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Abstract

Photoreleasable dynamic interfaces to control cell-supported lipid membrane junctions
By Charlene Chan

Cells typically respond to the chemical and physical properties of their environment through
membrane receptors. One challenge in this area pertains to investigating receptor response to
the physical properties of a signaling ligand in situ. Herein, we describe the development of a
photoactivatable platform to dynamically control the immobilization of biomolecules to a
supported lipid membrane with high spatial and temporal resolution. This system employs
photocleavable DNA tethers that are easily multiplexed and labeled with ligands of interest to
selectively release anchored biomolecules from a lipid membrane surface. Biotin-streptavidin
anchoring chemistry is used to incorporate oligonucleotide capture strands that are
functionalized with a 5’-2-nitrophenyl group into the membrane. These strands are
complementary to cyclic Arg-Gly-Asp (cRGD) peptides conjugated oligonucleotides that engage
adhesion receptors in cells, and can be released upon photo-irradiation. We describe the
synthesis and properties of these model membranes and their potential use in studying dynamic
cell adhesions.
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Background

Cell fate is regulated by external physical and chemical signals from the surrounding
environment." Receptor proteins embedded in the cell membrane receive these extrinsic signals
and relay the information to the rest of the cell by initiating coordinated cascades of biochemical
events, which subsequently influence the activity of genes and proteins.? One of the primary
receptors responsible for sensing and transmitting physical signals is the integrin family of
receptors.’ The following section describes the integrin receptors and some common methods
to investigate their biochemical and biophysical properties.

Integrin receptors

Integrins are a family of over 20 heterodimeric glycoprotein receptors, comprised of a
pair of non-covalently linked a- and B-subunits.* Each subunit has a large extracellular domain
and a short cytoplasmic domain, and spans the cell membrane only once.*® The extracellular
domain engages with the external environment and recognizes ligands of the extracellular
matrix (ECM), while the cytoplasmic tail helps coordinate intracellular reaction cascades and
binding to the cell cytoskeleton.** ° Integrins chemically recognize external motifs such as Arg-
Gly-Asp (RGD) found within ECM proteins such as fibronectin.” ¢ Although integrins can bind to
both soluble and anchored ligands, the chemical response of integrins depends on the physical
nature of the ligand.*® For example, interactions between the integrin receptors and anchored
ligands on rigid surfaces form local focal adhesions and generate force, in contrast to soluble
ligands that can be used as cancer therapeutics.>* ” These receptors play important roles in
mediating dynamic cell-matrix and cell-cell interactions, and are critical for cell adhesion and cell
migration.*®°
Stimulus-responsive cell adhesive substrates

In order to study chemo-mechanical coupling in integrins and its influence on cell

behavior, model systems have been developed to mimic in vivo cell-matrix and cell-cell



interactions.” In general, these systems immobilize a cell adhesive moiety to a substrate and
render the substrate responsive to external stimuli using a variety of modification techniques
and anchoring chemistry. One common cell recognition motifs for cell adhesion is the Arg-Gly-
Asp (RGD) peptide sequence, which can serve as a minimal adhesion peptide, and can
primarily interact with a,8; integrin receptors.® The ability of these substrates to respond to an
external stimulus allows for dynamic control over the cell adhesion properties of these
substrates, and a better understanding of chemo-mechanical coupling across integrins.'
Incorporating external control into cell adhesive substrates is not only important for studying the
influence of focal adhesions in cell behavior, such as cell migration in wound healing,
development and cancer metastasis, but also for designing tissue engineering and cell culture
substrates.'®

One powerful approach to control cell adhesive properties on such substrates requires
photochemical stimuli, which switch the
substrate between adhesive and non-

no adhesion adhesive states. For example,

é x Auernhiemer et al.? tethered cyclic RGD

366 nm
450 nm

MO», to polymethyl methacrylate (PMMA)

C r° 96> surfaces using an acrylamide anchor with

_ _ o _ a photoswitchable diazobenzene spacer.
Figure 1 : Photoisomerization of the diazobenzene

group changes RGD peptide-integrin interactions.  The diazobenzene group

(Adapted from ref. 8 with permission. Copyright ©

2005 American Chemical Society) photoisomerized between its cis and
trans isomers upon irradiation with light at 366 nm and 450 nm, respectively, which
subsequently influenced the distance and the orientation of the cRGD peptide to the surface
and to the integrin receptor (Figure 1).2 More stable cell adhesion was observed for surfaces

irradiated with 450nm light, as higher affinity receptor-ligand interactions were possible when

the linker was in its trans isomer.®



In another example, Nakanishi et al.? functionalized glass substrates with an
alkylsiloxane monolayer displaying a photocleavable 2-nitrobenzyl group. In this system, non-
adhesive bovine serum albumin (BSA) was allowed to adsorb onto the monolayer via
hydrophobic interactions between the protein and the 2-nitrobenzyl groups, thereby inhibiting
cell adhesion (Figure 2). Upon irradiation with ultraviolet light, the 2-nitrobenzyl groups

photocleaved, resulting in an increase in

/" ce (o the hydrophilicity of the surface and the
S — , a corresponding dissociation of BSA from
7 N0 oy No; s _ _ the surface. Fibronectin, a component of
Akylsioxane) WV L ) D the extracellular matrix, could then
monolayer light
_ adsorb to the carboxylic acids displayed
T e e e e

by the monolayer and render the surface
Figure 2: Scheme of a stimulus-responsive cell

adhesive surface. UV irradiation changes the cell adhesive.® Cell migration was
properties of the surface from inhibiting cell

adhesion to promoting cell adhesion. (Adapted controlled in a similar manner by
from ref. 9 with permission. Copyright © 2004

American Chemical Society) rendering a region alongside a cell to

become more adhesive.'® Wirkner et al. ' utilized photocleavable linkers containing an
intercalated 4,5,-dialkoxy 1-(2-nitrophenyl)-ethyl group to anchor RGD peptides to gold-coated
surfaces. Human umbilical vascular endothelial cells (HUVECSs) attached and spread on theses
functionalized substrates. However, cells rounded up and detached when the surfaces were
irradiated and the photolabile group cleaved. More recently, light sensitive three-dimensional
cellular environments that can alter cell adhesion and promote differentiation have also been

I.”? encapsulated human mesenchymal stem cells (hnMSCs)

developed. For example, Kloxin ef a
in hydrogels containing photodegradable acrylate coupled to linear RGD peptides. Upon
irradiation, the peptide was released and diffused out of the gel. hMSCs encapsulated in these

irradiated hydrogels up-regulated glycosaminoglycan and type Il collagen, indicating

chondrogenic differentiation. '



A second class of techniques to control ligands and the cell adhesive properties of
substrates involve electrochemical input. For example, Wildt et al.”® developed programmed
subcellular release, which involved
tethering RGD peptides onto an array Membrane
for gold lines on a chip-like device

Integrin
through thiol linkages (Figure 3). » ©66--RGD

o~ Electrode
--Glass
When a low-voltage pulse was run

o _ Figure 3: Schematic of programmed subcellular
through an individual gold line, the release. (Adapted from ref. 13b with permission.

Copyright © 2010, Nature Publishing Group)
peptides were released. This caused

a portion of the cell to detach from the surface, resulting in cell contraction.”® Raghavan et al.”
applied a double microcontact printing approach to pattern gold substrates with permanently
cell-nonadhesive, permanently cell-adhesive and switchable regions. By taking advantage of
different reduction potentials, a region patterned with a polyethylene glycol (PEG) terminated
self-assembled monolayer (SAM) could be selectively desorbed and rendered cell-adhesive,
while a region patterned with a methyl-terminated SAM remained after application of a -1000
mV voltage.14 Cells would spread from the permanently cell-adhesive regions to the switched
regions.

While these stimulus-responsive cell adhesive substrates allow for some external control
over cell adhesion and cell migration, they are not sufficient for the study of chemo-mechanical
coupling across integrins. Because the cell adhesive moieties are immobilized to the
substrates, the dynamics of ligand-receptor complexes and any subsequent organization,
polyvalency and mechanical strain are not reconstituted. The influence of the physical
properties of these ligand-receptor complexes can be better explored using a dynamic and fluid

surface.



Studying receptor-ligand interactions with supported lipid bilayers

Although stimulus-responsive substrates are effective tools to study cell adhesion and
migration, they do not adequately reflect the dynamic nature of biological membranes and bio-
interfaces. Not only can biological membranes change lateral organization and curvature to
mediate signaling and transport, the constituent lipids and proteins can also aggregate to form
supramolecular structures that influence cell transduction and behavior.?® One strategy employs
supported lipid bilayers, which are model membranes on solid substrates whose surfaces can

t."° These bilayers are fluid and allow for the

be functionalized with biomolecules of interes
lateral diffusion of the phospholipids and displayed biomolecules, thereby recapitulating the two-
dimensional dynamic nature of biological membranes.?* '** This allows a cell interacting with the
membrane to spatially organize the displayed ligands at the hybrid cell-cell interface. Thus,
these model membranes can be used to study the effects of physical inputs and spatiotemporal
organization on receptor-ligand interactions and their functions. For example, Salaita et al.’
demonstrated that introducing physical barriers to EphA2 receptor tyrosine kinase clustering
changes breast cancer cells’ response to the ligand, ephrin-A1. Recently, Sheetz* and
colleagues functionalized supported lipid bilayers with cyclic RGD ligands to investigate spatial
organization of activated integrins. They showed that early integrin clustering aided in the
recruitment of adhesion proteins and activated actin polymerization.

However, one limitation of the current supported lipid bilayer systems is the inability to
encode multiple ligands on a surface. These model systems rely on only a few methods of
anchoring chemistry, such as biotin-streptavidin affinity anchoring chemistry and non-covalent
interactions, to functionalize surfaces. These methods of anchoring chemistry restrict the

number of different ligands that can be displayed on the membrane, as these interactions

cannot be programmed for any specific ligand.



Lipid-oligonucleotide conjugates

One strategy to encode both dynamic assembly and recognition into model membranes
involves lipid-oligonucleotide conjugates. These amphiphilic molecules consist of a hydrophilic
oligonucleotide linked to a hydrophobic moiety such as a lipid tail or a cholesterol derivative."”’
The oligonucleotide head allows information to be encoded due to DNA’s ability to recognize its
complementary strand and other substrates, while the lipid tail confers aggregation and
assembly properties."’

These properties make lipid-
oligonucleotide conjugates attractive

for model systems. For example,

docking lipid mixing

content mixing

Boxer and colleagues'® studied the FRET dequenching _ Tb*-DPA complexation

_ _ Figure 4 : Schematic of vesicle fusion assisted by
mechanisms of membrane fusion and  pNA hybridization. (Adapted from ref 18 with
_ _ permission. Copyright © 2009, the National
rearrangement of vesicle fusion by Academy of Sciences of the United States of

America
modeling the interactions of the )

SNARE protein complex with vesicles tethered to supported lipid membranes that use DNA-lipid

conjugates (Figure 4). Tethered vesicles fused only when another pair of complementary DNA
strands hybridized and docked the
vesicles together.”® Furthermore, Loew

1. developed conjugates consisting

eta
of peptide nucleic acid (PNA) and DNA

with differing hydrophobic moieties,

Figure 5: Temperature controlled domain- which preferentially partitioned into the

partitioning of lipid-oligonucleotide conjugates.
(Adapted from ref 19 with permission. Copyright ©
2010, American Chemical Society)

liquid-ordered and liquid-disordered
domains of heterogeneous giant
unilamellar vesicles. The domain-specific partitioning could be controlled using temperature,

resulting in the intermixing and separation of lipid-oligonucleotide conjugates at high and low



temperatures, respectively (Figure 5).19 The domain partitioning modeled lipid rafts, which can
then be visualized using complementary fluorescently labeled DNA strands'®. Moreover, these
amphiphilic molecules and their role as potential programmable soft nanomaterials have been
recently investigated. For example, Gianneschi and colleagues® developed stimuli-responsive
liposomes, of which the morphology of the lipid-oligonucleotide aggregates reversibly switch
from unilamellar vesicles with a bilayer structure to smaller micelles with a monolayer structure
using DNA hybridization. The change from single-stranded DNA to duplex DNA of the
oligonucleotide polar head led to an increase in steric and electronic repulsion, resulting in the

vesicle-micelle phase shift.?

Innovation

Herein, we describe a novel self-healing and dynamic stimulus-responsive substrate.
This substrate is a photoactivatable supported lipid bilayer that allows for the controlled release
of immobilized biomolecules with high spatial and temporal resolution. Unlike previously
described ligand-presenting surfaces, this substrate employs photocleavable DNA tethers to
anchor and then selectively release biomolecules from a supported lipid bilayer; this light
sensitive lipid membrane platform combines the utility of dynamic cell adhesive substrates and
the programmability of lipid-DNA conjugates. The design strategy involves the immobilization
ligand molecules functionalized with single-stranded oligonucleotides to a supported lipid bilayer
displaying the complementary capture strands (Figure 6). To simplify the development of the
system, the capture strands are incorporated into the membrane using biotin-streptavidin affinity
anchoring chemistry instead of being true lipid oligonucleotide conjugates. The capture
oligonucleotide strands are functionalized with a photosensitive 5’-modified 2-nitrophenyl
phosphoramidite. Upon irradiation with ultraviolet light, the nitrophenyl group forms radicals and

quenches through rearrangement, resulting in a photocleavage event. Due to the positioning of



this UV-active functional group at the 5’ terminus of the capture oligonucleotide, the
photocleavage event releases the oligonucleotide and any tethered ligand molecules into
solution, while the biotinyl-2-nitrosoacetophenone derivative remains on the surface (Figure 7).*’
Importantly, the lateral fluidity of the membrane will then allow for recovery of the released

ligand.

- F

: ; PN g
S L)
e

Figure 6: Schematic of the dynamic photoactivatable synthetic cell surface that uses DNA

tethers to immobilize peptides onto a supported lipid bilayer. a) The synthetic cell surface is
comprised of a lipid bilayer (gray two-tailed representative phospholipids) displaying
oligonucleotide capture strands (blue strands). The photocleavable membrane-anchored
oligonucleotide capture strands complementary base pair to peptide-DNA conjugates (red
strands with blue dots). b) UV irradiation (black lines) induces photocleavage of the para-
nitrophenyl functional group (yellow star) of the capture strand. c) Duplex DNA-peptide
conjugates (red and blue double helix) are then released into solution, leaving the biotinyl-2-
nitrosoacetophenone derivative (black star) on the surface. d) The fluid membrane allows for the

recovery.
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Figure 7: Proposed mechanism for the photocleavage of the nitrobenzyl group after irradiation
by UV light based on the photolysis of 2-nitrobenzyl carbonate esters.?® Ultraviolet light excites
the nitro group, which promotes the formation of radicals. The molecule quenches through
rearrangement and subsequent release of the oligonucleotide.

The advantage of this system is three-fold. As the basis for this novel substrate is a
supported lipid bilayer, this system is self-healing; it enables reversible recovery of ligand after
the photocleavage event. The speed of recovery is dependent on the fluidity of the lipid
membrane and can be adjusted by changing the lipid composition. Secondly, this system
employs Watson-Crick base-pairing of complementary DNA strands to tether biomolecules into
the supported membrane. Due to the specificity of DNA hybridization, multiple ligands can be
encoded into the membrane using different pairs of complementary membrane-anchored
capture and peptide-conjugated oligonucleotide strands. The light sensitivity is encoded by the
presence of the nitrophenyl group. Finally, the photosensitive 5’-modified 2’nitrophenyl
functionalization of the membrane-anchored capture strand allows the release of the DNA
tethers and ligands into solution to be precisely controlled; the UV irradiation and the resulting
photocleavage of the nitrophenyl group can be easily controlled with high spatiotemporal
resolution using a standard fluorescence microscope. This self-healing and dynamic light

responsive substrate will become a new tool to study integrins and focal adhesions. In
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particular, the response of integrin receptors and the cell cytoskeleton to a dynamic signal and
released ligand can be probed. Moreover, it can be applied to study other receptor-ligand

interactions, as well as endocytosis.

Experimental Methods

Solid-phase synthesis of modified oligonucleotides

Modified oligonucleotides were synthesized using the solid-phase phosphoramidite
approach. In particular, the biotinylated capture strands, CC61A, were synthesized using an
Expedite 8909 Nucleic Acid Synthesis System (Biolytic Lab Performance, Inc, Fremont, CA),
while the complementary strands, CC61A’, were purchased from Integrated DNA Technologies
(IDT) (Coralville, IA) (Table 1). The phosphoramidite synthetic method to oligonucleotide
synthesis is a chemical approach to produce short nucleic acid strands with a defined
sequence.?? Unlike natural biological systems, which use polymerases and templates to
synthesize DNA from the 5’-end to 3’-end, this chemical approach does not require templates or
primers, and builds the biopolymer from the 3’-end to 5-end.?? The typical monomers are 2’
deoxynucleosides that are protected with an acid labile dimethoxytrityl group and a
phosphoramidite moiety, but a variety of modified monomers are also commercially available
(Figure 8). The Expedite 8909 Nucleic Acid Synthesis System is an automated system that
cycles through a series of detritylation, coupling, oxidation and coupling steps to produce the
desired oligonucleotides.

Table 1: Modified oligonucleotides

Name Sequence (5’ - 3’)

CC61A-PC biotin PC biotin-CCA TAA TTC CAC TAC AAA AAA
CC61A-biotin Biotin- CCA TAA TTC CAC TAC AAA AAA
CC61A’- Cy3-Am AmMCGB-Cy3-TTT TTT GTA GTG GAATTATGG
CC61A’-Am AmMCGB- TTT TTT GTA GTG GAATT
CC61A’-Acryd Acryd-TTT TTT GTA GTG GAATTA TGG

Functionalizations: PC biotin: photocleavable biotin, 1-[2-nitro-5-(6-(N-(4,4’-dimethoxytrityl))
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biotinamidocaproamidomethyl)phenyl]-ethyl-[2-cyanoethyl-(N,N-diisopropyl)]-phosphoramidite; Biotin:
biotin, 1-dimethoxytrityloxy-2-(N-biotinyl-4-aminobutyl)-propyl-3-O-(2-cyanoethyl)-(N,N-diisopropyl)-
phosphoramidite; AmMCG6: 5’amino-modifier C6, 6-(4-Monomethoxytritylamino)hexyl-(2-cyanoethyl)-(N,N-
diisopropyl)-phosphoramidite, Cy3: Cy3™, 1-[3-(4-monomethoxytrityloxy)propyl]-1'-[3-[(2-cyanoethyl)-

(N,N-diisopropyl) phosphoramidityl]propyl]-3,3,3',3'-tetramethylindocarbocyanine chloride; Acryd: 5’

acrydite™
.CNEt 0
S 0 0" "N(Pr o
;S H I j
A . A H
DMTN "~ ~ N TNCHy: 0000 AgiNeaagae N.
\ y T I‘p [ T s i 5 v ODMT
o e o ~#"No : 1
= - 2 : O*?*N.‘:’r,‘-,-
a b O-CNEt
H
MMTNH o~~~ l AN
~T T T T O-P-N(Pr) I
i o
O~CNEt o
, P,
MMTO O-P—-N(iPr); EINC N(®r),
c O-CNEt d e

Figure 8: Modified phosphoramidites: a) photocleavable biotin phosphoramidite; b) biotin
phosphoramidite; ¢) Cy 3™ phosphoramidite; d) 5 amino-modifier C6 phosphoramidite; e)

acrydite™ phosphoramidite

The four standard DNA monomers, 5 DMT deoxythymidine 3’cyano-ethyl-
phosphoramidite (dT CEPA), 5 DMT (N-Bz) deoxyadenosine 3’ cyano-ethyl-phosphoramidite
(dA (N-Bz) CEPA), 5’ deoxy (N-ibu) guanine 3’ cyano-ethyl-phosphoramidite (dG (ibu) CEPA),
and 5 DMT (N-Bz) deoxycytosine 3’ cyano-ethyl-phosphoramidite (dC (N-Bz) CEPA) and the
preloaded 1.0 pmole dA (N-Bz), T, dC, and dG (ibu) controlled-pore glass (CPG) columns with a
pore size of 1000 A were purchased from Azco Biotech, Inc. (Oceanside, CA). 1-
dimethoxytrityloxy-2-(N-biotinyl-4-aminobutyl)-propyl-3-O-(2-cyanoethyl)-(N,N-diisopropyl)-

phosphoramidite or the biotin phosphoramidite, and 1-[2-nitro-5-(6-(N-(4,4’-dimethoxytrityl))-
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biotinamidocaproamidomethyl)phenyl]-ethyl-[2-cyanoethyl-(N,N-diisopropyl)]-phosphoramidite
or the photocleavable biotin phosphoramidite were purchased from Glen Research (Sterling,
VA). The synthesis grade acetonitrile and anhydrous dichloromethane were acquired from
Sigma Aldrich Corporation (St. Louis, MA). The mild oxidizer solution of 0.02 M iodine in
tetrahydrofuran/pyridine/water (89.6/0.4/10) and the 3% trichloroacetic acid in dichloromethane
deblocking solution were acquired from Azco Biotech, Inc. The cap mix A consisting of
tetrahydrofuran/ acetic anhydride (9:1), the cap mix B consisting of 10% 1-methylimidazole in
tetrahydrofuran/ pyridine (8:1), and the activator solution of 0.45M sublimed tetrazole in
acetonitrile were purchased from Glen Research.

Prior to synthesis, 1.0 g of each of the DNA monomers was dissolved in 20 mL of dry
acetonitrile and 50 ymoles of the modified bases were dissolved in 0.75 mL of dry acetonitrile,
and then placed into the Expedite 8909 Nucleic Acid Synthesis System. The sequence of the
desired oligonucleotide and the protocol for the synthesis were created, reviewed and edited
using the Expedite Workstation Software. Synthesis of the oligonucleotide occurs under
nitrogen gas and begins on the solid support from the 3’end, where the first monomer is
attached to a controlled-pore glass (CPG) column. The first step involves removing the trityl
protecting group from the 5’ carbon of the pentose sugar of the anchored monomer with the
deblock solution. This deprotection step is also known as detritylation. Following a wash with
acetonitrile, the incoming phosphoramidite is activated using tetrazole, which forms a tetrazole
phosphoamidite intermediate that attacks the 5’ hydroxyl of the deprotected substrate. This
results in a phosphite linkage between the anchored and incoming monomers. The phosphite
linkage is then stabilized by oxidation using an iodine solution. In order to prevent reactions to
any free 5’ hydroxyls remaining, the growing strands are capped irreversibly. The cycle then
repeats until the desired sequence is achieved (Figure 9). The protocol was for DMT-ON such

that the last base remained protected after synthesis.
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Figure 9: Solid phase oligonucleotide synthesis
Cleavage and deprotection of synthesized oligonucleotides from CPG synthesis columns

The synthesized oligonucleotides were manually cleaved and deprotected from the CPG
synthesis column with concentrated ammonium hydroxide and the double syringe method. The
puriss. grade ammonium hydroxide (30-33% NH; in H,O) was acquired from Sigma Alrich. An
empty disposable 1-mL syringe was loaded onto the synthesis column, while a second syringe
filled with 1 mL of fresh ammonium hydroxide was loaded onto the other side. After ensuring
the two syringes were fully inserted into the column, the base was carefully injected through the

column back and forth three times, and then allowed to stand for 30 minutes. The ammonium
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hydroxide was then injected back and forth three times, and allowed to stand for another 30
minutes. Subsequently, the DNA-base solution was drained into a single syringe and stored.
Purification of synthesized oligonucleotides with reverse phase cartridges

The cleaved synthesized oligonucleotides are purified with reverse phase Glen-Pak™
cartridges (Glen Research). These cartridges bind to the 5 DMT protecting group of fully
synthesized oligonucleotides. To the 1mL solution of DNA-ammonium hydroxide, 1 mL of a 100
mg/mL sodium chloride solution was added. The disposable syringe version of the cartridges
was conditioned by running 0.5 mL of acetonitrile and then 1.0 mL of a 2 M of triethylamine
acetate with a flow rate of two drops per second. The DNA/base/salt solution was then injected
through the cartridge in 1.0 mL aliquots. Subsequently, two 1.0-mL aliquots of a salt wash
solution consisting of 5% acetonitrile in a 100 mg/mL sodium chloride solution and two 1.0-mL
aliquots of a 2% trifluoroacetic acid (TFA) solutions were applied to the cartridge. For the
synthesized biotinylated oligonucleotides, the TFA solution was left on the cartridge for 10
minutes to allow for complete detritylation of the 5’ biotin. The cartridge was then washed with
two 1.0-mL aliquots of Milli-Q water. The purified and detritylated synthesized oligonucleotide
strands were eluted using 1.0 mL of a 50% acetonitrile in water solution with 0.5% ammonium
hydroxide and collected.
Characterization of oligonucleotides

The oligonucleotides were purified and characterized using reverse-phase high-
performance liquid chromatography (HPLC) with an Agilent 1100 Series HPLC (Agilent
Technologies, Santa Clara, CA). A standard DNA purification protocol was followed for all DNA
samples. Buffer A was a 0.1 M solution of triethyl ammonium acetate and buffer B was pure
HPLC grade acetonitrile. A gradient of increasing acetonitrile from 8 to 48% over 40 minutes
was applied to the sample with a flow rate of 1 mL/min. To characterize the photocleavable
CC61A-PC biotin oligonucleotide and its photoreleased form, a dilute sample was irradiated for

10 minutes with a compact 4 watt combination long wavelength and short wavelength UV lamp
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(UVP, Upland, CA). A Nanodrop 2000c spectrophotometer was used to determine the
absorbance spectrum of the oligonucleotides (Thermo Scientific, Barrington, IL). In particular,
the absorbance at 260 nm was used to calculate the concentration of a given oligonucleotide
sample using Beer’s Law.
Preparation and formation of supported lipid membranes

To generate supported lipid membranes, small unilamellar vesicles with the desire lipid
composition were initially prepared.’®® For the experiments, 2.00 mg/mL lipid solutions
consisting of 99.9% bulk unsaturated 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
phospholipids (Avanti Polar Lipids, Inc., Alabaster, Alabama) and 0.1% 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(biotinyl) (biotin DPPE) phospholipids (Avanti Polar Lipids, Inc.),
phospholipids with the headgroup modified with a biotin moiety, were made (Figure 11). As a
control for membrane fluidity, 2.00 mg/mL lipid solutions consisting of 97.90% DOPC, 0.1% of
biotin DPPE, and 2% 1-oleoyl-2-(6-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino)hexanoyl)-sn-
glycero-3-phosphocholine (NBD PC), phospholipid with the fatty acid labeled with a dye (Avanti
Polar Lipids), were also used (Figure 10). The lipids were first dissolved and mixed in 3 mL of
chloroform. The chloroform was removed using a Rotavapor R-210 rotary evaporator (Buchi,
Switzerland), and then with nitrogen gas for 15 minutes. To the dried lipids, 2 mL of ultrapure
Milli-Q water was added. The lipid solution was then frozen and thawed three times by swirling
in an acetone-dry ice solution and a water bath set to 45°C, respectively. Subsequently, the
lipid solution was extruded 11 times with a LIPEX™ mini-extruder (Northern Lipids Inc.,

Burnaby, Canada) under high pressure through a 100-nm pore filter.
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Figure 10: Structure of lipids: a) DOPC; b) biotin PE; c) NBD PC

To form the supported lipid membranes from the prepared small unilamellar vesicles, the
wells were first washed with Milli-Q water and then etched with 1 M NaOH for 1 hour. After
washing and emptying the wells, 100 pL of solution consisting of 75 uL of a pH 7.4 phosphate
buffered saline (PBS) solution, consisting of 0.137 M NaClaq), 2.7 MM KClag), 1.4 mM
K2H2POsaq), and 0.01 M Na;HPOy,q), and 25 L of the prepared vesicle solution was added to
each well and allowed to incubate for 20 minutes. The small unilamellar vesicles self-assemble
into planar lipid bilayers. After incubation, the wells were rinsed three times with 5 mL of water
and then twice with 5 mL of PBS.
Functionalization of supported lipid membrane with hybridized DNA

Prior to adding streptavidin to the supported lipid bilayers, the lipid bilayers were blocked
for 30 minutes with 200 pL of a solution consisting of 40 pyL of a 1 mg/mL of bovine albumin
serum solution and 160 yL of PBS. After rinsing the BSA, a total of 0.8 pg of streptavidin in a
200 pL solution of PBS was added to each well. While the streptavidin incubated on the surface
of 45 minutes, 50 L of a 0.342 yM CC61A- PC biotin solution and 50 pL of a 0.335 yM CC61A-
biotin solution were each allowed to hybridize to a 50 yL of a 1.00 yM CC61A’-Cy3- Am

solution. The complementary oligonucleotides were heated to 50 °C for 10 minutes and allowed
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to cool back down to room temperature. The surfaces were rinsed of the streptavidin and 100
pL of the hybridized DNA solutions were added and allowed to incubate for 45 minutes.
Characterization of the membrane-anchored DNA strands

The DNA functionalized surfaces were visualized using fluorescent microscopy with a
Nikon Ti Eclipse microscope(Nikon, Japan), featuring Evolve EM CCD (Photometrics), an
Intensilight epifluorescence source (Nikon), and a total internal reflection fluorescence (TIRF)
launcher with two laser lines: 488 nm (10 mW) and 647 nm (20 mW). Chroma filter cubes were
used for the experiments. Fluorescence recovery after photobleaching (FRAP) was used to
determine the fluidity of the supported lipid bilayers. To observe the NBD lipids as a control for
the surface fluidity, the surfaces were photobleached with the FITC filter cube (535-550 nm),
then immediately imaged using the TIRF 488 filter cube (525-550 nm) and then once more after
30 seconds. For the Cy3-labeled duplex DNA functionalized surfaces, the DAPI filter cube
(325- 375nm) was used to irradiate the DNA for 15 seconds, while the TRITC filter cube (620-
660 nm) was used to observe the Cy3 label. To determine the kinetics of photorelease of
duplex, the photocleavable surface’s exposure to UV light as a function of time was varied.
After UV irradiation, the surface was imaged immediately with a 300 ms exposure to the TRITC
cube. The 10 UV exposure time durations included 300 ms, 700 ms, 1s,2s,35s,5s,8s,12s,
20 s,and 60 s.
Conjugation of cRGD peptide to single-stranded oligonucleotide

To conjugate a minimum cell adhesive cyclic RGD peptide, we chose to use the
heterobifunctional linker, 4-(9N-maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N-
hydroxysuccinimide ester sodium (sulfo-SMCC).?* The N-hydroxysuccinimide ester (NHS ester)
at one end reacts with primary amines to form stable amide bonds, while the maleimide at the
other end reacts with sulfhydryl groups to produce thioester bonds. The selectivity of the amine
for the NHS ester and the sulfhydryl for the maleimide can be controlled using pH.?** This linking

system had been used previously for enzyme-antibody®*, antibody- oligonucleotide®®, and
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fluorescent protein-oligonucleotide conjugates®. For the cRGD-oligonucleotide conjugate
needed for this experimental platform, the oligonucleotide was amine-modified, while the cRGD
had a reactive cysteine.
Optimization of the NHS ester-amine coupling first cRGD-oligonucleotide conjugation

In order for the conjugation of the oligonucleotide to the cRGD peptide to occur, both the
NHS ester-amine coupling and the maleimide-thiol coupling must occur. To minimize the
effects of the competing hydrolysis of the NHS ester, the reaction between the amine-modified
DNA and the sulfo-SMCC was allowed to proceed first.

A non-complementary test 3’-amine

o)
o J\ modified oligonucleotide, YN052810A, was used to
'4 HN

O%“J \\{) optimize the reactions. 6.0 uL of a 0.74 mM
o

NH \L solution of YN052810A oligonucleotide was added
N //Il,\l\H to a 32.0 L of pH 8.0 100 mM KH,PO, buffer. 2
HN™ "NH, uL of 0.08 M sulfo-SMCC in dimethy! sulfoxide
NH (DMSO) solution was added to the mixture and
O:S—/SH allowed to react for 1.5 hours at room temperature.
H,N

The oligonucleotide was isolated from
Figure 11: Structure of cRGD-SH-NH; excess sulfo-SMCC by ethanol purification. 5 uL of
3 M sodium acetate and 100 yL of cold ethanol were added to the sample. The sample was
subsequently stored in the -20 °C freezer for 30 minutes and then centrifuged for 5 minutes.
The supernatant was discarded and the pellet was mixed with another 100 uL aliquot of cold
ethanol. After 30 minutes in the -20 °C freezer, the sample was centrifuged and the supernatant

was discarded. The oligonucleotide pellet was dried using a SC110A SpeedVac® Plus (Thermo

Savant).



The purified oligonucleotide was resuspended in 148 L of pH 7.5 100 mM KH,PO,

buffer. 3.14 pL of 1 mg/mL of cyclo(Cys-Arg-Gly-Asp-D-Phe-Lys-(Cys)) (cCRGD-SH-NH,)

(Peptides International, Louisville, KY in PBS buffer (pH 7) was added to the oligonucletide

solution (Figure 11). In order to aid in the identification of
the absorbance peaks, 0.417 pL of 0.05 M of 5-(and 6-)
carboxyfluorescein succinimydyl ester, NHS-fluorescein
(Thermo Scientific), in DMSO was added to the reaction

mixture. The NHS-fluorescein can react with the reactive

amine of cRGD-SH-NH; and label the peptide (Figure 12).

The reaction was allowed to proceed over night at room

temperature (Figure 13).
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Figure 12: Structure of NHS-

fluorescein

1 YNO52810A: 36.9 sulfo-SMCC : 1 cRGD-SH-NH,

Figure 13: Reaction scheme for NHS ester-amine coupling first cRGD-oligonucleotide

conjugation

The reaction products were characterized using reverse-phase HPLC, following
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standard oligonucleotide purification protocol. The NHS-fluorescein label was observed using
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the 494 nm absorbance. To aid in the identification of the absorbance peaks, oligonucleotide-
SMCC, cRGD-SH-NH,, dye-labeled cRGD-SH-NH,, and free dye were characterized with the
same HPLC method.
Reduction of disulfides with immobilized TCEP disulfide reducing gel

To generate free thiols from disulfide bonds formed between cRGD peptides,
immobilized tris(2-carboxyethyl) phosphine hydrochloride (TCEP) disulfide reducing gel
(Thermo Scientific, Barrington, IL) was used. The volume of the TCEP reducing gel slurry used
was dependent on the volume of peptide solution; in general, a volume 5 yL greater than the
peptide volume was used. The TCEP slurry was washed with the pH 7.5 100 mM KH,PO,
solution three times by centrifuging the slurry, removing the supernatant and adding the buffer.
After discarding the supernatant of the final wash, the 1 mg/mL peptide solution was added.
The TCEP and peptide solution were allowed to incubate for 50 minutes. The mixture was
occasionally vortexed to resuspend the gel into the peptide solution. After incubation, the

mixture was centrifuged and the peptide-containing

H supernatant was collected. For coupling
AN NH
o NH procedures, the reduced peptide solution was added
NH
T\;\MSH immediately to the DNA-SMCC solution.
@) 0] NH
HN ->]K o Characterization of cyclo(Arg-Gly-Asp-D-Try-Cys)
- I—N
HO,C H In order to optimize reaction conditions for
the maleimide and thiol coupling and identify peaks
OH in reverse phase HPLC spectra, a cRGD that had a

Figure 14: Structure of cRGD-SH
reactive thiol, but lacked an amine, was acquired

from Peptides International (Louisville, KY) (Figure 14). 1mg of cyclo(Arg-Gly-Asp-D-Try-Cys)
(cRGD-SH) was dissolved in 50 pL of 3% acetic acid and 950 uL of Milli-Q water for a
concentration of 1 mg/mL or 1.68 mM. A sample of the peptide was run on reverse phase

HPLC to determine absorbance peaks at 220 nm, following the protocol for oligonucleotide
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characterization. A sample of the peptide after being treated with the TCEP reducing gel slurry
was also characterized by reverse phase HPLC.

The cRGD-SH peptide was directly coupled to the sulfo-SMCC. 25 pL of the 1 mg/mL
peptide solution after treating with TCEP reducing gel slurry in the pH 7.5 100 mM KH,PO4
solution and 1 pL of a 0.8 M sulfo-SMCC in DMSO solution were mixed and allowed to react at
room temperature overnight. The products were characterized using reverse phase HPLC
using the standard DNA purification protocol.

Optimization of the maleimide-thiol coupling first cRGD-oligonucleotide conjugation

Although the NHS ester-amine DNA-sulfo-SMCC coupling and maleimide-thiol peptide-
sulfo-SMCC coupling were successful separately and could be observed through reverse phase
HPLC, we were unable to perform both reactions in series and produce a cRGD-oligonucleotide
conjugate. As a result, we chose to run the reactions in reverse order and allow the sulfo-
SMCC couple to the cRGD peptide before introducing the amine-functionalized oligonucleotide.
In order to optimize the reaction conditions for cRGD-oligonucleotide conjugation in which the
maleimide of the sulfo-SMCC and the cysteine of the cRGD peptide were allowed to react first,
six reaction mixtures were run simultaneously (Figure 15). Two variables, the buffer and the
length of time for the first coupling, were of interest due to the potential of hydrolyzing the NHS

ester.
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Figure 15: Reaction scheme for maleimide-thiol coupling first cRGD-oligonucleotide conjugation

For each of the six reaction mixtures, 17.8 pL of the 1 mg/mL cRGD-SH solution was
mixed with 20 pL of one of three solvents: a buffer of pH 7 100 mM KH,PO, solution, DMSO, or
dimethylformamide (DMF). 1.1 pL of a 0.05 M sulfo-SMCC in DMSO solution was added to
each mixture. Before the amine-modified oligonucleotide, CC61A’-Am, was introduced, one half
of the reaction mixtures, of which all buffers were represented, was allowed to react for 1.5
hours, while the other half was allowed to react for 3 hours. Upon addition of 32.7 yL of 0.9 mM
CC61A’-Am, 2 uL of 1 M NaOH and 20 pL of pH 8.0 100 mM KH,PO, solution were also mixed
to the raise the pH of the reaction mixture. The coupling reaction was allowed to run overnight
at room temperature. The products were characterized using reverse phase HPLC and the
largest peak, with retentions times ranging from 10 minutes to 11.5 minutes, for each of the
reaction mixtures that coupled for 3 hours was collected and dried. The absorbance spectrum

of the collected products was determined using the Nanodrop.
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Characterization of the interactions between cells and membrane-anchored DNA, cRGD and
potential cRGD-oligonucleotides

The supported lipid membranes consisting of 0.1% biotin DPPE and 99.9% DOPC were
prepared and blocked with BSA. To each well, 0.8 ug of streptavidin was added and allowed to
incubate for 45 minutes. For the negative control, the surface would be functionalized with
duplex CC61A-biotin/CC61A’-Cy3-Am DNA and unlabelled streptavidin was used. For the
potential cRGD-oligonucleotide, and the positive control, biotinylated RGD, streptavidin labeled
with the fluorophore Alexa 647 was used. The product collected at 10.86 minutes of the HPLC
run for the reaction mixture with DMF served as the potential cRGD-oligonucleotide; 0.5 uL of
the product was diluted into 95.5 pL of PBS. The CC61A-biotin oligonucleotide was allowed to
hybridized to each of CC61A’-Cy3-Am and the potential cRGD-oligonucleotide. Once the
surfaces were rinsed of the streptavidin, 100 uL of the hybridized DNA solutions were added to
their corresponding surfaces and allowed to incubate for 40 minutes. For the positive control, 8
pL of 1 uM solution of biotinylated cRGD was diluted to 25 yL with PBS, added to the surfaces
and allowed to incubate.

In order to obtain direct evidence of a cRGD-oligonucleotide conjuate, we sought to
observe cell adhesion using the HCC1143 breast cancer cell line. Integrin-expressing
HCC1143 breast cancer cell line was released from the cell culture flask using 0.05% trypsin.
Warm cell imaging media (Hank’s buffered salts and HEPES) was transferred into the
experimental wells. The cells were counted using a hemacytometer and plated 25,000 cells onto
each surface. The 96 well plate was incubated at 37 °C and 5% CO, for 30 minutes and then
imaged on the fluorescence microscope. The 100x objective was warmed to 37 °C. The
surfaces and the cells were imaged using bright-field, reflection inference constrast microscopy

(RICM), TRIC filter cube and the TIRF 640 channel.
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Results and Discussion

Characterization of synthesized oligonucleotides

The single-stranded oligonucleotides, CC61A-PC biotin, CC61A-biotin and CC61A’-Cy3,
were first characterized using reverse-phase HPLC. For the CC61A-PC biotin oligonucleotide,
dilute samples before and after UV irradiation with a standard UV lamp were characterized for
absorbance at 260 nm (Figure 16). Prior to photocleavage, the light sensitive oligonucleotide
had peaks at 15.1 and 15.3 minutes. The double peaks arise from the resonance structures of
the para-nitrophenyl group. However, after irradiation, there was a marked shift in retention time
to 12 minutes, resulting from the loss of the hydrophobic acyl linker and the biotinyl-2-
nitrosoacetophenone derivative. The CC61A-biotin oligonucleotide had a strong peak at 13.4
minutes; the less hydrophobic biotin functionalization group compared to the photocleavable
biotin group resulted in a shorted retention time (Figure 17). The dye-labeled complement,
CC61A’-Cy3-Am, was characterized for its absorbance at 260 nm, the absorbance of DNA, and
at 550 nm, the maximum excitation wavelength for Cy3 (Figure 18). Both the 260 nm and 550
nm peaks coincided at a retention time of 23.0 minutes, showing that the oligonucleotide was

properly labeled with the dye.
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Figure 16: Characterization of photocleavable CC61A-PC biotin single-stranded DNA using
HPLC for the absorbance of DNA at 260 nm. Irradiation of a solution of photocleavable DNA
with a standard UV lamp for 10 minutes resulted in a marked difference in retention time

between the DNA and its photoreleased form.
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Figure 17: Characterization of CC61A-biotin single-stranded DNA using HPLC for the

absorbance of DNA at 260 nm.

Absorbance (mAU)

Q9.9,.9,0,0,0,09,0,0.0,.9,9,9,9,9,9,0,9.9,.0.0,9,9,90,9,9,9
37T AT AT Y Y 6V 67 AT @7 97,07 AT 07,00 00T W0’ . T o oo’

.
Z

Time (min)

Figure 18: Characterization of dye-labeled CC61A’- Cy3-Am single-stranded DNA using HPLC
for the absorbance of DNA at 260 nm and at 550 nm. The coinciding peaks show that the DNA
was labeled with the Cy3 dye.
Characterization of the membrane-anchored DNA strands

The fluidity of the supported lipid membranes was qualitatively determined by observing
a control surface consisting of 2% NBD lipids. The control surface was photobleached with the
FITC filter cube and then allowed to recover. Images taken immediately after photobleaching
and after 30 seconds of recovery with the TIRF 488 channel showed the gradual loss of a dark
area, as new fluorophores diffused into the photobleached area, indicating that the membrane

was fluid (Figure 19).
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Before Photobleached Recovery

Figure 19: Fluorescence recovery after photobleaching (FRAP) of the control surfaces
consisting on of NBD lipids demonstrate membrane fluidity.

The two biotinylated capture strands, CC61A-PC biotin and CC61A-biotin, were both
fully complementary to the CC61A’-Cy3-Am dye-labeled strand, but differed by the presence of
the photocleavable para-nitrophenyl group. Visualization of the surfaces with either of the one
of capture strands with the TRITC channel demonstrated that the duplex DNA was incorporated
into the lipid membrane. The DAPI filter cube (325nm- 375nm) was used to irradiate both types
of the tethered Cy3-labelled duplex DNA of surfaces. However, a decrease in Cy3 fluorescence
was only apparent for duplex DNA with the CC61A-PC biotin capture strands (Figure 20, 21,
22). This showed that the loss of fluorescence was due to the release of DNA from the surface,
resulting from the photocleavage event, rather than photobleaching of the Cy3 dye with UV light.
Fluorescence recovery of the CC61A-PC biotin membranes resulted from the diffusion of new
DNA into the irradiated area. The difference in initial fluorescence intensities between the two
types of surfaces may be the result of the linker length differences; the photocleavable biotin
phosphoramidite has a longer linker than the biotin phosphoramidite and thus the dye was

further away from the surface for the CC61A-PC biotin surfaces.



Figure 20: Schematic of the photorelease of duplex DNA from the supported lipid membrane.
The DNA (the red and blue double helix) is anchored to the surface using a biotin-streptavidin
chemistry. (The green dot and the light blue block represent biotin and streptavidin,
respectively) Upon photocleavege, the DNA is released into solution, leaving the biotinyl-2-

nitrosoacetophenone derivative (the black star) on the surface.
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Figure 21: a) Images of CC61A-PC biotin/CC61A’-Cy3-Am duplex DNA functionalized
supported lipid bilayer and b) the associated line scan. After 15 seconds of UV irradiation, the

CC61A-PC biotin surface showed a marked decrease in Cy3 fluorescence. After 61 seconds,

there was some recovery of the loss fluorescence.
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Figure 22: a) Images of CC61A-biotin/CC61A’-Cy3-Am duplex DNA functionalized supported
lipid bilayer and b) the associated line scan. After 15 seconds of UV irradiation, the CC61A-
biotin surface did not have any apparent loss of fluorescence. After 50 seconds, the

fluorescence intensity remained constant.

To determine the kinetics of DNA photorelease, the photocleavable surface’s exposure
to UV light as a function of time was varied; ten exposure durations, 300 ms, 700 ms, 1s,2s, 3
s,5s,8s,12s, 20 s, and 60 s, were investigated. To normalize the loss of fluorescence
intensity, the average intensity of an irradiated area immediately after exposure was compared
to the same area before exposure. The intensity of the fluorescence decreased as the length of
the UV light increased (Figure 23). The decay can be described with a 7" of 0.115; only one-

third of the original fluorescence remained after 11.6 seconds.
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Figure 23: Kinetics of photorelease determined from ten UV light exposure times
Characterization of the NHS ester-amine coupling first cRGD-oligonucleotide conjugation

The products of the NHS ester-amine coupling first cRGD-oligonucleotide conjugation
were characterized by reverse phase HPLC. Although, the fluorescein-labeled peaks were
clearly visualized with the HPLC, no desired dye-labeled cRGD-oligonucleotide conjugate was
present.

Consequently, the individual coupling reactions were investigated. The model amine-
modified oligonucleotide, YN052810A, was allowed to react with sulfo-SMCC, and a peptide
was not introduced. The products of the reaction mixture were characterized using reverse
phase HPLC (Figure 24). There was a shift in the retention time of the main oligonucleotide
peak for the absorbance at 260 nm from 10.3 minutes to 13.3 minutes, indicating that the NHS

ester of the sulfo-SMCC reacted with the oligonucleotide, thereby making it more hydrophobic.
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Figure 24: Characterization of YN052810A oligonucleotide before and after reaction with SMCC

using HPLC for the absorbance at 260 nm.

Characterization of cRGD-SH

A cyclic RGD peptide that had a reactive thiol, but lacked an amine, cyclo(Arg-Gly-Asp-
D-Try-Cys) (cRGD-SH) was characterized using reverse phase HPLC for absorbance at 220 nm
with the standard DNA purification protocol (Figure 25). Due to the possibility of disulfide bond
formation between peptides, the cRGD-SH was also characterized using HPLC for absorbance
at 220 nm after treatment with the TCEP reducing gel. The lost of the cRGD-SH peak at 11.9
minutes after TCEP treatment indicated that the free thiol form of the peptide had a retention
time at 9.11 minutes and was the predominant form of the peptide; the minor peak at 11.9

minutes was the disulfide form.
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Figure 25: Characterization of cRGD-SH before and after treating with TCEP reducing gel using
HPLC for the absorbance at 220 nm.

The cRGD-SH was allowed to directly couple to sulfo-SMCC. The products of the
reaction mixture were characterized with HPLC for the absorbance at 220 nm (Figure 26). The
lost of the peaks at 9.11 minutes and 11.9 minutes, which corresponded to free peptide,
indicated that the reaction proceeded to completion. New peaks arose from the cRGD-SMCC

conjugate as well as excess sulfo-SMCC and products of NHS ester hydrolysis.
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Figure 26: Characterization of products of cRGD and sulfo-SMCC conjugation using HPLC for
the absorbance at 220 nm
Characterization of the maleimide-thiol coupling first cRGD-oligonucleotide conjugation

In order to optimize the conditions to couple cRGD to CC61A’-Am DNA, six reactions
were allowed to occur simultaneously with different buffers and maleimide-thiol coupling times.
The products of the six reactions were characterized using reverse-phase HPLC using the
standard oligonucleotide purification method (Figure 27). The absorbance at 260 nm, 280 nm
and 220 nm of the strongest peak were compared to the peak for the unreacted CC61A’-Am
oligonucleotide, which had a retention time of 10.85 minutes (Figure 28). Although the retention
time of the peaks did not greatly differ between the unreacted oligonucleotide and the products
of the six reaction mixtures, the ratios comparing the areas for the 280 nm and 260 nm

absorbance, and the areas for the 220 nm and 260 nm absorbance were dramatically different
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(Table 2).

pH 7.11 KH,PO, DMSO DMF

4 (aq)

1.5 hours

3.0 hours

Figure 27: Characterization of the products of the maleimide-thiol coupling first cRGD-
oligonucleotide conjugation reactions using reverse-phase HPLC. Six different reaction
conditions were used in order to optimize the conjugation. The buffer solutions were pH 7.11
100 mM KH3PO4(aq), DMSO, and DMF, while the maleimide coupling times were 1.5 hours and

3.0 hours. Absorbance at 260 nm (blue), 280 nm (red) and 220 nm (green) were monitored.
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Figure 28: Characterization of dye-labeled CC61A’-Am single-stranded DNA using HPLC for the
absorbance of DNA at 260 nm, 280 nm, and 220 nm. The largest peak corresponded to the
unreacted DNA.

Table 2: Comparison of absorbances at 260 nm, 280 nm, and 220 nm for CC61A’-Am and

cRGD-oligonucleotide reaction mixtures

Comparison ratios
260 nm signal 280 nm signal 220 nm signal between areas of

two signals

Time Area Height Area Height Area Height 280/260 220/260
(min)  (mAU-s) (mAU) (mAU-es) (mAU) (mAU-ss) (mAU)

CC61A’- 10.85 40723.00 2487.41 34825.06 2473.28 24259.10 1451.46 0.86 0.60
Am

pH7.0, 10.66 29069.54 2403.05 19753.76 1833.38 15377.48 1211.37 0.68 0.53
1.5 hr
DMSO, 10.79 17519.55 1950.32 10879.17 1246.72 9483.59 937.01 0.62 0.54
1.5 hr

DMF, 10.67 18501.13 2052.11 11756.50 1337.66 12467.79 1057.87 0.64 0.67
1.5 hr

pH7.0, 11.06 14214.30 1465.10 8705.80 901.36 21432.85 1158.89 0.61 1.51
3.0 hr
DMSO, 11.13 18268.23 1942.11 11429.34 124445 17611.74 1105.44 0.63 0.96
3.0 hr

DMF, 10.86 16980.43 2165.42 10879.84 1455.78 10145.23 1067.13 0.64 0.60
3.0 hr
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Characterization of the interactions between cells and membrane-anchored DNA, cRGD and
potential cRGD-oligonucleotides

In order to directly determine whether a cRGD-oligonucleotide conjugate was produced,
HCC breast cancer cells were allowed to engage with functionalized supported lipid bilayers and
were imaged using bright-field microscopy, reflection interference contrast microscopy (RICM),
and fluorescence microscopy (Figure 29). As a negative control, cells were allowed to interact
with membrane-anchored duplex CC61A-biotin/CC61A’-Cy3-Am DNA. Although, the cells were
observed in the bright-field channel, adhesion to the surface was not seen in the RICM,
demonstrating that dye-labeled duplex DNA could not mediate cell adhesion. Anchoring of the
duplex DNA to the surface was seen as fluorescence from the Cy3 label in the TRITC channel.
As a positive control, the cells were allowed to interact with the surface, on which biotinylated
cRGD was incubated. In the bright-field channel, cells appeared to be spreading and engaging
with the surface; in RICM, strong adhesion to the surface was observed. Moreover, a cell-like
shape was seen in the Alexa 467 channel, suggesting that as the integrin receptors engaged
the immobilized cRGD, the cell was clustering the peptides together. However, when allowed to
interact with surfaces functionalized with the product of the cRGD-oligonucleotide conjugation
reaction, the cells behaved as they did with the negative control surfaces; cells did not adhere to
the surface as seen in the RICM. Furthermore, the dye-labeled streptavidin did not cluster into
a cell-like shape. This suggested that the cRGD-oligonucleotide conjugate continued to remain

elusive and may require new linking chemistry.
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RICM TRITC

CC61A-biotin/
CCB1A-Cy3-Am

RICM Alexa 467

potential
cRGD-CCB1A-Am biotinylated cRGD

Figure 29: Interactions between cells and membrane-anchored DNA, cRGD and potential
cRGD-oligonucleotides on supported lipid bilayers using bright-field microscopy, RICM and
fluorescence. The membrane-anchored duplex CC61A-biotin/CC61A’-Cy3-Am DNA served as
the negative control, while the biotinylated cRGD served as the positive control. The product of
the cRGD-oligonucleotide conjugation reaction behaved similarly to the duplex DNA, suggesting

that cRGD had not coupled to the oligonucleotide. (Each square represents an area of 27.7 yM

x 27.7 uM.)

Conclusion

We have described the development of a self-healing and dynamic light responsive

substrate to study the physical nature of integrin interactions with the cell adhesive peptide
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RGD. Although the conjugation of a peptide to an oligonucleotide continues to need
optimization, the selective release of the photocleavable duplex DNA with UV irradiation and the
reversible recovery of the ligand have been clearly shown. Plans to use another type of
coupling chemistry involving an acrydite functionalized oligonucleotide, CC61A’-Acryd, to the
cysteine of cRGD-SH via a Michael addition have already been initiated. Upon successful
conjugation of a cRGD peptide to an oligonucleotide, the effects of photo-triggered manipulation

on cell adhesion can be investigated.
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