total cost of cancer including medical expenses and cost of lost
productivity at $171.6 billion in 2008 [2]. As important as it is to research effective methods for
treating advanced stages of the ailment, there is a strong case for developing early detection
methods. The combination of earlier diagnosis with current available treatment methods can
have a profound impact on patient survival.

The method used for screening may vary based on the type of the disease. Universal screening of
high-risk populations can be an effective approach to control. For screening to be practical, these
tests should have a high accuracy of detection without concomitant false positives, treatment
after early detection should improve prognosis, and the harms and costs of screening should be
alleviated by the benefits afforded [3]. It can include blood analysis, urine testing, and various
imaging techniques. Despite the obvious benefits of screening, there are some significant
drawbacks. False positives lead to invasive procedures, increasing the chances of other

complications and false negatives would allow the condition to progress unchecked.



Success of early detection can be dependent on identification of appropriate biomarkers.
Biomarkers are identifiable and measurable molecules whose presence and concentration
correlate to the physiological state and behavior of the organism [4-6]. They include proteins,
carbohydrates, mutated genes, RNA, and small metabolites, which can be found in blood, urine,
and other body fluids [7]. It is possible to rapidly screen for changes in gene expression in cancer
cells due to a rapid expansion in genomic-based technologies [8]. Biomarkers can be present in
the body much earlier than any symptoms are displayed, or tumors being visible [9-12].
Biomarkers for various cancers have been elucidated, including those for pancreatic cancer [11,
13, 14], breast cancer [15, 16], and bladder cancer [17]. Cancer, however, is a heterogeneous
condition, and therefore, single biomarkers would not provide sufficient information about the
cancerous tissue type, stage, and progression of the disease if present. Therefore, panels of

biomarkers are needed in order to reliably test for the cancer of interest.

Identification of reliable biomarkers is only part of the equation. Following biomarker
identification, reliable assays need to be developed in order to detect these biomarkers from
patient samples and quantify them. Detection of these proteins can not only help effective
diagnosis but also help determine the most appropriate treatment [10]. Unfortunately, it is
difficult to analyze various proteins with small sample volumes in a clinical setting. Microarrays

may be used for such assays.

1.2 ELISA Microarrays

ELISA (Enzyme Linked Immunosorbent Assay) is one of the most widely used techniques for

determining the presence and amount of a specific protein in a biological sample [18]. It is one of



multiple antibody arrays that can be used for rapid detection of biomolecules in numerous
samples [18, 19]. A microarray is a two-dimensional array on a solid substrate that can assay
multiple analytes from biological material in parallel, while using a miniscule amount of
biological probes [20-22]. There are various types of microarrays including DNA microarrays,
protein microarrays, ELISA microarrays (a sub-type of protein microarrays, that typically uses
antibodies for molecule detection), and carbohydrate arrays. ELISA microarray technology holds
immense potential for the profiling of proteins specific to several diseases and conditions [23-
25].

The assay employs printing of various individual antibodies that are specific for the desired
targets in an ordered pattern onto a solid support. The antibody binds specifically to the analyte
of interest (a biomarker, in this case) that might be present in the sample. The binding can be
indicated by fluorescence when the identifying antibody is conjugated to a fluorescent marker.
This fluorescence indicates the presence of the target molecule, and its intensity may be used to
quantify the concentration, which is done by comparing the intensity against a standard curve.
Sandwich ELISA (a subtype of ELISA) microarray, as seen in Figure 1 employs a pair of

antibodies, both of which have a high affinity for the target protein.
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Figure 1 Schematic of Sandwich ELISA Microarray

The antibodies have different epitope specificities, allowing both antibodies to be able to bind
strongly with the same molecule non-competitively. The antibody that directly attaches to the
substrate is referred to as the capture antibody. The second antibody, known as the detection
antibody, is labeled with a fluorescent tag. The signal from this fluorescent tag may be enhanced
using an amplification step [10]. The microarrays are incubated with low volumes of sample, and
the presence of the analyte is visualized, usually by using fluorescence. Using a calibrant such as
GFP (green fluorescence protein) to normalize the data, the analyte concentration can be
determined using standard curves of intensity versus concentration [26].

Multiple factors need to be taken into account when designing the microarray:

1) An ideal surface allows for a high signal to noise ratio for the analyte of interest as well
as helps in reducing non-specific binding [22, 23, 25]. In order to fabricate a microarray,
the surface substrate needs to be engineered so that these desirable properties are

obtained.



2) Capture/binding molecules need to be highly specific and have strong binding affinity
while displaying minimal cross-reactivity [23].
3) The detection method should have high sensitivity, accuracy, and a wide dynamic range

[25].

Peptoids (poly-N-substituted glycines) may be used as coatings as well as capture molecules

in slide ELISA-type microarrays.

1.3 Peptoids (Poly-N-substituted Glycines)

Peptoids are peptidomimetic molecules that share a similar structure to peptides and are able to
emulate their biological activity [27]. Structurally, they are similar to a-peptides but have the
side chain attached to the nitrogen atom of the backbone instead of the a-carbon (Figure 2). This
structural modification causes a loss of backbone chirality and removes the ability to form
hydrogen bonds, which help stabilize the secondary structure in peptides [28, 29].

Circular dichroism (CD) analysis for a peptoid pentamer displayed minima at 207 nm and 221
nm, and a maximum at 190 nm, which is similar to those observed in the spectrum of a peptide
a-helix [29]. Therefore, using chiral side chains in the primary sequence, a helical secondary
structure may be induced [30]. Steric hindrances and electrostatic interactions between the side

chains stabilize the secondary structure [31].
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Figure 2 Structural comparison of peptide and peptoid molecules

Wau et al. studied the chain length dependence of peptoid structure with chiral, aromatic side
chains [31]. Their data corroborates that a helical structure is observed in peptoid oligomers that
have as few as five monomers [32]. Their research helped establish some general guidelines for

the formation of stable peptoid helices:

1) At least 50% of the side chains need to be chiral and aromatic,
2) Inclusion of a chiral, aromatic side chain at the C-terminus helps stabilize the helix,
3) A helical face that is comprised of chiral, aromatic side chains stabilizes the secondary

structure [32].

Peptoids are synthesized in a modular, sequence-specific manner on a solid scaffold support
(such as Rink amide resin) using an automated peptide synthesizer that has been slightly
modified to accommodate the change in chemistry [33]. The submonomer synthesis technique

allows for addition of a diverse group of side chains as primary amines [33]. Figure 3 depicts a



schematic of the synthesis.
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Figure 3 Schematic representation of peptoid synthesis on Rink-amide resin

1.3.1 Peptoids in Microarrays

Peptoid synthesis is modular, and their biological activity is sequence based. Since peptoids form
stable molecules, and can be modified to exercise control over their physical and chemical
properties, it is possible to customize their binding activity for proteins of interest such as certain
biomarkers [33-36]. Therefore, for a sandwich ELISA assay, peptoids can prove to be effective
replacements for antibodies.

A direct sequence transformation from peptide to peptoids may not yield the desired activity or
specificity [27]. Peptomers and peptoids have been synthesized on membranes allowing the
design of sequences with the same biological activity as a peptide of interest [37, 38]. There are
many ways to quickly and easily isolate protein ligands from large peptoid libraries, allowing for

quickly developing a library of peptoids that are specific to bind the desired analyte [39, 40].



Working with a large combinatorial library, Alluri et al. were able to isolate multiple peptoids
(immobilized on beads) that bound with high affinity and distinct specificity to the proteins,
Glutathione-S-transferase (GST, kD = 62 uM) and human mouse double minute 2 (Mdm2 is a
negative regulator of p53 function, making it a viable target for anti-cancer drugs, kD = 37uM)
[39]. These peptoids can be used as capture molecules in place of antibodies on a slide ELISA
assay. These capture molecules can be used for detection of low concentrations of proteins,

hence allowing for early detection.

1.3.2 Advantages of Using Peptoids

Peptoid affinity reagents can possess a significant advantage over antibodies in microarrays. A
typical antibody molecule is roughly Y-shaped, with three equal-sized portions, connected by a
flexible link. Antibodies are fairly large molecules, with an average molecular weight of roughly
150,000 Da [26, 51]. On the other hand, a peptoid with analogous binding affinity can be as
small as 945 Da [39], which is several orders of magnitude smaller in size. This allows for many
more peptoids to be printed within a given area than antibodies, even when attached to a linear
linker as large as 10 kDa. Taking into account the smaller size as well as linear shape of the
molecule, this translates into an enormous increase in binding sites on the slide, and therefore
should correlate with a greater dynamic range. Another advantage of having increased binding
sites is the possibility of having smaller spots, and therefore allowing a larger variety of affinity
peptoids to be printed, and thus, screening for a larger pool of analytes from a single sample. Of

course, care would have to be taken to avoid issues with cross reactivity.

1.3.3 Modifying Slide Surface with Peptoids



In addition to engineering a peptoid analog for antibodies to certain analytes, it is also possible to
improve the system by modifying the surface chemistry of the glass slide. One way to
accomplish that is to increase the available surface area on the slide by coating with

microspheres, which would allow for more capture molecules to be printed (Figure 3).

AVAAVS

Figure 4 More antibodies can be attached to a curved surface as compared to a flat surface

Many peptides that have short sequences with aromatic side chains tend to self-assemble into
microstructures under certain solvent or temperature conditions [41]. This research has been
extended to peptoid structures which have been found to self-assemble into a variety of
structures [42-44]. The effects of partial water solubility, helicity, charge distribution, and side
chain bulk on multiple peptoid sequences were examined in order to study self-assembly of
sequences into supramolecular structures [45]. This makes it possible to tune the peptoid
structure to form the desired microsphere structure, when under optimal physical and chemical

conditions.

2. Determining effect of side chain chemistry and sequence on formation of peptoid

microspheres



2.1 Rationale

Reches and Gazit synthesized peptide sequences with short aromatic side chains that self-
assembled spontaneously into closed-cage nanospheres when diluted from an organic solvent to
an aqueous one [41, 46]. The ability of short peptides to form these assemblies allows for the
possibility of the same being done with peptoids. Previous studies in the Servoss group have
shown that it is possible to design peptoid sequences that self-assemble into spheres under
specific conditions. Deposition of the peptoid in a mix of organic/aqueous solution on a silicon
microchip leads to the formation of spheres due to the partial water solubility of the molecules in
the solvent. We chose to employ peptoids to build these microspheres because they are
inexpensive to synthesize, they form stable structures, and their modular synthesis allows for
ease of scale-up as well as high customizability [29, 33]. They are known to self-assemble into
multiple different tertiary structures such as crystalline sheets, ribbons, superhelices, and
nanosheets assembled from monolayers [41].

2.2 Preliminary Data

Partially hydrophobic peptoids that have been previously synthesized in the Servoss lab were
shown to self-assemble into microspheres when dissolved in an organic/water solution and
allowed to air dry on a solid substrate. The peptoid microspheres were formed on both silicon
wafers and glass slides. The structures shown in Table 1 were previously studied by Hebert [47].
P4 was designed to determine whether peptoid helicity was a requirement for self-assembly into
microspheres. P4 has the same side chains as P3, but lacks the chiral center found on the
aromatic side chains that induces helical secondary structure. It is partially soluble in water, but

lacks the ability to form a helical structure. The charge states of those peptoids were determined

10



by pKa values of the amino acid side chains, and the measured pH of the organic/aqueous

solutions used (ranging from 3-4) [47, 48].

Table 1 Peptoid structures with molecular weight (MW), and percent acetonitrile elution

from analytical HPLC (% Elution) [50]

Name | Structure Properties
P1 2““5 " Helical, positive
i qN i q B OQN i i ?0 groups near C-
é 2 @ @ o @ terminus, negative
HaN groups near N-
MW: 1865 Da, % Elution: 80.6
terminus
rP2 %NHE Helical, negative
: \ OJY \N 0 \\\ )8 \N o | groups near C-
j}o @ @ 2 @ b terminus, positive
o group near N-
MW: 1865 Da, % Elution: 83.8 .
terminus
P3 5 q 5 @\ @\ Helical with 3" face
NHYNVOLNWQVOL WNVOL WNVMOL AF‘N . WNQCL containing positively
T T N 0‘ ..... ) N T N O‘ N T INH,
@ 2 @ 2 charged and aromatic
3 3 ether groups
MW: 1919 Da, % Elution: 82.4
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Name | Structure Properties

P4 ) 5 Non-Helical
;%u%u oY e S
©) ° ©) o 2 ©) o ©) 2 o

MW: 1807 Da, % Elution: 75.0

P3 and rP2 formed microspheres when allowed to dry on silicon chips after dissolved in a 50:50
organic:aqueous solvent, while the other sequences did not do so. These experiments examined
the effects of hydrophobic and aromatic stacking interactions with the organic/aqueous solution,
with the hypothesis that the tertiary structures will be determined by the lowest energy structure
that can conceal the hydrophobic faces of the helical peptoid, allowing the polar faces to be on

the outside and interact with the aqueous solvent [47].

2.3 Charge Placement and Side Chain structure

The effect of charge placement, and side chain structure on formation of microspheres had to be
examined more closely. The following peptoids were designed to examine these factors (Table

2).

12



Table 2 Peptoid structures with molecular weight (MW), and percent acetonitrile elution
from analytical HPLC (% Elution) [50]

Name | Structure Properties

wP1 s Acetylated

@ i ©\ 0 % o TN oI §° version of P1
@ o @ (reduced

o 2%“%%
hydrophobicity)

MW: 1823 Da % Elution: 76.0

rP1 o % Reversed
s e Lt e
MW: 1865 Da, % Elution: 81.1

P2 & Reversed

)()L@\QOLCR o oq Om sequence as rP2

ettt i et

MW: 1865 Da, % Elution: 83.9

+
HaN

Sequences “wP1” and “P1” are similar with the only difference being that the N-terminus of P1
is acetylated. This modification to the structure reduced hydrophobicity of P1 and complete

solubility in water. Sequences wP1, rP1, P2 and rP2 were designed in order to compare them to
P1 and P2 in order to determine the effect of charge distribution and side chain structure on the

desired self-assembly into microspheres.

13



2.4 Materials and Methods

The peptoid sequences were synthesized using the submonomer protocol on an ABI 433A
(Biolytic Lab Performance Inc, Fremont, CA) automated peptide synthesizer. Rink amide resin
(substitution ration ~0.56 mmol/g) was initially swelled with dimethylformamide (DMF, Fisher
Scientific), and the Fmoc protecting group on the resin was removed using a 20% solution of
piperidine (Sigma Aldrich) in DMF. The secondary amine was acylated with the addition of 1.2
M bromoacetic acid (BAA, Sigma Aldrich) in DMF, catalyzed with N, N’-diisopropyl
carbodiimide (DIC), and mixing and vortexing for 1 hour. The reaction vessel was drained, and
resin rinsed with DMF to eliminate leftover reagent. The desired side chain needed for the
sequence was added by delivering 1 M of the primary amine in DMF, and incubating with
intermittent vortexing for 90 minutes. The bromoacetylation and amine addition steps were
repeated until all side chains were added. The N-termini of P1, rP1, P2, and rP2 were acetylated
with 50-fold molar excess of acetic anhydride in order to increase their hydrophobicity. After the
synthesis was completed, the resin was washed three times with dichloromethane (DCM, Fisher
Scientific) in order to remove residual impurities and allow it to dry. The product was cleaved
from the dried resin using a mixture of 95% trifluoroacetic acid TFA, 2.5% water, and 2.5%
triisopropylsilane (T1S) for 10 minutes. The acid was removed using a Heidolph Laborota 4001
rotating evaporator (Elk Grove Village, IL), and the samples suspended in a 50:50 solution of
acetonitrile:water to achieve a concentration of ~3 mg/mL. The peptoids were purified using a
Waters Delta 60 preparative HPLC (Milford, MA), with a Duragel G C18 150x20 mm column

(Peeke Scientific, Novato, CA), at a gradient of ~1%/min (gradient was adjusted for optimal
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separation) using solvents A and B (A: water, 5% acetonitrile, 0.01% TFA; B: acetonitrile,
5%water, 0.01% TFA). Purity of >97% was confirmed by analytical HPLC (Waters Alliance,
Milford, MA) using a Duragel C18 150 x 2,1 mm column (Peeke Scientific, Novato, CA), and a
linear gradient of 5-95% acetonitrile in water, over 30 min. Molecular weight (MW) of purified
product was measured using MALDI-TOF mass spectrometry (Bruker Daltonics Ultraflex 11,
Billerica, MA). The measured molecular weight matched the expected mass of the molecule,
hence confirming successful synthesis. Purified solutions were dried using a Labconco lyophilzer
(Kansas City, MO).

Circular dichroism (CD) was performed using a Jasco J-715 (Easton, MD) at room temperature,
with a path length of 0.1 cm and a scanning speed of 20 nm/min. The samples used for CD were
dissolved in pure methanol at a concentration of ~100-120 pM. Each spectrum was the average

of twenty accumulations.

SEM was performed using a Phillips XL-30 environmental scanning microscope (FEI,
Hillsboro, OR). Microsphere peptoid solutions were placed on 1cm x 1cm silicon wafer chips
allowing the solution to coat the surface completely with a volume between 20-50 pL, and left to
dry in open air by placing the chips in a Petri dish, and letting the solution evaporate on the lab

bench top at ambient conditions.

2.5 Results and Discussion

P3 was designed to show that it is feasible to coat slides for biosensor applications. It was
synthesized with alternating positively charged and aromatic ether groups on the third face of the
helix. The aromatic groups increase bulkiness, and contribute to the partial water solubility. All

sequences except P4 were designed to have a helical secondary structure. Their helicity was
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confirmed by circular dichroism (Figure 5). The spectra of the sequences present poly-proline
type-1-like helical secondary structures, with characteristic minima at 200 nm and 220 nm. P2
and rP2 formed microspheres with average diameters of 0.46 £ 0.19 pum and 0.34 £ 0.19 um
respectively. P1, rP1, P4 and wP1 did not form microspheres. The SEM images of P1, rP2, P3,
and P4 (Figures 6-9) were taken from samples prepared by Hebert as part of her Master’s thesis

[48].
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Figure 5 Circular dichroism spectra of P1 (black), wpl (blue), rP1 (red), P2 (green), rP2
(yellow), and P3 (purple). The spectra show a poly-proline type-1-like helical secondary
structures [50]
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Figure 7 SEM image of P4, 3 mg/mL in 4:1 ethanol/water [50]
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Figure 8 SEM images of P1 (A), P2 (B), rP1 (C), and rP2 (D). All samples dissolved in 4:1
ethanol/water at a concentration of 3 mg/mL [50]

Figure 9 SEM images of P3. 3 mg/mL, 4:1 ethanol/water Scale bar: 20 um [50]

The results suggest that for the concentrations and solvent used, partial water solubility, charge

placement and side chain bulk play an important role on the formation of peptoid supramolecular
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structures. The non-helical control sequence (P4) did not form spheres. P4 was designed as a
non-helical peptoid with a sequence similar to the helical P3. This shows that helical content is a
contributing factor in the formation of microspheres. The stacking of the aromatic groups on the
two faces of the peptoid helix is most likely responsible for the formation of spheres, as seen in
figure 9. The formation of such structures has been previously linked to such stacking in peptides

as well as peptoids [41, 46, 48].
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Figure 10 Schematic Representation of peptoid microsphere formation [50]

|
f-(
11

' W

[

The microspheres formed range in size (diameter) from ~0.3 — 3 um. This is much larger than
the size of a single peptoid helix (~24 A). We hypothesize that the molecules are accumulating
with one another along the length of the helical axis, which then assemble into stable
microspheres through aromatic stacking and hydrophobic effects. When dissolved in the
ethanol/water solvent, aromatic groups will be hidden in the core of the spheres, while most of
the polar groups will be exposed to the solvent in order to form the lowest energy structure.
Microspheres formed by P3 were approximately ten times larger than those formed by rP2. The
MW difference between the two peptoids is 54 Da. The fewer number of peptoids in the rP2

spheres can be explained by the interactions between the charged groups and the polar solvent.
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Based on the results, we have learned what parameters can be adjusted in order to tune the
formation of microspheres. This can be done by selecting side chains with the desired properties
on the third face of the peptoid helix. Using negatively and positively charged groups, where the
negative side chain is chiral, compels the formation of small microspheres. Using bulkier,
aromatic side chains leads to the formation of larger microspheres. Combining these side chain
permutations with varying peptoid lengths makes it possible to tune the formation of peptoid
microspheres with the desired diameter and surface chemistry for multiple applications. One
such application would be as a coating for slide microarrays in order to increase available surface

area with customized chemistries.

3. Effect of Solvent Selection on Slide Coatings [46]

3.1 Rationale

We have been able to successfully synthesize peptoid sequences that self-assemble into
microspheres. Multiple sequences were synthesized and we were able to study the effect of
helical structure, charge placement, and side chain bulk on the formation of the microspheres as
well as the size of the spheres formed. One application of these self-assembling microspheres

would be to use them as coatings for slide microarrays. An ideal coating should provide:

a) A high surface area allowing for an increased number of binding sites
b) Resistance to biofouling, and

c) Easily customizable chemistries.

Peptoid (poly-N-substituted glycines) sequences that self-assemble into microspheres are a
suitable candidate for the desired coatings. The effect of multiple protocols on the uniformity of
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peptoid microsphere coatings was examined. Type of solvent, administration technique, and
drying methods were varied. The variation in uniformity of the microsphere coating was

examined to determine the ideal coating technique.

3.2 Preliminary Work

Previous work had been done by Hebert et al. on the effect of application technique and drying
method used. Two peptoid sequences, rP2 and P3 (figure 10) that formed microspheres in

previous experiments were chosen for the study.
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Figure 11 Chemical structures of peptoids rP2 (top) and P3 (bottom) [46]

Sequences rP2 and P3 both have two chiral, aromatic functional groups that induce a secondary
helical structure. The third face contains negatively or positively charged groups in rP2, and

aromatic ether groups and positively charged side chains in P3.
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3.3 Methods and Materials

Peptoids were synthesized, characterized and purified using the same methods and materials as
elucidated in section 2.4. The dried, purified peptoids were dissolved in a 4:1 organic:water
solution, the organic solvents being methanol, ethanol, isopropanol, and acetonitrile. The
solutions were dried on silicon wafer chips (~1cm x 1cm) using a combination of administration

and drying techniques enumerated in Tables 3 and 4 [46,48].

Table 3 Administration Techniques Used [46]

Administration Technique Description

1 Pipette Spot Small volume (~5 pL) placed in middle of

chip using a pipette.

2 Full Coverage ~20-50 uL applied to chip via pipette and

fully coating the surface.

3 Dip Submerging chip in the sample and removing

it vertically.
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Table 4 Drying Methods Used [46]

Drying Method

Description

1 Open Air

Chips placed in an uncovered Petri dish and

allowed to dry at room temperature.

2 Humidity Chamber

Chips placed in a closed container with a

constant humidity of 60% and allowed to dry.

3 Vacuum Chamber

Chips placed in a sealed chamber and house

vacuum applied to it until dry.

Three different protic solvents and one non-protic solvent were employed in order to examine

their effectiveness in inducing uniform, robust coatings. Protic solvents help stabilize the

secondary helical structure of peptoids via hydrogen bonding. Therefore, it was expected that

they would yield more stable structures. To test the solvent performance, both peptoids were

dissolved at a concentration of 3 mg/mL in the solvents shown in Table 5.

Table 5 Solvent Conditions

Organic Solvent

Solvent Type | Organic:Aqueous

ratio
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1 Methanol Protic 4:1

2 Ethanol Protic 4:1
3 Isopropanol Protic 4:1
4 Acetonitrile Aprotic 4:1

The coatings were analyzed using a Phillips XL-30 (FEI, Hillsboro, OR) environmental scanning
electron microscope (ESEM) in order to visualize the chip morphology and establish what
methods yield the best (most uniform and robust) coating on the chip. This study was a
continuation and addendum to work performed by Hebert in 2012 [47]. Hebert’s work concluded
that substrate coating method as well as drying had a large effect on how uniform the coating
was. Consistent coating was obtained by spot technique and full coverage [48]. The

administration, and drying methods were explored by Hebert.

3.4 Results and Discussion

Based on previous studies, we are aware that both sequences should self-assemble into
microspheres. The SEM images of P1, rP2, P3, and P4 were taken from samples prepared by
Hebert as part of her Master’s thesis [48]. P3 forms spheres about 10 times larger (3.2 £ 1.6 um)
than those formed by rP2 (0.34 + 0.19 um). We believe that this is due to the negatively and

positively charged side chains on rP2 to form a tighter assembly.
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Figure 12 SEM images of rP2 (A-D), and P3 (E-H) in the 4:1 organic/water solution:
methanol (A and E), ethanol (B and F), isopropanol (C and G), and Acetonitrile (D and H)
[45]

The SEM images in figure 11 show that both peptoids form microspheres in all the protic
solvents, which reinforces our hypothesis. Uniform coverage is seen with both ethanol and
isopropanol. The spheres formed with methanol are not uniformly spread on the surface. rP2
forms spheres in acetonitrile as well but the coverage is spotty and the spheres don’t have a
consistent size. P3 did not form any spheres in acetonitrile. Therefore, we can confirm that protic

solvents yield a uniform coating of the peptoid microspheres
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Figure 13 SEM images for rP2 (A-C) and P3 (D-F). Administration techniques were pipette
spot (A and D), full coverage (B and E), and dipping (C and F). The peptoids dissolved in
4:1 isopropanol:water and allowed to dry in an open dish at ambient conditions [45]

The SEM images (figure 12) demonstrate a noticeable difference in uniformity of microsphere
coverage between the administration techniques used for both the peptoid sequences. Both
pipette spot as well as full coverage resulted information of microspheres. However, only the full
coverage method yielded a consistent, uniform coating for both rP2 and P3. The dip method did
not produce distinct microspheres let alone yield a uniform coating. This suggests that the
peptoid spheres do not attach to the surface until the solvent starts evaporating from the surface.
Therefore, we can determine that the full coverage technique is ideal for the formation of a

uniform microsphere coating.
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Figure 14 SEM images for rP2 (A-C), and P3 (D-F), using the drying techniques: open air
(A and D), humidity chamber (B and E), Vacuum Chamber (C and F). The peptoids were
dissolved at 3 mg/mL in 4:1 isopropanol:water and administered via full coverage [45]

The open air environment had a drying time of about 1 hour, the humidity chamber (60%) had a
drying time of 3-4 hours, while the vacuum chamber had a drying time of ~ 5 minutes. Both rP2
and P3 formed uniform coatings in open air conditions. The vacuum chamber (fast drying) as
well as the humidity chamber (slow drying) yielded poor formation of uniform coatings. It was
observed that in the humidity chamber, both peptoid solutions started drying inwards from
outermost edges of the chip. The increased microsphere density at the center supports that
observation. The rapid drying in the vacuum chamber led to a spotty coating with rP2, and no
microspheres were formed with P3 at all. Therefore, we can associate open air drying with an

ideal coating.

In addition to the work done by Hebert, the drying times for the peptoids were measured, and a
more robust vacuum system for drying was built to test the effect of the vacuum. The work on

the aprotic solvent mixture was also performed independently with the full coverage method
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using all three drying methods in table 4 in order to establish the importance of solvent selection.
The conclusions obtained in this study were used to optimize the techniques used to obtain the

data in section 2.4.

Based on these results, we can conclude that the best coatings are obtained with using a protic

solvent, applying the peptoid solution using the full coverage technique, and drying in open air.

4. Peptoids as Capture Affinity Reagents

4.1 Rationale

Current biomarker validation technology uses DNA, single-stranded oligonucleotides and
antibody (monoclonal 1gG) probes immobilized on slides. Single-chain antibodies have been
shown to be a more effective alternative to monoclonal 1gG because their smaller size allows for
a higher density placement on arrays [29, 48]. They possess the variable light and heavy-chain
regions from 1gG that are connected by a short linker. However, since they lack disulfide
linkages and constant domain, they usually have a lower structural stability, which is a
significant drawback for immobilization on a slide [50]. This issue may be addressed by the use

of N-substituted glycines (peptoids) [29] as capture agents on the microarray surface.

It is possible to design peptoid sequences that exhibit binding activity similar to that of
antibodies. Alluri et al. have discovered sequences that bind to GST (glutathione-S-transferase)
and mdm-2 (mouse double minute-2), when the peptoids were immobilized on a bead. Our goal
is to develop a peptoid based biomolecule detection system that can be used to efficiently and

rapidly screen for biomarkers. Therefore, in addition to microsphere coatings, we can also
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employ peptoid based molecules that can be used for immobilizing an analyte of interest on a

slide in order to perform a qualitative as well as quantitative assay.
4.2 Peptoid DS1 to bind GST

Peptoid DS1 (Fig. 15) is a slightly modified sequence from the GST-binding peptoid discovered
by Alluri et al. [40]. The modification is addition of an alkyne group (by addition of a
propargylamine side chain) to the N-terminus. This allows for the addition of a functionalized
amine-.PEG-azide group via copper catalyzed click-chemistry (technique in appendix B). The
PEG is added to the peptoid in order to provide a linker to the slide, helping reduce steric
hindrances from the molecule being too close to the surface of the slide when printed. Also, the

linker helps orient the peptoid in the appropriate direction.

H,N o—/

Figure 15 Peptoid DS1 designed to bind specifically to GST, MW: 1040 Da
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Figure 16 MALDI spectrum of peptoid DS1, MW: 1040 Da

Figure 16 shows the MALDI spectrum of purified peptoid DS1 indicating the expected
molecular weight of 1040 Da. Figure 17 is the analytical HPLC trace (214 nm) of a 1 mg/mL

solution in 50:50 acetonitrile/water solvent, run at a gradient of 5-95% acetonitrile over 30

minutes on a C-18 column.
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Figure 17 Analytical HPLC trace of Peptoid DS1 (5-95% Acetonitrile, 30 mins, C-18)

Figure 18 SPR response curve of channel with immobilized GST after addition of PEG-

DS1
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Positive binding was confirmed (indicated by the increase in response units as seen in Figure 18)
when the PEG-DS1 construct (45 pg) was allowed to flow over the GST-bound surface.

Therefore, we know that the construct is able to bind to the protein of interest.

4.2.1 Methods

The peptoid with the alkyne end group (from propargylamine), and the PEG molecule were
individually dissolved in a 1:1 solution of t-BuOH/water to a concentration of roughly 4 mM. To
a round bottom flask equipped with a magnetic stirrer, equimolar amounts of both compounds
were added, along with 2x molar solution of L-(+)-sodium ascorbate, and 0.5x molar solution of
CuS04.5H20. The reaction mixture was stirred overnight under nitrogen. When the reaction was
completed, the reaction mixture was dialyzed in Slide-A-Lyzer (molecular weight cut off: 10
kDa) dialysis cassettes (Pierce, Rockford, IL) for 3 days in a 9:1 water/ethanol solution (1 L).
The solvent was changed after 2 h, 4h, 1 day, and 2 days. The sample remaining in the dialysis
cassette was lyophilized, and resuspended to a concentration of 0.8 mg/mL in PBS (NERL
Diagnostics).

The PEG-DSL1 construct was purified after click chemistry by dialysis using a membrane with a
molecular weight cut off (MWCO) of 2000 Da. A COOH-2 SPR chop (SensiQ, Oklahoma City,
OK) was activated by flowing 100 mM N-Hydroxysuccinimide (NHS) and 50 mM
ethyl(dimethylaminopropyl) carbodiimide (EDC), both in in HEPES buffer. GST (10 pg) was

then bound to the chip by allowing it to flow over the activated chip.

4.3 Testing PEG-DS1 on Microarray Slides

The PEG-DS1 construct was then tested in a slide-microarray setting. Lysine coated glass slides

were treated with a homobifunctional crosslinker in order to create a binding surface for the
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peptoid. For this purpose, DSS (disuccinimidyl suberate, Pierce, Rockford) was used. The
amount of DSS needed for a final volume of 0.2 mg/mL was dissolved in 0.5-1.0 of DMSO
(dimethyl sulfoxide, Fisher Scientific) in order to facilitate its solubility in methanol. The
appropriate volume of HPLC-grade methanol (Fisher Scientific) was placed in an incubation
chamber, and the DSS-DMSO solution was added to it.

Slides were placed in a slide rack, and immersed in the solution for 5 minutes at room
temperature. The slides were then rinsed twice in fresh HPLC-grade methanol and centrifuged
dry at 500xg for 30 seconds in an Eppendorf centrifuge 5430 (Beckman Coulter, Indianapolis,

IN) designed to spin multi-welled microplates.

4.3.1 Experimental Method

For this experiment, we were comparing the PEG-DS1 constructs to commercially available anti-
GST monoclonal antibodies (Rockland Immunochemicals, Gilbertville, PA). PBS (phosphate
saline buffer) was used as a negative control. A-647 (Alexis-647) was used as a positive control.
Unconjugated peptoids, and just the PEG scaffolding were also used as controls in order to
confirm sequence-specific binding. Anti-GFP (green fluorescent protein) antibody was printed

on the slide as well in order to be able to use GFP as a quantitative calibrant.

All capture molecules were suspended in PBS to a concentration of 0.8 mg/mL. 15 pL of each
solution was dispensed into a 384-well flat bottom plate in the order they were to be printed.
For spotting the molecules on the slide, the non-contact printer GeSiM NanoPlotter 2.1 (GeSiM,
Bautzner Landstral3e, Germany) was used. An external humidifier was employed in order to

maintain humidity at ~60%, and the plate cooler was set at 15 °C, which was 1-3 °C above the

33



dew point. This was done in order to prevent condensation on the slides and evaporation of

capture reagents.

After printing, the slides were left in the printer at 60% humidity for one hour in order to allow
for completion of the immobilization reaction. Following that, the slides were imprinted with a
wax printer in order to create hydrophobic barriers between blocks of arrays. The slides were
then immediately immersed in a 10 mg/mL casein in PBS block solution (Bio-Rad, Hercules,

CA) for an hour at room temperature in order to block non-specific binding sites.

The slides were then immersed in a 0.05% solution of Tween 20 (Sigma Aldrich) in PBS (PBS-
T), and incubated for 2-5 minutes. Extra fluid was aspirated from the chips. Standard solutions of
antigen mix (GST, and GFP) were made in 0.1x casein block solution, and diluted fourfold with
seven serial dilutions as well as an antigen-free blank. Maximum concentration of GST was
varied from 20,000-100,000 pg/mL. The GFP concentration was kept constant throughout all
samples, including the blank, so it can be used as a calibrant. 15 pL of antigen sample was added
to the chips, each in triplicate. Incubation was performed in a humid chamber under low light-

conditions on a Belly Dancer shaker (Cole Palmer, Vernone Hills, IL) for 12-16 hours.

After incubation, the slides were immersed in PBS-T, transferred to fresh PBS-T and incubated
for 2-5 minutes. A solution (25 ng/mL) of biotinylated detection polyclonal antibodies specific
for GST, GFP, and Mdm-2 antibodies (Rockland Immunochemicals, Gilbertville, PA) was
prepared. The slides were incubated for 2 hours on the Belly Dancer under previously described
conditions, and then immersed in PBS-T. They were then transferred to fresh PBS-T, and
incubated for 2-5 minutes. The blocks on the slides were then treated with StAv-HRP

(streptadivin-horse radish peroxidase), diluted 1:99 in PBS-T and incubated for 30 minutes. The
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slides were rinsed once again with PBS-T, and then transferred to fresh PBS-T and allowed to

incubate for 2 minutes, and then the wash repeated twice.

Excess fluid was aspirated from chips, and then 15 pL of biotinyltyramide (Perkin Elmer),
diluted 1:99 in amplification diluent (from commercial kit, Perkin Elmer), and was added to the
chips. The slides were incubated for 10 minutes with rapid mixing on the Belly Dancer. The
slides were then rinsed and incubated in PBS-T. Alexa-647 conjugate (1 mg/mL in PBS-T) was
added to the chips, and the slides were incubated for 30 minutes. They were rinsed and incubated
with PBS-T once again, and then rinsed quickly twice in deionized water. The slides were then
centrifuge dried at 500 x g for 30 seconds on each side, and then scanned for A647 using an
Axon GenePix 4200AL microarray scanner (Molecular Devices, Sunnyvale, CA). ProMAT, a
custom software for ELISA analysis, was used to calibrate the intensities of spots, and to fit

standard curves.

4.3.2 Results and Discussion

A standard curve for GST was obtained from the slides. However, there was no fluorescence
indicative of positive binding at the spots corresponding to the PEG-peptoid construct. Even after

repeating with an excessively high concentration of antigen, no fluorescence was detected.

Based on the SPR results and the success Alluri et al. has had with attaching GST to the
sequence, it is unlikely that the molecule is not binding to the protein. However, it is possible
that the construct is not binding covalently to the slide surface with the desired alignment. The
DSS group is used to form a covalent link between the amine groups on the slide surface, and the
amine group at the terminal end of the PEG molecule. However, the peptoid sequence has

multiple primary amines on its backbone, and it is possible that those amines are attaching to the
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DSS linker instead. This would cause misalignment of the capture molecule on the slide. The
sequence that is specific to bind GST is most likely inaccessible to the protein. If only a few
capture molecules bind to GST, the fluorescence signal obtained would not be strong enough to
be detectable over background noise. Therefore, in order to obtain a stronger signal, an
alternative immobilization technique may need to be employed. One option would be to modify
the slide surface and the terminal end group of the PEG in order to use a different linking

chemistry. Thiol groups could be a possible solution.

4.4 Peptoid DS2 to bind Mdm-2

Peptoid DS2 (Figure 19) is a slightly modified version of the Alluri peptoid specific to bind
Mdm-2 [40]. The modification is the same as with Peptoid DS1, wherein, a propargylamine
(Alfa Aesar) side chain is added to the N-terminus in order to make the peptoid amenable to
conjugation with a NH>-PEG-azide molecule via copper catalyzed click chemistry. The synthesis
technique is the same as the one used for Peptoid DS1, albeit with the appropriate side chains

and sequence. Successful synthesis was confirmed by MALDI (Figure 20).

Figure 19 Peptoid DS2: Designed to specifically bind Mdm-2 MW: 1573 Da

36



}m- -
[ —| 1573.26
MALDI Results

0001

4000 1

20004
1045857

1161950

12043814
1435

T T T T T
1000 1500 2000 2500 3000 3500 4000 4500
mi

Figure 20 MALDI spectrum for Peptoid DS2

5. Conclusion and Future Direction

We were successfully able to design peptoid sequences that self-assemble into microspheres, and
determine the conditions and sequences that enable tuning of these microspheres. We were also
able to develop an optimal technique to consistently form uniform peptoid microsphere coatings
on silica chips. It was discovered that partial water solubility and secondary structure are
essential for the formation of these microspheres from organic/aqueous solutions. The size of
these spheres was greatly influenced by the bulkiness and charge of the side chains on the third

face of the peptoid helix. Experimental data suggests that these microspheres are formed due to
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aromatic stacking on two faces of the helix. The organic:aqueous solvent forces the
supramolecular structures to hide the aromatic groups, which are hydrophobic, in the core of the
sphere, while the polar groups remain exposed to the solvent. By including both negatively and
positively charged side chains in the sequence, where the negative group is chiral, smaller
microspheres are yielded. Using bulky aromatic side chains produces larger spheres. By varying
the type of side chain and length of sequence, it is possible to design peptoids that can assemble
into spheres with the desired size and surface chemistry. This can be invaluable in many
applications, including biosensors, coatings, and for increasing the available surface area of a
slide ELISA microarray. A 1 um diameter spot can contain five microspheres of diameter 0.3
pm along the horizontal and vertical axes. While the original spot would have a surface area =
m*(.5)? = 0.785 pum?, just five spheres would change the area to 5*.67*4*m *(0.15)? = 0.95 pm?,
assuming 2/3 of the sphere is available for binding, corresponding to a 21% increase in surface
area. A more efficient packing would allow eight spheres, and therefore an available area of 1.51
um?, resulting in a 92% increase in surface area, which would yield a significantly increased

number of potential binding sites.

The peptoids designed to bind GST and mdm-2 need to be tested and validated as viable on a
slide microarray. The main concern is that they are not binding to the slide surface with the right
alignment. This issue can be addressed by using a different surface chemistry, and modifying the
PEG molecule used. Glass slides may be functionalized with a maleimide surface, using N-(p-
maleimidophenyl) isocyanate (PMPI), which allows the covalent conjugation to that surface to a
thiol group. Slide functionalization may be confirmed using a thiol-based fluorescent dye.
Instead of using an amine/azide bifunctional PEG molecule, a thiol/azide PEG may be used as a

spacer between the slide surface and the peptoid. Also, in order to compare the peptoid without a
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PEG spacer, a side chain bearing a thiol group (such as cysteine or cysteamine) may be added to
the terminal end to facilitate binding to the maleimide coated surface. This can eliminate the

undesired binding of amine groups from the peptoid with the slide surface.
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Appendix: Submonomer structures

NGlu:

HO\/\/NHZ
|
O

N-Ala [t-Bu]:

]
MR OH

40



N-Pip:

N-bsa:

NH2
) @/\/
N\
s

2\
H,N \o

Ethanolamine:
HO

N~ NH,
Propargylamine:

MNHZ

41



Appendix B

Click chemistry protocol:

The peptoid with the alkyne end group (from propargylamine), and the PEG molecule were
individually dissolved in a 1:1 solution of t-BuOH/water to a concentration of roughly 4 mM. To
a round bottom flask equipped with a magnetic stirrer, equimolar amounts of both compounds

were added, along with 2x molar solution of L-(+)-sodium ascorbate, and 0.5x molar solution of

CuS04.5H20. The reaction mixture was stirred overnight under nitrogen. When the reaction was
completed, the reaction mixture was dialyzed in Slide-A-Lyzer (MWCO: 10 kDa) dialysis
cassette (Pierce, Rockford, IL) for 3 days in a 9:1 water/ethanol solution (1 L). The solvent was
changed after 2 h, 4h, 1 day, and 2 days. The sample remaning in the dialysis cassette was

lyophilized, and resuspended to a concentration of 0.8 mg/mL in PBS.
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