ABSTRACT

QIAN, HONG. Activators Generated by Electron Transfer for Atom Transfer Radical
Polymerization (AGET ATRP) in Polymerization-based DNA Sensing. (Under Direction of
Dr. Lin He.)

DNA detection has drawn significant interest for its wide application in gene
analysis, DNA diagnostics and biological warfare detection. Numerous techniques have been
developed for DNA detection, including optical, electrochemical, and gravimetrical methods.
Choice of detection methods is made based on the specific requirements for sensitivity,
affordability and availability. Despite of great successes in DNA sensor development,
matured technologies for routine DNA detection at bedside or in the field are lacking. A
simple, easy-to-operate, and sensitive detection platform in a strip test format is in great need,
especially for developing country where resources are limited.

Polymerization-based DNA detection has been developed as a sensitive and cost-
effective detection platform, which allows direct visualization of as few as 2000 DNA copies.
It utilizes the growth of polymer brushes on a surface to report occurrence of DNA binding
events. This dissertation reports our continuous efforts in optimizing assay performance and
exploring its applications. In particular, a purge-free polymerization-based DNA detection
method was developed based on Activators Generated by Electron Transfer for Atom
Transfer Radical polymerization reaction (AGET ATRP), which simplifies the detection
procedure, shortens the assay time, and significantly improves the assay robustness.

In chapter 1, the currently available DNA detection techniques are reviewed, and the

principle of polymerization-based DNA detection is introduced.



Chapter 2 describes the development of DNA detection with AGET ATRP on a Au
surface. Ascorbic acid (AA) was used to remove oxygen and activate Cu®* catalyst for
polymer grafting to be carried out without purging. Selection of catalyst ligands and
concentration optimization of catalyst and reducing agent was performed. Detection
specificity was demonstrated by discriminating sequences with single point mutations.

Chapter 3 describes the efforts in copolymerization of colorimetric monomers in
AGET ATRP with the aim of enhancing direct visualization in DNA detection. Two
colorimetric monomers, 1,4-Bis(4-(2-methacryloxyethyl) phenylamino) anthraquinone (blue)
and 4-(2-thiazolylazo)phenyl methacrylate (yellow), were synthesized, and copolymerization
of two monomers with HEMA was demonstrated. Blue-colored monomer was used as the
model to study incorporation efficiency and conversion rate in detail.

Chapter 4 describes grafting of ionic polymers on Au surface in AGET ATRP to
provide an alternative to incorporate colors into polymers by electrostatic interaction. A
negatively charged monomer, 3-sulfopropyl methacrylate (SPM), and a positively charge
monomer, 2-(methacryloyloxy)ethyl-trimethylammoniumchloride (MeDMA) were employed.
More effective polymer grafting, i.e. shorter assay time, has been realized in SPM
polymerization.

Chapter 5 describes efforts in further improving polymerization-based detection
sensitivity using polylysine (PLL) as a carrier to bring multiple initiators to each DNA
binding event. Introduction of positively charged PLL macroinitiator significantly improved
the detection sensitivity by 60 times. The concept of label-free detection further simplified

detection procedure.



Chapter 6 describes exploration of fluorophore-carrying PLL in fluorescent DNA
detection. A macrofluorophore was prepared by modification of the amino groups of
polylysine with fluorophores. DNA-labeling-free detection is achieved by taking advantage
of electrostatic interaction between DNA and PLL macrofluorophores. High sensitivity
offered by fluorescence detectionenabled DNA detection sensitivity further decreased for
another 4 orders of magnitudes. Application of PLL macrofluorophore in multiplexing
detection of proteins was also demonstrated.

Chapter 7 describes the integration of improved assay designs in the previous
chapters in the development of a lateral-flow based dipstick DNA sensing device. Polymer
grafting on a porous membrane using AGET ATRP is successful. In situ incorporation of
colors via copolymerization and post staining of charged polymer brushes on a membrane
have been demonstrated. Positive DNA binding is clearly differentiable from the control spot,

which laid solid foundation for future assay development.
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Chapter 1 Introduction

In recent years, DNA-based diagnostic tests have attracted growing interests. The
motivation of developing DNA detection system lies on its applications in many fields,
including DNA diagnostics, gene analysis, fast detection of biological warfare agents, and
forensic applications. The capability of detection of genetic mutations at the molecular level
before any onset of disease symptom renders it a potentially effective tool for early
diagnostics and treatment, and effective disease prevention.

Most DNA detection systems are based on hybridization between target DNA
molecules and their complementary oligonucleotide probes, which are present either in
solution or on a solid support. The DNA base-pair recognition events are eventually
converted to a readable signal by DNA sensor containing electrochemical, optical, and
weight information. Two strategies are often used to introduce the detectable signals to DNA
recognition events: 1) DNA target is directly labeled with an enzyme, an electroactive
indicator, a fluorophore, or a nanoparticle, and hybridized with a probe pre- immobilized on
sensor surface. Or 2) a sandwich-type ternary complex can be formed. The immobilized
DNA probe hybridizes to a part of the target whereas the other part of the target is
complementary to a signaling DNA sequence that serves to label the target upon
hybridization (Figure 1.1).

Sharing similar principal for target recognition, the trend of DNA detection tends to
point to two opposite directions: one for comprehensive detection of multiple sequences
simultaneously with high throughput, high automation, though relatively expensive; the other
one for simple and straightforward detection of a few targets at low cost, with easy operation,

and aimed at providing point-of-need detection. The latter draws much of our interest



because simple and inexpensive DNA detection offer exciting opportunities for bedside
monitoring and home self testing. More importantly, the affordable detection is in great need
for those laboratories in the developing countries.

In US, the point-of-need market is experiencing double-digit rapid growth since 2003.
In 2008, the point-of-need market reached >$2,200 million. More than 10 world-famous
companies and numerous small biotechnology companies are exploring their business in this
market. The point-of-need products are widely used for virus, toxin, infectious and genomic
detection. The cost of detection is significantly reduced due to the transferring professional

diagnostic and patient care from central laboratories and hospital setting to field test.

Labeled DNA target

@ Label
DMA Probe [a Direct label
i [b) Sandwich-
type label
Signaling L Signaling DNA probe. A probe
DNA target

Figure 1.1 Strategies used for DNA labeling in DNA sensing: (a) direct labeling target DNA;
(b) sandwich-type system: a sandwich is formed among immobilized capture DNA probe,
target, and signaling DNA (ref. 1).

Currently the rapid DNA extraction technique from cells within mins allows fast

DNA detection at home setting possible.? Park et al used a synthetic sequence of DNA that



models the anthrax lethal factor to test a technology that could displace polymerase chain
reaction (PCR) and conventional fluorescence probes in clinical diagnostics and make point-
of-need DNA testing possible in the doctor’s office and on the battlefield. A simple electrical
signal indicates that target DNA has been detected, and hundreds of pathogenic agents could
be monitored simultaneously.? The dipstick test, also known as lateral flow test, is a another
popular rapid diagnostic tool which shows promising advantage in portability and
disposability. Dineva et al realized a sensitive, simple, and instrument independent DNA
detection on the dipstick membrane, where the amplification of signal can be visualized by
using colloidal gold.* This new and sensitive method for nucleic acid detection would
increase the availability of genomic screening in resource-limited settings and its
applicability to near-patient testing.

In the following paragraphs | will briefly review various conventional DNA sensor
platforms, and the background of polymerization-based DNA detection recently developed
within the group, which laid down the ground work for my research on exploring the
application of polymerization-based DNA detection in a dipstick sensing format for
improved sensitivity and cost reduction.
1.1Conventional Detection Methods Used in DNA Sensor

Numerous techniques that have been developed for DNA detection include optical,
electrochemical, and gravimetrical method. Choice of detection method is made based on the

specific requirement of sensitivity, affordability and availability.

1.1.1 Optical DNA Detection

DNA can be optically detected using fluorescence, surface-enhanced Raman



(SERS) spectroscopy, chemilluminescence, colorimetry or surface Plasmon resonance (SPR).
1.1.1.1 Fluorescence Detection

Among them, fluorescence detection is most widely used detection methods. DNA
hybridization can be labeled with fluorescence moieties and the signal can be easily
measured with an imaging fluorescence apparatus.?® Organic fluorescent dyes, more recently
quantum dots, are largely used as labels in optical DNA sensor.’>*? Compared with
conventional organic fluorophores, quantum dots are much brighter, and have broad
absorption spectra and narrow emission spectra which permits excitation at wavelengths far
from their emission peaks.™® The fact of nearly all quantum dots of different emission peaks
can be excited using a single, short-wavelength excitation source, is a powerful tool for
monitoring several components in complex biological systems.'* To increase the
fluorescence intensity of organic labels, organic-dye-doped nanoparticles were recently
synthesized. A large number of fluorophores was encapsulated inside a single nanoparticle,
therefore when one probe DNA was labeled with one dye-doped nanoparticle, the signal was
greatly amplified compared with single fluorophore (Figure 1.2). Through the use of this

strategy, DNA could be detected at a concentration as low as 8<10™*M. "

Capture DNA 1 w—larget DNA 2 TLTERTY

Probe DNA 3 —_— @

Figure 1.2 DNA detection using fluorophore encapsulated particles as labels (ref 15).




Although fluorescence detection is favored due to its high sensitivity, the entire optical
system including the laser diode, hotodiode, and filter is not very suited for miniaturization
and appears very costly, which can only be afforded in well equipped lab, and the stability,
quenching and selectivity concerns still remain.
1.1.1.2 Surface-enhanced Raman Detection

Surface-enhanced Raman scattering spectroscopy presents several advantages
compared to fluorescence.’® ¥’ A Raman dye can be nonfluorescent, and a minor chemical
modification of a Raman dye can lead to a completely new Raman dye even if the two are
very similar in structure. In this technique, a capture probe is immobilized on a roughened
metal surface and Raman dye labeled target DNA hybridizes with capture probe and the
specific Raman signal is observed. It has been successfully applied to detect DNA fragments
of the human immunodeficiency virus (HIV) and cancer genes.’® ** In combination with
nanoparticles, a detection limit of 2 x 10™* M has been reached without much efforts of
optimization.'’

One of the major difficulties in the development of the SERS technique for DNA
detection is the production of surfaces or media that can be readily adapted to the assay
formats. The SERS surface must have an easily controlled protrusion size, reproducible
structures, and have to be well characterized which are often tedious and increase the cost of
detection and portability inevitably. Many surfaces have limited stability, and the change of
surface property at molecular level leads to inconsistent optical properties.
1.1.1.3 Chemilluminescent Detection

Chemilluminescent detection is another technique that is used in DNA detection.



Luminescent reactions can be catalyzed by a biomolecule, such as hemin or horseradish
peroxidase (HRP), or triggered by the application of a potential between the working
electrode and a pseudo-reference.** Luminol and derivatives are often used for
chemiluminescent (CL) or electrochemiluminescent (ECL) reactions. Marquette et al
reported detection of attomol DNA with chemiluminscent method using beads bearing DNA
embedded in a poly(vinyl chloride) (PVVC) master (Figure 1.3).”°

However, chemiluminescence can be triggered by a number of substances, and as a
result, leading to false positive readouts. In addition, complicated assay steps and expensive

detectors are often needed.
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Figure 1.3 Chemiluminescent Detection of DNA, protein and glucose with beads labeled
with specific capture probe in PVC master. (Ref 25)

O Luminol charged beads

1.1.2 Electrochemical DNA Detection
Electrochemical DNA biosensors rely on the conversion of the DNA base-pair

recognition event into a useful electrical signal. Such hybridization event is commonly



detected via the increased current signal of an electroactive indicator (that preferentially
binds to the DNA duplex), in connection to the use of enzyme- or redox labels, or from other
hybridization-induced changes in electrochemical parameters (e.g., conductivity or
capacitance).”®® Electrochemical DNA detection is extremely suitable for delivering the
diagnostic information in a fast, simple, sensitive and low cost fashion, are thus uniquely
qualified for the demands of point-of-need detection.

Gao’s group reported recently the ultrasensitive detection of cancer marker genes in
MRNA extracted from human breast tissues (without a RT-PCR step), based on the catalytic
oxidation of the guanine nucleobase by a redox threading intercalator.*® Wang and co-
workers reported the use of Fc-capped gold nanoparticle-streptavidin conjugates for the

detection of polynucleotide targets with a detection limit of 10 atmol.*

Due to the elasticity
of the DNA strands, the ferrocene caps on gold nanoparticle/streptavidin conjugates are
positioned in close proximity to the underlying electrode modified with a mixed DNA
capture probe/hexanethiol self-assembled monolayer and can undergo reversible electron-
transfer reactions. The amplification of the voltammetric signals was attributed to the

attachment of a large number of redox (ferrocene) markers per DNA duplex formed (Figure

1.4).
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Figure 1.4 The amplified electrochemical detection of DNA hybridization via oxidation of
the ferrocene caps on the gold nanoparticle/streptavidin conjugates. (Ref 40)

Electrochemical DNA detection is demonstrated a promising platform for point-of-
need application in general, but the main challenge for this method is to maintain the
accuracy and reliability at the field by non-laboratory users. Surface fabrication of electric
device can be complicated and critical for the reproducibility of detection. Special attention
should be given to non-specific adsorption issues that commonly control the detection limits

of electrochemical assays.

1.1.3. Gravimetric DNA Biosensors

A Gravimetric sensor is a mass-sensitive sensor capable of directly measuring very
small mass changes or other signal changes caused by the mass change.** A widespread and
comprehensively investigated representative of this sensor type is the quartz crystal micro
balance (QCM) system.***” Quartz crystal microbalance (QCM) consists of a thin quartz disc
sandwiched between a pair of electrodes. Quartz is a piezoelectric material that deforms

when an electric field is applied across the electrode. The quartz crystal has a resonant



frequency dependent on the total oscillating mass. This frequency increases with an increase
in material on the QCM surface. Since the sensor detects the mass change on surface, it is
inherently a label-free detection. However, quartzes are expensive, and difficult fabrication
technology and the sensitivity to mechanical damage might hinder reliable operation and thus
commercialization of this technology.
1.1.4 Conclusion

Some of advantages and disadvantages of the conventional DNA sensors were
summarized in Table 1. To meet the demand of point-of-need detection, low cost, portability,
and reproducibility are key factors that needs to be considered for sensor design. Disposable
easy-to-use glucose strips are kinds of self-testing devices and have dominated the $5
billion/year diabetes monitoring market over the past two decades.*® The commercial success
of strip format test demonstrated the great need in the market for developing rapid and low
cost biosensor. Coupled with a proper detection method, strip format test possesses additional
advantages over the conventional DNA detection method in cost reduction.

Table 1.1 Comparison of Conventional DNA Sensors

Pro Con
optical sensor very sensitive, suitable for high | high cost, not suitable for
throughput miniaturization

electrochemical | low cost, small dimensions, | reproducibility issue, instability
sensor sensitive

Gravimetric easy operation, small dimension, | cost, sensitive to damage
sensor sensitive

1.2 Lateral Flow DNA Strip Test
Lateral flow (LF) tests have been a well-established diagnostic tool in laboratory.
This technology offers additional advantages when compared to the conventional detection

methods: rapid, simple and cost-effective. Lateral flow tests can be used for the qualitative or



semi-quantitative detection of many analytes including antigens, antibodies, and even the
products of nucleic acid amplification tests.***? The LF strip consisted of a sample pad, a
conjugate pad, an analytical membrane, an absorbent pad and a laminating card, as shown in
Figure 1.5. The analytical membrane was provided with an analyte-specific capture line (test

line; T line) and a species-specific positive control line (C line).>®

2 Sampling hole I Upper cover plate

\ / — 5 Sample pad

conjugagte pad

9 C -
9 C line 7 6 Analytical

membrane

3 Scanning window

4 Watch window

10 Absorbent pad

7 Laminating card

11 Bottom plate

8 T line

Figure 1.5 Schematic fabrication of the LF strip. The LF strip is clamped by the upper cover
plate and the bottom plate. The position of sampling hole was just on top of the sample pad
and conjugate. In addition, the position of watch window was also just on top of the
absorbent pad. Sample is applied to sampling hole. The T line and C line were in the center
of the scanning window, and the watch window could indicate whether the LF assay finished
or not. (Ref 53)

Labels such as latex, colloidal gold, carbon, and recently up-converting phosphorus
technology have been employed in LFT development.>*>" The first application of strip assay
was the pregnancy test with the detection of human chorionic gonadotropin (HGC).*® The

speed observation of results directly by the naked-eyes and the utilization of a membrane
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strip as the absorbent provided an analytical platform that permits one-step, rapid and low-
cost analysis. >

For the application of lateral flow test for nucleic acid detection, DNA is captured on
lateral flow test strips either in an antibody-dependent or antibody independent manner.
Antibody-dependent format employs an antibody capture line and a labeled amplicon or
oligonucleotide probe of complementary sequence to the amplicon (Figure 1.6a).
Alternatively, antibody-independent format is based on the use of two binding partners such
as biotinylated probe or amplicon, and a streptavidin, which present high affinity and
irreversible linkage. Two convenient approaches are possible in such format: (1) the
immobilization of the oligonucleotide capture probe to the nitrocellulose membrane through

passive adsorption (Figure 1.6¢) or (2) via passive absorption using BSA oligonucleotide

conjugate capture probe (Figure 1.6b).

a b C
Colloidal gold- Colloidal gold Colloidal gold
avidin labelled

Reporter probe Reporter probe

Tagged )
ds-amplicon s-s amplicon s-s amplicon
Capture probe
Anti-tag antibody BSA tagged
capture probe
Nitrocellulose
membrane—y[

Figure 1.6 Three detection principles in nucleic acid lateral flow test strip method; (a)
immunoassay lateral flow; (b) using bovine serum albumin-oligonucleotide conjugate
capture probe (c) using oligonucleotide capture probe immobilized on the nitrocellulose
membrane via passive adsorption. (Ref 65)
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So far, about 75% of published report employed colloid Au nanoparticles as labels for
the detection. The responses of color intensity of Au nanoparticles are directly proportional
to the amount of analytes in sample. With a portable strip reader, Mao et al. reported a limit
of detection of 0.5 nM using Au nanoparticles (Figure 1.7).%* Several studies has used other
labels such as fluorescence® and silver enhancement technique® to improve the sensitivity,
but involvement of additional step inevitably complicated the assay procedures and increase
the assay time. Improvement of detection sensitivity of LFT without compromising the
simplicity of this format is one of the main tasks in the development of LFT. The recently
developed polymerization-based DNA detection has been demonstrated a sensitive and easy-
to-operate format that allows direct visualization of DNA on sensor surface. Great potential
in improving the sensitivity exists if polymerization-based DNA detection could be used in

lateral flow format.

UARER

Figure 1.7 Images (top) and recorded response signals (bottom) of lateral flow strip with
different concentration of target DNA. (a): 0 nM target DNA; (b): 1000 nM
noncomplementary DNA; (c): 100 nM target DNA,; (d) 1000 nM noncomplementary target
DNA+100 nM complementary target DNA.(Ref 61)
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1.3 Polymerization-based DNA Sensor

Polymerization-based DNA detection has emerged as a sensitive, low cost, and easy-
to-operate method that enables direct visualization of DNA binding on a biosensor surface.®®
"0 Specifically, hybridization between DNA targets and the affixed capture probes leads to
immobilization of polymer reaction initiators on a sensing surface. These initiators prompt
polymer growth when proper polymer grafting conditions are met. The resulting polymer
brushes change the optical property of the sensing spot, which becomes visually
distinguishable from the background. Several thousand copies to low fmol of target DNA
molecules have been positively detected without PCR. Assay time has ranged from minutes
to hours, dictated by the degree of amplification desired. The fact that no sophisticated
equipment is needed for qualitative recognition of the presence of specific DNA sequences
renders this amplification-by-polymerization DNA detection scheme a promising solution for
point-of-need sensing applications.

The polymerization reactions that have been successfully demonstrated for DNA
detection include reversible addition-fragmentation chain transfer polymerization (RAFT), *
photopolymerization, ° and atom transfer radical polymerization (ATRP).%

RAFT polymerization operates on the principle of a reversible chain transfer process,
facilitated by chain transfer agents (CTAs, containing thiocarbonylthio groups) attached on
DNA molecules. The initial radicals formed using conventional thermal, photochemical,
redox, or y-irradiation methods attack the monomers and form Pe that start chain growth. Pe
interacts with CTA preferably and CTA-containing Pxe, Pye, or Pze are formed in solution
and on the surface simultaneously (Figure 1.8). The oscillating nature of CTA plays a critical

role in RAFT that enables the “controlled” growth of polymer chains without compromising
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the growth rate. Through this technique, as low as 2000 copies of DNA can be visualized.
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Figure 1.8 Mechanism of RAFT polymerization on DNA covered surface. The image (right
side) illustrates the polymer growth from 1fM target DNA concentration applied on Au
surface. (Ref 69)

In the application of photoinitiated free radical polymerization in DNA sensing,
rapid polymerization starts after photo irradiation of polymer mixture. To increase the
sensitivity, photoinitiators modified polymeric materials binds to DNA through biotin-
strepavidin interaction, therefore the amplification power is significantly improved. After
short period (mins) of photo irradiation, fast polymerization started and the sensitivity can be
tuned by the irradiation time (Figure 1.9). As few as 1000 copies of DNA are visible with
unaided eye. By the use of light visible photoinitiators, polymer from initiator coupled
sSDNA has been successfully grafted on nontransparent nitrocellulose membrane, and

accumulation of polymeric material is directly visualized.” 2
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Figure 1.9 The scheme illustration of DNA sensing with photo polymerization. The image
shows polymer growth after 5 min photo irradiation. (Ref 70)

In ATRP technique, the polymerization is controlled via reversible activation-
deactivation reaction between the growing polymer chain and a Cu catalyst complex. The
activation rate, kae¢ is much smaller than the deactivation rate Kgeact, SO polymer chain
predominantly remain in an inactive state and radical concentration is substantially low
compared with conventional free radical concentration, leading to less termination and a
better controlled polymer growth (Figure 1.10). The application of this process in DNA

sensing allowed polymer growth quantitatively at specific DNA binding site.
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Pp-X + ML «==— P_*+X-Mt"""/L

Kdeact S P
Lk_}) ’ ""li

Monomer

Figure 1.10 Proposed mechanism of ATRP. The image shows polymer growth on the DNA
spot where initiator is labeled. (Ref 68)

However, in all cases, the polymerization-based amplification step has been
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conducted in an oxygen-free environment because oxygen quenches propagating radicals and,
in the case of ATRP, oxidizes the Cu(l) catalyst to a non-ATRP active, higher oxidative state
of Cu(ll) complexes. Rigorous purging with inert gas is crucial in these assays to remove
oxygen, but it inevitably complicates the assay procedure and limits the sensing portability.
1.4 DNA Detection via Activators Generated by Electron Transfer Using Atom
Transfer Radical Polymerization Technique

As described in previous section, polymerization-based DNA sensing shows very
promising results in sensitive detection without the aid of instrumentation, but the purging
step during polymerization process significantly limited the portability of this detection
platform. Modifications of ATRP to eliminate the purging step and to ease the reaction
procedure are critical for its application for DNA sensing in portable format. Many methods
have been developed by polymer chemists where a reducing agent has been used to bring the
Cu (1) complexes back to the corresponding ATRP-active, lower oxidative state of catalytic
complexes.” " During this redox cycling process, oxygen is consumed prior to the onset of
polymer growth. Among the reported attempts, reverse ATRP, "® simultaneous reverse and
normal initiation ATRP (SR&NI), 7 and initiators for continuous activator regeneration
(ICAR) "® have used conventional free radical initiators to produce fresh radicals that reduce
Cu (1) complexes to active Cu (1) complexes. Having achieved certain degree of success,
these reactions nevertheless suffer from nonspecific free radical polymerization in solution as
the inevitable side reaction. An improved strategy to generate active Cu(l) complexes
without introducing free radicals to the reaction mixture is to employ a nonradical forming

81,82

reducing agent, such as Sn(EH)2,” ascorbic acid (AA),*° or Cu powder®® — an approach

80,83

termed as activators generated by electron transfer (AGET) or activators regenerated by
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electron transfer (ARGET)"*® depending on the amount of catalysts used (Scheme 1.1).
0, R-R
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Oxidized AA AA
AA = Ascorbic Acid

Scheme 1.1 Proposed mechanism of AGET ATRP.

AGET ATRP was initially developed to carry out polymerization in miniemulsion
which is of particularly commercial importance.®* All agents can be thoroughly mixed in the
presence of air, and the reducing agent can be added at a controlled rate. It has been
employed to prepare biotin- or pyrene-functionalized biocompatible polymers and nanogels
for biomedical engineering application as well.®*®® The success of AGET ATRP has also
been demonstrated in the synthesis of hydrophilic homo and copolymers in aqueous
solution,®” formation of linear and star-shaped polymers,® as well as producing high
molecular weight polymers.22®° The fact that AGET has been successfully demonstrated in
solution without purging prompted us to explore its potentials in sensing applications.?%%%*
Previous research in our lab have described the use of Cu(0) to ease the need of purging in
DNA detection,® its inherent limitations have imposed technical hurdles that hampered its

practical applications. For example, (a) the heterogeneous reaction occurred on the Cu

powder surface was less controllable; thus not ideal for reproducible and low background
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sensing applications; (b) the handling of oxidatively unstable Cu(l) was still added to the
reaction mixture due to slow reduction of Cu(0); and (c) moreover, large quantity of Cu(0)
metal powder was required to reach the optimized condition, raising concerns over its
adverse impact on DNA stability and environment-friendly disposal of Cu-containing waste.
The research focus of this PhD work is to develop polymerization-based DNA
sensing using AGET ATRP technique. Scheme 1.2 illustrates the overall detection strategy
with AGET ATRP. A capture probe is first immobilized on sensor surface, and then sample
is applied to allow the target DNA to hybridize with the capture probe. Polymerization
initiators are then attached to the DNA binding event. The followed polymerization with
AGET ATRP accumulates the polymeric materials on the site where DNA binding occurs,
and renders direct visualization of DNA when the polymer film thickness is thick.
Elipposometer measurement of the polymer film thickness allows quantification of DNA
concentration because of the linear relationship between the two. Evolution of polymer film
with AGET ATRP on membrane could facilitate the development of the polymerization-
based lateral flow strip test. The advantage in sensitivity with polymerization-based detection

can be consequently utilized to improve the detection sensitivity of lateral flow test.
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Scheme 1.2 Scheme illustration of DNA detection using AGET ATRP technique

Chapter 2 describes the development of DNA detection with AGET ATRP on Au
surface. Ascorbic acid (AA) as an environmental friendly, water-soluble reducing agent was
used to allow polymer grafting to be carried out in a homogeneous reaction environment
without purging, which significantly improved the assay robustness and simplified the assay
procedure. Three different ATRP ligands were examined for their effectiveness in polymer
grafting from initiator-coupled single strand DNA (ssDNA) on a Au surface. Optimal
concentrations of the Cu (I1) catalyst and AA were established to examine effective polymer
grafting on surface. Detection specificity and sensitivity was evaluated for which DNA
sequences with point mutations were distinguished from the perfectly matched DNA target
sequences.

Chapter 3 describes the efforts in improving visual detection through
copolymerization of colorimetric copolymer with AGET ATRP. Color visualization of
sensing results on specific substrates is prerequisite for dip-stick-based DNA detection.

Covalent incorporation of chromophores in polymers is one of the logic solutions to meet
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such a requirement. Two colorimetric monomers, blue and yellow, were synthesized in
solution, and copolymerization of two monomers with HEMA was demonstrated. Blue-
colored monomer was used as the model monomer to study incorporation efficiency and
conversion rate in detail.

Chapter 4 describes the grafting of ionic polymers on Au surface using AGET
ATRP technique. The growth of ionic polymer will significantly change the surface
properties of sensor substrate which allows application of various staining methods to
improve the visibility of DNA detection. A negatively charged monomer, 3-Sulfopropyl
methacrylate potassium salt (SPM), and a positively charge monomer, 2-
(methacryloyloxy)ethyl-trimethylammoniumchloride (MeDMA) were employed. The shorter
assay time, which is important in development of DNA strip test, can be achieved using SPM
polymerization. The optimized catalyst concentration for both monomers was examined

Chapter 5 describes the efforts in further improving detection sensitivity through
application of polylysine (PLL) as a carrier to bring multiple initiators to each DNA binding
event. Partial modification of the amino groups on the side chains of polylysine with
initiators forms a macroinitiator which bears positive charges. Interaction of positively
charged macroinitiators with DNA brings a large number of initiators to DNA
electrostatically in a label-free fashion, which improves the detection sensitivity about 60
folders. The optimized modification ratio and polylysine concentration was investigated for
the improved performance.

Chapter 6 describes the exploration of use fluorescent polylysine in DNA detection
for further enhanced sensitivity. Extending the macro-probe concept from chapter 5, a

macrofluorophore prepared by modification of the amino groups of polylysine with
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fluorophores, bound electrostatically with DNA. Taking advantage of aggregation effect of
PLL macrofluorophore, three magnitudes enhancement was achieved. Application of PLL
macrofluorophore in protein multiplex detection was also demonstrated with 2 orders of
magnitude enhancement in detection sensitivity.

Chapter 7 describes the preliminary work in the application of polymerization-based
detection to DNA strip tests. In situ incorporation of color via copolymerization and post
staining the strip using electrostatic interaction are both demonstrated. The application PLL
macroinitiator facilitated the visualization of DNA detection after staining. The combination
of polymerization-based detection with strip test holds great potential in development of
highly sensitive, yet cost-effective portable DNA detection platform. Further study is still

needed for the optimization of hybridization condition at the presence of PLL.
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Chapter 2 DNA Detection with AGET ATRP

2.1 Introduction

As described in chapter 1, polymerization-based DNA detection shows promising
result, especially in the field of application for instrument-free and low-cost detection.
Accumulation of polymeric material on surface allows direct visualization of the presence of
as low as 1000 copies DNA without the aid of PCR.

The polymerization techniques currently employed suffers from the purging step
that is used to maintain an oxygen-free environment. Introducing a nonpurged
polymerization technique will significantly improve the portability of this detection platform
and reduce the cost.

In this chapter, activators generated by electron transfer for atom transfer radical
polymerization (AGET ATRP) technique is used to amplify the detection signal. The
introduction of water-soluble reducing agent, ascorbic acid, allows in situ consumption of
oxygen and activation of Cu catalyst. The concentration of catalyst, the amount of ascorbic
acid, and the selection of ligand was investigated. The preliminary study in application of
AGET ATRP in DNA detection lay down the ground for later chapters.

2.2 Experimental Section
2.2.1 Material

Gold substrates (50-A chromium followed by 1000-A gold on a float glass) were
purchased from Evaporated Metal Films (Ithaca, NY). All oligonucleotides were purchased

from Integrated DNA Technologies, Inc (Coralville, 1A). The sequences of DNA are listed
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in Table 1. Thiolated 15-mer Peptide nucleic acid (PNA) was purchased from Panagene
(Korea) and the sequence was listed in Table 2.1

Table 2.1 DNA Sequences Used in This Chapter

Name Sequence Description

Dual functional DNA used to
study the evolution of PHEMA
film on DNA-coated Au surface

Capture probe complementary to
C

5° NH,-(CH2)s-TAA CAA TAA TCC CTC
Az (CH2)3-S-S-(CH2).CH3

PNA SH-(CH,);-CAC ATC GTA TCC TAG
5’ NH,-(CH2)s-ACTA GGA TAC GAT

C GTG Complementary target DNA
NC _SI_TEHZ'(CHZ)G'A”TCC TTA TCA ATA Noncomplementary target DNA
, i i Single mismatched target DNA
M1 éTIéHZ (CH2)e-AnCTA GGA TAT GAT i mutation site in middle
(shown in italic, boldface)
Single mismatched target DNA
M2 5’NH,-(CH2)s-A21CTA GAA TAC GAT with mutation site closer to the
GTG 5> end (shown in italic,
boldface)
Single mismatched target DNA
M3 5’NH,-(CH2)s-A21CTA GGA TAC GAT with mutation site closer to the
ATG 3> end (shown in italic,
boldface)

2-Hydroxyethyl methacrylate (HEMA, 98%) was purchased from Sigma-Aldrich, and
purified using an inhibitor remover-packed column to remove methyl hydroquinone inhibitor.
N-hydroxysuccinimide acid (NHS), bromoisobutyryl bromide, dioxane, dithiothreitol (DTT),
triethylamine (TEA), dimethyl sulfoxide (DMSQO), dimethylformamide (DMF), 6-mercapto-
1-hexanol (MCH), 1-methyl-pyrrolidinone, diethyl ether, Copper (II) bromide, 2,2’-
bipyridine (bpy), ascorbic acid (AA), 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane

(Me4Cyclam), SSC buffer, formamide, and tween 20 were purchased from Sigma-Aldrich
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and used as received. Tris[(2-pyridyl)methyl]amine (TPMA), was purchased from ATRP
Solutions (Pittsburg, PA). Copper (11) chloride was purchased from Fisher.
2.2.2 AGET ATRP Polymerizations

For solution Polymerization of HEMA, The catalyst mixture of CuBr, (6.7 mg, 0.03
mmol), Me,Cyclam (5.1 mg, 0.02 mmol) and dnNbpy (8.2 mg, 0.02 mmol) in DMF as
specified in detail the discussion section were added to an aqueous solution of HEMA (1:1
v:v HEMA/H,0). The reaction vial was then sealed immediately after addition of AA. The
polymerization was run at room temperature for various time and stopped by expose to air.
The molecular weight was determined by gel permeation chromatography (GPC).
Conversion was monitored by NMR.

For surface initiated polymerization, typically a mixture of CuCl, (4.0 mg) and TPMA
(8.7 mg) was added to 1.6 mL of HEMA solution (1:1 v/iv HEMA/H,0). The initiator-
immobilized substrates were then immersed into the reaction mixture and the reaction vial (2
mL) was immediately sealed after 50 pL of AA (0.096 mg/mL) was added. Polymerization
was run at room temperature for 2 h. The substrate was then washed in DMSO for 10 min
and rinsed with methanol. After blown dry with nitrogen, the polymer film thickness was
determined by ellipsometry. When Me,Cyclam was used as the ligand, CuBr, and
Me,Cyclam was dissolved in 0.16 mL DMF instead before added to the monomer solution.
During kinetic studies, multiple substrates of the same surface chemistry were placed in
separate reaction vials, and reactions were conducted in parallel. At different time intervals,
one substrate was taken out of a reaction vial at any given time, and rinsed with methanol,

followed by film thickness measurement.
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2.2.3 Immobilization of Initiator-coupled ssDNA on Au surface

Au substrates were cleaned in a piranha solution (70% H,SO4, 30% H,0,, potentially
explosive, handles with care) for 1 h prior to use. N-hydroxysuccinmidyl bromoisobutyrate
(NHS-initiator) was prepared as in previous reported procedure.* Specifically, thiolated
sSDNA A (100 pM, 3 L) and a NaHCO3/Na,COg3 buffer, pH 9.0 (1.0 M, 5 L) were first
mixed in a 1.5-mL eppendorf tube. The NHS-initiator (10 mg/mL in DMF, 10 pL) was
added to the mixture solution. The total reaction volume was brought to 50 mL by adding 32
mL DI H;O. The coupling reaction was finished in 1 h at room temperature. A DTT
solution (0.1 M, 23.5 |L) and 1.5 gL TEA were added to the coupling reaction mixture to
reduce the disulfide bond at the 3’end of ssDNA and generate a free thiol group for surface
immobilization. The modified ssDNA was then purified by gel filtration (Biospin column,
Biorad, PA). The concentration of the initiator-coupled ssSDNA was determined by UV/vis
absorption at 260 nm and was adjusted to 1 piM in 1 M KH,PO,.

The initiator-coupled ssDNA in KH,PO, was then spotted onto a cleaned Au
substrate and the substrate was incubated in a humid chamber overnight. The reduced
ssDNA without initiators was spotted at adjacent spots on the same surface and served as the
control. The substrates were then immersed in 1 mM MCH for 1 h to block the unoccupied
surface binding sites and remove nonspecifically adsorbed ssDNA on the Au surface. The
substrate was briefly rinsed afterwards and was blown dry with a flow of nitrogen.

In the study of polymer formation as a function of initiator surface density, the
initiator-coupled ssDNA was diluted with the same ssDNA molecule without initiators at
different ratios. The total DNA concentration was kept constant at 1 |uM to ensure the same

binding kinetics.
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2.2.4 PNA Immobilization and DNA Hybridization on Au Surface

Sulfide-modified PNA probes were prepared at 5 pM in a 50 mM NaHCO3/Na,COs
buffer (pH 9.0) containing 10% 1-methyl-pyrrolidinone. The solution was spotted on a clean
Au surface and was placed in a humid chamber overnight. After probe immobilization, Au
substrates were rigorously washed with DI H,O and then immersed in 1 mM MCH for 1 h.
The substrate was briefly rinsed afterwards and was blown dry with a flow of nitrogen.

The immobilized PNA probes were prehybridized for 30 min at room temperature in
the hybridization buffer of 30% formamide, 1x SSC, 0.05% tween 20 and 5% 1-methyl-
pyrrolidinone. The prehybridization buffer was then replaced with the same buffer but
containing initiator-coupled complementary ssDNA (C) at a concentration of 3 UM, unless
otherwise specified. Hybridization was carried out at 37 °C for 30 min. After hybridization,
the substrate was post-hybridized with 1x SSC, 0.05% tween 20 for 5 min, followed by 0.1x
SSC, 0.05% tween 20 for another 5 min to remove nonspecifically bound DNA. The
substrate was finally washed with DI H,O and blown dry with a flow of nitrogen for
subsequent polymerization. Meanwhile, initiator-coupled non-complementary DNA (NC)
was used as the control. Initiator-coupled target DNAs with single mismatches at different
positions were used in the binding specificity test. All DNA sequences went through
hybridization under the same protocol.

2.2.5 Instrumentation

The DNA concentration was determined using a HP8453 UV-vis spectrophotometer
(Agilent Technologies, CA). KH,PO, buffer (1 M) was used as blank.

Molecular weight and polydispersity were determined by GPC. The GPC was

conducted with a PL-GPC50plus system with refractive index detector (polymer laboratories,
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MA) using a Polypore column (MW operating range 200-2,000,000 Da, nominal particle
sized 5um, polymer laboratories). DMF with 50 mM LiBr was used as mobile phase at flow
rate of 1 mL/min at 35°C. Linear poly(methyl methacrylate) (PMMA) standards were used
for calibration. For GPC measurement, an aliquot of the polymer samples was dissolved in
DMF and filtered through a 0.2 um filter.

'H NMR spectra were recorded on a Varian 300 MHz spectrometer. CDCl3 or de-
DMSO was used as solvent. The monomer vinyl signals of HEMA were at 5.5 and 6.0 ppm.
As polymerization proceeded, the intensity of proton signals in the methane groups of
methacrylate at 0.5-1.0 ppm increased, indicating the formation of polymer.

Film thicknesses were measured with an AutoEL-111 automatic ellipsometer (Rudolph

Research, NJ). The instrument irradiated the substrates at a 70° incident angle. The

reflective index of 1.51 was used for the polymer films. All surface measurements were

conducted on dried polymer films.

2.3 Result and Discussion
2.3.1 Solution Polymerization of HEMA with AGET ATRP

To apply AGET ATRP in DNA detection which is performed on flat sensor surface,
solution polymerization with this technique was first examined. HEMA was selected as

monomer due to its water solubility and comparability with DNA.
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Scheme 2.1 Solution Polymerization of HEMA with AGET ATRP

Scheme 2.1 shows the polymerization of HEMA in aqueous solution with AGET
ATRP. The catalyst mixture of CuBr,/ Me,Cyclam/dnNbpy (8.2 mg, 0.02 mmol) was
dissolved in DMF and added to an aqueous solution of HEMA (1:1 v:v HEMA/H,0). Two
initiator concentrations were employed to target different degree of polymerization. In a
typical solution ATRP polymerization, the radical concentration is high ([radical]:[monomer]
= 1:100) ®® and deactivator can be produced due to persistent radical effect, therefore the
control of polymerization can be achieved without addition of extra deactivator. For surface
polymerization, the radical concentration in overall system is much lower, so the generation
of deactivator is negligible, leading to a less controlled system. To mimic the polymerization
condition on surface, the initiator concentration employed here is greatly reduced
([radical]:[monomer] = 1:1375 or 1:21825). Ascorbic acid was selected as the reducing agent
because it is very environmental friendly. Cu(ll)/Ascorbic 1:1.5 ratio was employed to not

only reduce Cu(ll), but also consume the oxygen in the reaction vial. For 2mL vial, the head
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space of the reaction vial is 0.6 mL (0.005 mmol), and the steochiomic ratio of oxygen to
ascorbic acid is 1:1, so 0.005 mmol of ascorbic acid is needed in this case to consume oxygen.
The steochiomic ratio of ascorbic acid to Cu(ll) is 1:2. The amount of Cu(ll) in the system is
0.003 mmol. The amount of ascorbic acid added to the reaction (0.006 mmol) is enough to
consume all oxygen in headspace and partially reduced Cu(ll) to Cu(l) to initiate the
polymerization. However, considering the solubility of oxygen and the diffusion process of
oxygen from headspace to reaction solution, the actual amount of oxygen in reaction mixture
should be less than the total amount of oxygen present in headspace. Therefore, a ratio of
Cu(ll)/Ascorbic 1:1.5 was used here. Note the appropriate amount of ascorbic acid is hard to
obtain by simple estimation and should be determined empirically.

Me,Cyclam and dnNbpy were used as ligands. Cu/Me,Cyclam complex is known as
very active catalyst system that provides fast polymerization,®!® which would benefit the
short assay time for polymerization-based DNA detection. It was reported using
Cu(Il)/dnNbpy as deactivator and Cu(l)/Me4sCyclam as activator source provided better
control over the polymerization than using Me4sCyclam alone.” In our case, a combination of
Cu(l)/Me4Cyclam, Cu(l)/dnNbpy, Cu(ll)/ MesCyclam and Cu(ll)/dnNbpy were probably
present and acted as the reaction catalysts as the reaction proceeded. After polymerization,

polymer mixture was subjected to NMR and GPC analysis.

Figure 2.1 plots the reaction time vs. the monomer conversion. It shows the
conversion increased linearly with time at both initiator concentrations. Both sets of
polymerization are pseudo first order. The slope of the kinetic plot represents the pseudo rate
constant of the polymerization, which should be consistent with the initiator ratios of two

reactions in a controlled/living polymerization process. The ratio of the slops of two plots
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was calculated to be 18, corresponding well with the initiator concentration ratio of 16. The
polymerization stopped at 33% conversion in the case of higher initiator concentration, while
in the case of low initiator concentration, the polymer eventually became insoluble after 4.5h
polymerization and the conversion data could be obtained via NMR experiment. The
conversion at 4.5h at low initiator concentration is about 12%. Assuming that the same
initiator efficiency at two cases, the chain length obtained from 4.5h polymerization period is
about 5 times longer than the maximum length obtained at high initiator concentration within
about 50min polymerization period. The termination rate, k{R+]?, is proportional to the
square of radical concentration, suggesting termination is more significant at high
concentration of initiator. At the extreme low concentration of initiator
([initiator]/[monomer]=1:21825), the termination is depressed and the polymer chains grow
very long, eventually become insoluble in the system. The success polymer synthesis in
solution with AGET ATRP technique provides important information for the later surface-

initiated polymerization for DNA detection.
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Figure 2.1 kinetic plots for AGET ATPR of pHEMA in solution with different initiator
concentration. Experimental conditions: (A)
HEMA/CuBr,/Me,Cyclam/dnNbpy/Initiator/Ascorbic Acid = 1375/1/0.67/0.67/0.063/1.5,
HEMA = 16.5 mmol, in DMF; (B) The reaction volume is scale to 1/3 compare to (A).
HEMA/CuBr,/Me,Cyclam/dnNbpy/Initiator/Ascorbic Acid =1375/1/0.67/0.67/1/1.5, HEMA
= 5.5 mmol, in DMF. The reaction volume was 1.33 mL in a 2 mL reaction vial.
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Figure 2.2 (A) GPC trace of pHEMA after 40 min polymerization. (B) pHEMA molecular
weight and polydispersity as a function of conversion. m, experimental Mn of pHEMA; %,
PDI of pHEMA. The straight line is the theoretical molecular weight. Experimental condition:
HEMA/CuBr,/Me,Cyclam/dnNbpy/Initiator/Ascorbic Acid =1375/1/0.67/0.67/1/1.5, HEMA
= 5.5 mmol, in DMF. The reaction volume was 1.33 mL in a 2 mL reaction vial. Theoretical
Mn= [M]*conversion/[1]* MW of monomer.
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The polymerization process at high initiator concentration was further characterized
with GPC experiment. Figure 2.2 (A) shows a representative GPC trace of pHEMA. Figure
2.2 (B) shows the molecular weight of pHEMA increased linearly with conversion. The
molecular weight from GPC was about 50% higher than theoretical molecular weight
(calculated by [monomer]/[initiator]>conversionxXMW of monomer (the conversion was
calculated from the NMR spectra, the ratio of integrated peak at 60-1ppm to the double bond
peak at 65-6 ppm). This discrepancy is probably due to differences between the
hydrodynamic volumes of pHEMA and pMMA standard in DMF. In a typical ATRP
reaction, the PDI of polymer decreases with conversion due to the persistent radical effect.
Here, the PDI decreases with the conversion with the overall PDI less than 1.3, suggesting
the success of AGET ATRP in solution. The success of pHEMA with AGET ATRP
technique in solution lays down the ground for its application on surface polymerization. The
elimination of purging step in traditional ATRP will significantly simply the assay
procedure in polymerization-based DNA detection, and increase the portability of detection.
2.3. 2 Surface Initiated AGET ATRP on ssDNA

After the success of AGET ATRP in solution, the polymerization was then conducted
on surface. To simplify the investigation in AGET ATRP-based DNA detection where the
hybridization of target involved, the polymerization was first conducted on ssDNA surface.
Scheme 2.2 describes the surface initiated AGET ATRP from ssDNA: thiolated sSDNA was
coupled with ATRP initiator, and immobilized on the cleaned Au substrate through Au-S
interaction. The substrates were then immersed in polymerization mixture to allow the

polymer grow specifically atop of DNA molecules.
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2.3.2.1 Selection of Ligand

The Cu catalyst complex is the most important component of ATRP system since it
determines the position of the atom transfer equilibrium and the dynamics of exchange
between the dormant and active species. Significant efforts have been put into development
of high activity and stable catalyst to achieve better control and efficient polymerization. The
successful ~ polymerization was  demonstrated in  previous  section  using
Cu/Me,cyclam/dnNbpy catalyst system, but significantly increased viscosity was observed as
reaction proceeded on surface which caused high background readout (Figure 2.3).

Cu/Mescyclam system was known to activate the reaction very fast but with slow
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deactivation rate, suggesting the control of polymerization is not optimized.>*® A better
controlled system is critical for surface polymerization for the reduction of the background
signal and improved reproducibility. Here, three Cu catalyst complexes, Cu/bpy,
Cu/Meycyclam/dnNbpy, and Cu/TPMA, have been examined for surface initiated AGET

ATRP to optimize the polymer growth on DNA surface.
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Figure 2.3 Selection of ligand. Experimental conditions: for bpy-based reactions,

[CuBr;] = 30 mM, CuBr,/bpy = 1:2, reaction time = 5 h; for Me,Cyclam/dnNbpy, [CuBr;]
=3 mM, CuBr,/Me,Cyclam/dnNbpy =1:0.67:0.67, reaction time = 1.5 h; and for TPMA,
[CuCI2]= 19 mM, CuCI2/TPMA = 1:1, reaction time = 2 h. Cu(Il)/AA = 1.1, [HEMA] = 4.1
M, HEMA/H,0 = 1:1 (v/v). DNA molecules without initiators were used as control.

As shown in Figure 2.3, the growth of polymer film on surface is limited using bpy
as ligand. It has been known that Cu(Il)/bpy has low stability in protic media. Given the
stability of Cu(l) complexes varies less than that of Cu(ll) complexes when the complexing

ligands are altered, ligands forming stable Cu(ll) complexes are likely to behave as more
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active catalysts and subsequently allow more effective polymer growth. Replacing bpy with
Me,Cyclam, a more active ligand with a stability constant 14 orders of magnitude higher
than that of Cu(l1)/bpy, led to visible distinction in polymer film thickness between the spots
immobilized with initiator-coupled DNA (i.e. Reaction) and the one without (i.e. Control,
Figure 2.3). Nevertheless, the reaction was not well controlled and strong gellation occurred
as the reaction proceeded. Gellation also caused strong nonspecific adsorption on the surface
that can not be reproducibly removed. The third ligand examined was tris[(2-
pyridyl)methyl]amine (TPMA). TPMA is a moderate ligand that forms stable complex with
Cu ions (stability constant is 4 orders of magnitude higher than that of Cu(ll)/bpy® and
exhibits moderate activity that allows polymerization to occur in a well controlled fashion,
which provides a possible solution to balance the needs for a faster but controlled ATRP
reaction in polymer grafting atop DNA molecules. Indeed, Figure 2.3 shows that a similar
polymer film thickness was produced using TPMA in comparison to the Me,Cyclam-based
system, yet the background was reduced to half, making TPMA the preferred reaction ligand

in the subsequent studies.
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2.3.2.2 Optimization of AA Amount
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Figure 2.4 Optimization of AA amount. Experimental conditions: (A) [CuCl;] = 19 mM,
reaction time = 2 h; (B) [CuCl;] = 0.6 mM, reaction time = 85 min. CuCl,/TPMA = 1:1,
[HEMA] = 4.1 M, HEMA/H,0 = 1:1 (v/v).
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The amount of AA in the reaction mixture is another important component that
affects effective polymer growth in AGET ATRP. Sufficient amount of AA is needed to
consume oxygen and to reduce Cu (1) to Cu (1) to allow polymerization to occur. It has also
been shown that moderate polymer growth can be sustained when the AA/Cu(ll) ratio was
varied between 0.1-0.5 in a deoxygenated environment where in most cases a fraction of
Cu(ll) ions were retained as reaction deactivators to ensure controlled polymer growth.™
Mathematic estimation of the appropriate amount of AA to be used in the reaction mixture is
a challenging task because the amount of oxygen present in the system, decided by the
solubility of oxygen in the reaction mixture, the volume of the reaction mixture, and the
headspace of the reaction container, cannot be precisely gauged. The proper amount of AA
needed was therefore determined empirically in our study to allow the most effective
polymer growth. As shown in Figure 2.4A, positive polymerization was achieved under
most conditions when the AA/Cu ratio was varied from 0.15-1.5 for a 2-h polymerization
reaction. The slower polymerization rate at low AA/Cu(ll) ratio is attributed to the low
concentration of Cu(l) in the system. The resulting film thickness increased with the
increased AA/Cu ratio until it reached the plateau at the ratio of 0.9. The lack of changes in
the film thickness with continuous increase in the amount of AA suggests complete reduction
of Cu(ll) to Cu(l) in the mixture where the excess amount of AA has little effect on the
reaction rate. Similar trend was observed when low concentration of Cu catalyst was
employed (Figure 2.4B): polymerization rate reached the plateau at the ratio of 1.5. It is
important to note that while thicker films were obtained with higher AA/Cu ratios, the
reactions were less controllable and gellation occurred occasionally, mainly due to the

absence of Cu(ll) deactivators, a commonly used reagent to regulate ATRP reaction rates.

44



An optimal AA/Cu(ll) ratio of 0.6 with a Cu catalyst concentration of 19 mM was thus
chosen in further studies to achieve effective yet controllable polymer growth atop DNA
molecules.
2.3.2.3 Kinetic Study of Polymer Growth on ssDNA

To better understand the evolution of polymer growth in AGET ATRP, a kinetic
study was performed to examine the changes in the polymer film thickness as a function of
reaction time (Figure 2.5). It was found that under optimal reaction conditions, the film

thickness increased with time, but slowly leveled off after 2 h.
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Figure 2.5 Kinetic plot of pHEMA on ssDNA coated Au substrate. Experimental condition:
HEMA/CuCI/TPMA/AA = 219/1/1/0.6, [HEMA]) 4.1 M, HEMA/H20) 1:1(v: V).

For surface-based polymer grafting, the polymer film thickness (h) is approximated to
be proportional to molecular weight of polymer chain (M,) where ¢ is the polymer grafting

density, p is the density of polymer, and Na is Avogadro’s number:
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In an ideal ATRP reaction, the initiation efficiency is 100% and the propagating radicals do
not terminate until all monomer consumed. M, of the formed polymer chains can be
estimated with equation (2), where MW is molecular weight of monomer, [Mo] and [M] are
the monomer concentration at time t = 0 and t, respectively. [R]o is the initiator
concentration on the surface. Assuming a 100% grafting efficiency where ¢ is approx. to the
density of initiator-coupled DNA on the surface at 10" molecules/cm?*? [R-]o is considered

as the same at 102 chains/cm?:

A E( VI o

For surface-initiated polymerization, a quantitative model (equation 3) has been proposed to
describe the relationship between the monomer consumption and reaction time (t) where k,

and k; are propagation constant and termination constant, respectively.™

M 0kp R*],t
[M]o—[M]Z&

3
1+[R*] k.t )
Substitute equation (1) and (2) into equation (3), we obtain
M, k ,MWaot
[ 0] p (4)

TNk R7LY)
The experimental data in Figure 4 was then fitted with equation (4) where k, was calculated
to be 1.1M ™ s and k; to be 0.2 x 10° cm?/(mol s), based on the aforementioned assumption
of 100% grafting efficiency and homogeneous distribution of monomers in solution. Both

numbers are in reasonable agreement with what have been reported in the literature. The
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actual grafting density of polymer chains and the local monomer concentration are expected
to be smaller' and the actual k, value could be higher.
2.3.2.4 Quantification of ssDNA on Surface

The capability to quantify the amount of target DNA in solution using AGET ATRP
strictly relies on the existence of a linear correlation between the polymer film thicknesses to
the amount of initiator-coupled DNA molecules on the sensor surface. A set of experiments
were conducted where initiator-coupled DNA molecules were diluted with unmodified DNA
molecules of the same sequence at different ratios before surface immobilization. Given both
DNA molecules shared the same sequence, similar immobilization kinetics was expected and
the pre-determined mixing ratio was reliably transferred to the surface layer. The amount of
total DNA on the Au substrate was unchanged to eliminate side effects on polymer grafting
caused by decrease of DNA densities on surface. As shown in Figure 2.6, the polymer film
thickness steadily increased with the increased concentration of initiator-coupled DNA on
surface and the fitting line passed through the origin. It suggests that the film thickness (h) is
proportional to the density of initiator-coupled DNA (o) and Mn of the polymer products is
relatively constant, independent of the initiator density. In other words, the polymer chain
propagation on DNA-coated surface is suspected to be an individual molecular event under
the optimized conditions where bimolecular termination rarely occurs, in contrast to what has
been reported for the substrates with high-density surface initiators.****> This observation
confirms the capability of polymerization-assisted DNA detection platform in converting the
quantitatively measured film thickness to the number polymer chains grafted on the surface,

which ultimately translates the number of DNA binding events occur during detection.
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Figure 2.6 Thickness of pHEMA on ssDNA-coated Au surfaces as a function of DNA
density. Experimental condition: HEMA/CuCl,/TPMA/AA = 219/1/1/0.6, [HEMA]) 4.1 M,
HEMA/H20) 1:1(v: v)

2.3.3 DNA Detection with AGET ATRP
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Scheme 2.3 DNA Detection Using AGET ATRP
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Upon the establishment of successful AGET ATRP growth atop DNA molecules, the
feasibility of using AGET ATRP in DNA detection was demonstrated. Two independent
steps are involved in AGET ATRP-assisted DNA detection: DNA hybridization and signal
amplification by polymerization. Scheme 2.3 illustrates the common experimental procedure:
Thiolated 15-mer peptide nucleotide acid (PNA) capture probes were immobilized on a Au
surface at room temperature. Initiator-modified complementary (C) or non-complementary
DNA targets (NC) were introduced to the surface where only the complementary ones
hybridized to the PNA probes and the non-complementary ones were washed away.
Hybridization between PNA and DNA C resulted in immobilization of ATRP initiators on
the surface. Subsequent initiation of polymerization led to localized polymer brush growth.
The amount of polymers grafted on the spots where complementary DNA hybridized was
quantitatively measured using ellipsometry where the spots exposed to initiator-modified

non-complementary DNA NC provided the negative control.
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Figure 2.7 Quantitative detection of target DNA in solution. The control thickness was 5.3 A
but was not plotted on the log axis.
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A linear plot of polymer thicknesses versus the target DNA concentration was
obtained in quantitative detection of DNA using AGET ATRP (Figure 2.7). The limit of
detection (LOD) was calculated as ~0.2 pmol (0.06 M), comparable to the previously
demonstrated LOD using purged ATRP without secondary amplification. While more
sensitive detection of DNA target using RAFT has been demonstrated, the elimination of the
purging step and faster turn-around (i.e., 2.5>reduction on assay time) renders AGEP ATRP

a much more attractive solution for portable genotyping applications.
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Figure 2.8 Selective detection of DNA targets of different sequences using AGET ATRP.
Experimental details see the text. Nonspecific adsorption background was subtracted before
plotting.

The capability to differentiate single-base mutations is crucial in genotyping-kind

applications. Interestingly, we found that the subsequent AGET ATRP reaction for signal

readout augmented binding differences between the cDNA duplexes and those with
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mutations. Specifically, three DNA oligonucleotides, M1, M2, and M3 with single-point
mutations at the middle, the 5’ or the 3’ end of the sequence, respectively, were hybridized to
the same PNA capture probe on a surface. As shown in Figure 2.8, a slight increase in
thickness for all spots was observed after DNA hybridization but prior to polymerization,
with the most pronounced increase observed from the cDNA spot. The signal-to-background
(S/B) ratios were calculated as 4.5, 0.6, 1.7, and 2.2 for C, M1, M2, and M3 systems against
the background (NC), respectively (i.e., S/B) Individual Spot Thickness/Thickness from NC),
which translated to the discriminatory power in the range of 2 (C/M3)-7.5 (C/M1) against
mismatches at different positions. After polymerization, the S/B ratios were improved to 19.4,
1.1, 0.6, and 2.6, respectively, corresponding to an improved discriminatory power from 7.5-
32 of more than 3 folds of enhancement from polymer growth.

It is important to note that the formation of the thermodynamically most stable
PNA/DNA duplexes between two complementary sequences is still the dominate factor to
differentiate single base mismatches in PNA/DNA chimeras. The subsequent AGET
ATRP reaction simply serves to amplify the differences by enlarging the S/B ratios. Indeed,
in both cases, the complementary duplexes yielded the highest thickness; albeit the difference
was subtle for the one without polymer amplification. This improved differentiation
capability of single-point mutation in the DNA sequences after AGET ATRP was also
partially attributed to the reduced stability of all PNA/DNA duplexes, but more so for those
with mismatches, in the less polar AGET ATRP reaction mixture.*

In addition, a slightly higher thickness was observed from the spot M3. It is
consistent with the fact that the position of the mismatch plays an important role on the

stability of PNA/DNA duplexes,'” in which the mutation in M3 was 2 bases away from the 3’
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end, whereas the one in M2 was 4 bases away from the terminus and the one in M1 was
located in the middle. Nevertheless, mutations at all three different positions were readily
distinguishable from the complementary one, and the differences in quantitatively measured
film thicknesses followed the expected stability orders of PNA/DNA duplexes.
2.3.4 Conclusion

In this chapter, pHEMA was successfully synthesized both in solution and on surface
with AGET ATRP. Ascorbic acid was used as the reducing agent that allowed
homogeneous polymerization reaction with reproducible growth kinetics. Among three
ligands examined, TPMA was shown to yield sufficient polymers in a controllable fashion.
Maximum polymer growth was achieved when Cu(ll) was maintained at 20 mM and a
AA/Cu(ll) ratio above 0.9. Consistent with the nature of AGET ATRP as a controlled/
“living” polymerization reaction, the amount of polymers grafted on surface was proportional
to the amount of surface initiators. Quantification studies showed the amount of target DNA
in solution was proportional to the final film thickness with a dynamic range over 2 orders of
magnitude. The detection limit was estimated at ~0.2 pmol. Detection of single point

mutation using AGET ATRP was highly sequence specific.
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Chapter 3 Synthesis of Colorimetric Copolymer with AGET ATRP

3.1 Introduction

As described in Chapter 2, AGET ARTP technique has been successfully used in
polymerization-based DNA detection to realize a purge-free and portable detection. The
detection was performed on Au surface and the polymer film thickness was characterized
with ellipsometer. To further increase the portability of the detection, an instrument-free
detection is highly preferred. One of the simple ways to achieve this is to add color to
polymer film, therefore allow the direct visualization of polymer film on surface.

Colored polymers are broadly employed in our daily life, from household appliances
to highly sophisticated defense weapons, from decorative accessories to technical-intense
chemical and biological sensors.'™ They are prepared either by physically dispersing the
colored species into host polymer matrices or by chemically integrating colored functional
moieties into polymer network. The latter offers improved color stability and homogeneity
with reduced phase separation; hence has been the preferred approach for fabricating
sophisticated devices, such as those used in chemical and biological sensors.

AGET ATRP has been demonstrated for polymerization of both hydrophobic

monomers, such as styrene and (meth)macrylate °>°

, and hydrophilic monomer in protic
media.”® In this chapter, | will describe for the first time the use of AGET ATRP in
synthesizing two colorimetric copolymers: p(HEMA-co-BMPA), a blue-colored copolymer,
and p(HEMA-co-TAPMA), a yellow copolymer, in solution. The conversion rate, the

polydispersity of the polymer product, as well as the incorporation efficiency of bulky

monomers into copolymer chains was characterized.
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3.2 Experimental Section
3.2.1 Materials

2,3-Dihydro-9,10-dihydroxy-1,4-anthracenedione (90%), 4-aminophenethyl alcohol
(98%), ethylene glycol, 2-aminothiazole, Sodium Nitrite (NaNO;), methacryloyl chloride,
4,4’-dionyl-2,2’-dipyridy (dnNbpy) (97%), sulfuric acid, 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane (MesCyclam) (98%), CuBr,, and triethylamine ( TEA) were
purchased from Sigma-Aldrich (St. Louis, MO). 2-hydroxyethyl methacrylate (HEMA) was
received from Sigma-Aldrich and purified using an inhibitor remover column to remove
methyl hydroquinone inhibitor. The inhibitor remover was purchased from Sigma-Aldrich
and the column was packed in house. | -ascorbic acid, acetone, phenol, tetrahydrofuran (THF),
Lithium bromide (LiBr) and sodium hydroxide were received from Fisher Scientific.
Dimethyformamide (DMF) and Dimethyl sulfoxide (DMSO) were purchased from VWR.

PMMA standards (MW range 690-1,944,000) were received from Polymer laboratories Inc.

3.2.2 Synthesis of 1,4-Bis(4-(2-methacryloxyethyl) phenylamino) anthraquinone (BMPA,

monomer 1)

The dark-blue colored monomer 1 was synthesized according to the published

procedures, as described in Scheme 3.1°
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Scheme 3.1 Synthesis of 1,4-Bis(4-(2-methacryloxyethyl) phenylamino) anthraquinone
(monomer 1)

3.2.2.1 Synthesis of Blue Intermediate of Monomer 1
2,3-dihydro-9,10-dihydroxy-1,4-anthracenedione (1.50 g) was refluxed with 4-
aminophenethyl alcohol (5.0 g) at ~150°C under nitrogen protection for 5 h. Ethylene glycol
(12.5 mL) was added to the heated solution and air was bubbled through the hot reaction
mixture for 3 h. After cooling, the resulting slurry was dissolved in acetone (0.5 L), the
solution was filtered and the dark blue intermediate was precipitated out by adding equal
volume of 1 M NaOH solution. The intermediate was filtered out and washed with distilled
water until neutralized, and then vacuum dried overnight. H NMR spectrum (300 MHz,
CDCl3, 25C, TMS) of the intermediate was shown in Figure 3.1: 6 8.2-8.4(q, 2H), 7.6-7.8(q,

2H), 7.4-7.5(s, 2H), 7.1-7.3 (q, 4H), 4.2-4.4(t, 4H), 2.8-3.0(t, 4H), 1.8-1.9(s, 6H).
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Figure 3.1 'H NMR spectrum of intermediate of 1,4-Bis(4-(2-methacryloxyethyl)
phenylamino) anthraquinone (monomer 1)

3.2.2.2 Synthesis of 1,4-Bis(4-(2-methacryloxyethyl) phenylamino) anthraquinone
(Monomer 1)

To intermediate (0.8 g) in acetonitrile (15 mL) was added triethylamine (1.6 mL)
and methacrylol chloride (3.0 mL). After 60 minutes, ethylene glycol (8mL) was added.
After 30 minutes, the product was precipitated out by adding water to solution to 0.5 L and
filtered out. The dark blue product was dried overnight under vacuum. The product was

characterized by NMR. *H NMR (300 MHz, CDCls): & 8.2-8.4(q, 2H), 7.6-7.8(q, 2H), 7.4-
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7.5(s, 2H), 7.1-7.3 (q, 4H), 5.5-6.0(s, 4H), 4.2-4.4(t, 4H), 2.8-3.0(t, 4H), 1.3-1.4 (t, 2H), 1.5-

1.6(s, 2H) (Figure 3.2)
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Figure 3.2 'H NMR spectrum of 1,4-Bis(4-(2-methacryloxyethyl) phenylamino)
anthraquinone (monomer 1)

3.2.3 Synthesis of 4-(2-thiazolylazo)phenyl methacrylate (TAPMA, Monomer 2)

2-aminothiazole (5.0 g, 50 mmol) was dissolved in 3.6 mol/L sulfuric acid (50 mL),
and the solution was cooled in an ice bath to 0<C. To this was slowly added a cold solution of
sodium nitrite (3.5 g, 50 mmol) in 25 mL DI H,O with vigorous stirring. The resulting

solution was then slowly added to a stirring solution of phenol (4.7 g, 50 mmol) in absolute
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ethanol at 0<C. The red precipitate was formed in 1 h, and filtered and washed with DI H,O
until the washing water exhibited to neutral, then recrystallized by boiling in refluxing
ethanol with activated carbon, filtrated through a hot filtration funnel. The resulting red

crystal was dried in vacuum.

OH
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Scheme 3.2 Synthesis of 4-(2-thiazolylazo) phenyl methacrylate (monomer 2)

The intermediate (3.08 g, 15 mmol) and TEA (2.25 mL, 18 mmol) were dissolved in
100 mL of THF and were placed in a dry one-neck round-bottom flask fitted with a magnetic
stirrer and a dropping funnel. The reaction mixture was cooled to 0<C, then stirred in an ice
bath at 0-5<C. Methacryloyl chloride (1.75 mL, 18 mmol) dissolved in 20 mL of THF was
added dropwise through the dropping funnel in 1 h. After the addition, the reaction mixture
was stirred for 4 h at 0<C and left overnight at 28<C to complete the reaction. The
precipitated triethylammonium chloride was filtered out, and the solvent in the filtrate was
distilled under reduced pressure at 40<C. The residue obtained was dissolved in ether and
washed three times with 0.1% NaOH and then with DI H,O several times to remove NaOH.

The ether solution was dried using anhydrous magnesium sulfate, and the solvent was
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distilled under reduced pressure. The orange product was dried under vacuum at 60 <C for 24
h. The product was characterized by NMR. *H NMR (300 MHz, CDClg): 7.30-7.44 (3H,
benzyl H), 8.04-8.09 (3H, 1 H of benzyl ring, and 2 H of thiazole ring), 6.39, 5.81 (2H, CH)),

2.08 (3H, CHy).
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Figure 3.3 'H NMR spectrum of 4-(2-thiazolylazo) phenyl methacrylate (monomer 2)

3.2.4 Synthesis of Blue Copolymer with AGET ATRP

The catalyst mixture was made by dissolving CuBr, (6.7 mg, 0.03 mmol),
Me,Cyclam (5.1 mg, 0.02 mmol) and dnNbpy (8.2 mg, 0.02 mmol) in DMF (1mL).
Typically in a small (2 mL) reaction vial, HEMA (0.67 mL), catalyst mixture (0.13 mL),
various amount of dye monomer (0.5 to 25% vs. HEMA) dissolved in DMF (0.4 mL) were

mixed. Then, initiator (105 L or 7 L, 10 mg/mL) prepared as described in ref,** was added
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to the reaction mixture. The reaction vial was tightly sealed immediately after ascorbic acid
(0.13 mL, 8.1mg/mL) was added. In the experiment to determine incorporation ratio of
monomer 1, a 6ml reaction vial was used and all reagents were scaled up as above receipt.
Kinetic study was carried out at different time intervals. The molecular weight was
determined by gel permeation chromatography (GPC). Conversion was monitored by NMR.
To determine the incorporation ratio of monomer 1 in copolymer, the polymerization mixture
was subjected to extensive dialysis (MWCO 1000) against DMSO to remove the unreacted
monomer and other small molecules. *H NMR experiment was performed directly after
dialysis without any further treatment to confirm the removal of monomer. Then the
monomer 1 concentration in copolymer was determined by UV/vis, and then the copolymer
was vacuum dried at elevated temperature until no further weight loss. The incorporation

percentage was calculated by dividing the weight of monomer 1 by total weight of copolymer.

3.2.5 Surface Copolymerization of Colorimetric Monomer with HEMA

In a typical surface-initiated AGET ATRP reaction, a mixture of CuCl;, (4.0 mg) and
TPMA (8.7 mg) was added to 1.6 mL of HEMA solution (1:1 v/iv HEMA/DMF). The
colorimetric monomer in DMF was added at various amounts. The substrates immobilized
with initiator-coupled ssDNA were then immersed into the reaction mixture and the reaction
vial (2 mL) was immediately sealed after 50 pL of AA (0.096 mg/mL) was added.
Polymerization was run at room temperature. After polymerization, the substrate was then
washed in DMSO for 10 min and rinsed with methanol. After blown dry with nitrogen, the

polymer film thickness was determined by ellipsometry.
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3.2.6 Instrumentation and Analyses

UV/vis absorption spectroscopy was performed using a HP8453 UV-vis
spectrophotometer (Agilent Technologies, CA). DMSO solvent was used as blank.
Molecular weight and polydispersity were determined by GPC. The GPC was
conducted with a PL-GPC50plus system with refractive index detector (polymer laboratories,
MA). using a Polypore column (MW operating range 200-2,000,000 Da, nominal partical
sized 5um, polymer laboratories). DMF with 50 mM LiBr was used as mobile phase at flow
rate of 1 mL/min at 35°C. Linear poly(methyl methacrylate) (PMMA) standards were used
for calibration. For GPC measurement, an aliquot of the polymer samples was dissolved in
DMF and filtered through a 0.2 um filter.
'H NMR spectra were recorded on a Varian 300 MHz spectrometer. CDCl; or ds-
DMSO was used as solvent. The monomer vinyl signals of HEMA were at 5.5 and 6.0 ppm.
As polymerization proceeded, the intensity of proton signals in the methane groups of

methacrylate at 0.5-1.0 ppm increased, indicating the formation of polymer.

3.3 Result and Discussion

3.3.1 Synthesis and Characterization of Blue Copolymer of HEMA and Monomer 1
Monomer 1 was synthesized in two steps as shown in scheme 3.1.° 2,3-dihydro-9,10-
dihydroxy-1,4-anthracenedione reacted with 4-aminophenethyl alcohol at elevated
temperature under nitrogen protection followed by oxidation by O,. The intermediate was
then mixed with methacrylol chloride to add the vinyl group to the monomer. Monomer 1
exhibited mirror symmetric structure. Protons in aromatic rings appeared in chemical shifts

higher than 7.2 ppm region. The vinyl group appeared at 5.5-6.0 ppm (Figure 3.2). The UV-
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vis absorption spectrum was shown in Figure 3.4. Long conjugated system of monomer 1
caused strong absorbance in visible range. Three peaks were observed at 406, 607, and 647
nm. The multiple absorption in visible regions at 406 nm (xm—n*) and 607 and 647 nm
(n—m*) were due to hyperchromism. The molar absorbtivity at 647nm was determined to be
18700 L mol™ cm™. The absorbance of monomer 1 at visible range allows incorporation of

color to the polymer when copolymerized with HEMA.

Absorbance

400 500 600 700
Wavelength (nm)

Figure 3.4 UV-vis spectrum of monomer 1 in DMSO. Spectrum was obtained at 0.025
mg/ml concentration.

The copolymerization reactions were performed in DMF at ambient temperature
using AGET ATRP (Scheme 3.3). Although two vinyl groups present in monomer 1,
crosslink of polymer chain rarely occurred unless monomer 1 feeding ratio was very high and

HEMA concentration was considerably low, as discussed later in this chapter. The
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copolymerization of HEMA with monomer 1 has been reported using photo polymerization
with a crosslink reagent added in reaction mixture.® We have shown the successful
polymerization of HEMA using AGET ATRP in Chapter 2.*° Here under same AGET ATRP
conditions, the copolymer was synthesized with different amount of monomer 1 added to
tune the color intensity of copolymer. After polymerization, polymer mixture was dialyzed
against DMSO to remove the unreacted monomers, precipitated out with H,O, vacuum dried,
then subjected to NMR analysis. A representative 'H NMR spectrum and picture of

copolymer after dialysis was shown in Figure 3.5.
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Scheme 3.3 Synthesis of blue copolymer with HEMA and Monomer
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Figure 3.5 A representative "H NMR spectrum of copolymer after dialysis in ds-DMSO.
Experimental condition: CuBr,/Me,Cyclam/dnNbpy/Initiator =1/0.67/0.67/1, 1.34 mg CuBr,
(~4mM), HEMA/DMF=1/7 (v/v), 16 mg of monomer 1, total reaction volume =1.6 mL.

Disappearance of vinyl group at 65.5-6.0 indicated the removal of monomer. The
broad peak at chemical shift above 7 indicated the successful incorporation of blue monomer
1. The amount of monomer 1 in copolymer can be easily determined by UV-vis since UV-vis
is a more sensitive tool to quantify the monomer 1 concentration compared with NMR. To
calculate the mass fraction of monomer 1 in copolymer, a standard curve was constructed by
dissolving a series of monomer 1 in DMSO. To investigate if UV-vis absorbance of
monomer 1 in copolymer was affected by the surrounding HEMA molecules, the UV-vis
spectra of monomer 1 in DMSO, 10% HEMA, 50% HEMA, and pure HEMA were
compared (Figure 3.6). The result showed there was no significant difference in the
absorbance of monomer 1 in different media, and only slight increase (~10%) in absorbance

in pure HEMA mainly came from the baseline shift. The color intensity of copolymer is quite
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stable for long time after monomer 1 is structurally incorporated into the matrix of
copolymer.® It is reasonable to assume monomer 1 in copolymer has same absorbance
behavior as in DMSO. After concentration determination by UV-vis, the volume of polymer
solution was measured, and then the polymer solution was dried in a vacuum oven, and the
total mass of copolymer was obtained by weighing the vacuum-dried copolymer. The
incorporation ratio of monomer 1 was calculated by dividing mass of incorporated monomer

1 by the total mass of copolymer.

Absorbance

400 500 600 700
Wavelength (nm)

Figure 3.6 the UV-vis spectra of monomer 1 in DMSO+{— ), 10% HEMA (----- ), 50%
HEMA (----J, and pure HEMA (- -3 were compared. The result showed there was no
difference in the absorbance of monomer 1 in DMSO, 10% HEMA and 50% HEMA.

The color intensity of copolymer can be tuned by incorporation of different amount of
blue monomer 1. Table 1 shows the incorporation of blue monomer 1 at different feeding
ratio. Several key observations can be made: (1) when a relatively high concentration of

HEMA was used, the incorporation ratio of monomer 1 was relatively low (<2%), regardless
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the initial feeding ratio (0.6-25%). This is consistent with the result in ref® which reported a
typical dye concentration ranged from 0.001 to 2 wt % of monomer mixture. The low
incorporation in copolymer was mainly attributed to the steric hindrance caused by bulky

structure and the limited solubility of monomer 1; (2) When the volume of HEMA was

further reduced to 5% of reaction mixture, the result showed the incorporation ratio of
monomer 1 was increased. In particular, 6 % feeding ratio resulted in a 4.3 % incorporation
(~72% incorporation efficiency). Further increase of feeding ratio (>18%) did not increase
the incorporation ratio significantly at both high and low HEMA concentration, due to the
limited solubility of monomer 1 in reaction mixture. The higher incorporation ratio than the
feeding ratio in experiment 1 and 1 is probably caused by the incomplete removal of blue
monomer by dialysis and inaccurate measurement of mass of copolymer which was
determined by subtraction of mass of container from the total mass of container and
copolymer. Due to the mass of copolymer is small, trace amount of variation in mass of
container, such as loss of water after vacuum dry at elevated temperature, could cause the

experimental error.
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Table 3.1 Determination of monomer 1 incorporation in copolymer?

Exp HEMA Monomerl Initiator Cu(l)  Ligand®  AscoA Time  Incorp ratio Mn

# (mmol) (wt %) (mmol) (mmol)  (mmol) (mmol) (h) (Wt %)

1 16.5 0.6 0.0008 0.012 0.016 0.018 17 1.2

2 16.5 1 0.0008 0.012 0.016 0.018 17 11

3 8.25 5 0.0004 0.006 0.008 0.009 17 1.2

4 8.25 25 0.0004 0.006 0.008 0.009 17 2

5¢ 1.65 6 0.0008 0.012 0.016 0.018 17 4.3 210000
6° 1.65 18 0.0008 0.012 0.016 0.018 17 5.7

7° 1.65 0 0.0008 0.012 0.016 0.018 15 0 131700

®Reactions were conducted in a 6 mL glass vial at 50% HEMA in DMF unless specified otherwise. The
reaction volume was 4 mL. "Me,Cyclam and dnNbpy were used as ligands. Molar ratio of the two ligands was
1:1.°Reactions were conducted at 5% HEMA.

However, the higher the incorporation ratio of monomer 1, the higher chance of
crosslink will occur because of dual vinyl groups in monomer 1. As shown in Table 1 (#5, 7),
when 4.3% monomer 1 was incorporated into copolymer, much higher MW (~1.5 times) was
obtained within similar reaction time compared to homo-pHEMA, implying the crosslink of
polymer chains. When the incorporation ratio was less than 2 %, no crosslink was observed
as demonstrated later in the kinetic experiments of copolymer: the molecular weight of

copolymer was very close to that of homopolymer at same conversion.

68



0.12

> m

0.08

>u

In[Mo}/[M]

0.04

0 2 4 6
Reaction Time (h)

0.00

0.4

0.3

0.2

In[Mg]/[M]

0.1

0'0 [y . 1 . 1 . 1 . 1
0 20 40 60 80

Reaction Time (min)

Figure 3.7 Kinetic plot for AGET ATPR of pure pHEMA (m) and colorimetric copolymer
(A) with different initiator concentration. The feeding ratio of monomer 1 to HEMA is 0.6%
by weight (0.1% by molar). Experimental conditions: (A) HEMA = 5.5 mmol, in DMF,
HEMA/CuBr,/Me,Cyclam/dnNbpy/Initiator/Ascorbic Acid = 1375/1/0.67/0.67/0.063/1.5; (B)
The reaction volume IS scale to 1/3, compare to (A).
HEMA/CuBr,/Me,Cyclam/dnNbpy/Initiator/Ascorbic Acid =1375/1/0.67/0.67/1/1.5, HEMA
= 5.5 mmol, in DMF. The reaction volume was 1.33 mL in a 2 mL reaction vial.
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Kinetic study of AGET copolymerization of monomer 1 with HEMA was
performed to monitor the evolution of polymer. At timed intervals, kinetic samples were
taken out and analyzed by NMR and GPC without any further purification. The conversion
of HEMA was determined based on the integration of the NMR signals for protons from
vinyl group in monomer (6 6.0, Figure 3.2, peak h) and methane group (50.5-1.0, Figure 3.5,
peak a) in polymer repeat unit. The kinetic plots for conversion of homo-pHEMA and
copolymer with 0.6 wt % (feeding ratio) monomer 1 were shown in Figure 3.7. The
conversion increased linearly with time and the polymerization rate of copolymer was
slightly lower than that of homo-pHEMA. Based on our incorporation experiment, 0.6%
feeding ratio corresponded 1% incorporation in copolymer, which meant every 500 HEMA
molecules had one monomer 1 incorporated at most. (Note the experimental error in
determination of incorporation ratio).With such low amount of dye in copolymer, one would
expect very subtle difference between homo-pHEMA and the copolymer. This was consistent
with previous research that the addition of monomer 1 at low concentration did not affect the

biomechanical property of the polymer.®
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Figure 3.8 (A) GPC trace of copolymer with 0.6% feeding ratio after 40 min polymerization.
(B) Copolymer molecular weight and polydispersity as a function of conversion. A,
experimental Mn of copolymer; straight line represents theoretical Mn of copolymer; %, PDI
of copolymer.
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A representative GPC trace of copolymer at 0.6% feeding ratio was shown in
Figure 3.8A. The PDI of copolymer is comparable with that of homo-pHEMA. A small tail
at low molecular weight range suggested slightly higher termination of copolymer. The
molecular weight and PDI data obtained at high concentration of initiator (727ppm) was
shown in Figure 3.8B. Molecular weight of copolymer increased linearly, and was slightly
higher than homo-pHEMA at same conversion as expected since the incorporation ratio was
very low. The overall comparable molecular weight of copolymer obtained at feeding ratio of
0.6% and homopolymer suggested no crosslink occurred. Avoiding crosslink of copolymer
is especially important for surface-initiated polymerization, because crosslink of two chains
affixed on surface will change the local radical concentration, therefore affect the
polymerization kinetics and the reproducibility. The overall similar kinetics of copolymer at
0.6% feeding ratio compared with homo-pHEMA suggested conditions suitable for surface-
initiated homo-pHEMA can be applied for surface-initiated copolymerization for growing

colored polymer spot on surface.

3.3.2 Synthesis of Yellow Copolymer with HEMA and Monomer 2 (TAPMA)

Another copolymer with yellowish color was also synthesized with AGET ATRP
technique for the later application in colorimetric DNA detection. Monomer 2, TAPMA,
appeared yellowish color and was synthesized as shown in scheme 3.2.*2 2-aminothiazole
reacted with sodium nitrite and phenol at acidic condition at 0<C. The intermediate was then
mixed with methacrylol chloride to add the vinyl group to the monomer. Monomer 2

exhibited UV-vis absorption at ~405 nm and fluorescence emission at 505 nm (Figure 3.9),
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which has additional benefit compared with blue monomer that fluorescence detection can be

performed as well to improve the detection sensitivity when copolymerized on sensor surface.
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Figure 3.9 The UV-vis and fluorescence spectrum of monomer 2.

The copolymerization of monomer 2 with HEMA was performed in DMF at
ambient temperature using AGET ATRP (Scheme 3.4). The same polymerization condition
as described in chapter 2 was employed: TPMA was used as ligand for its moderate
activation rate with good control. After polymerization, polymer mixture was dialyzed
against DMSO to remove the unreacted monomers, then subjected to NMR analysis. A

representative NMR spectrum is shown in Figure 3.10.
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Figure 3.10 A representative ‘H NI\/IR spectrum of copolymer in dg-DMSO. Experimental
condition: [CuCl;] = 19 mM, CuCly/TPMA/Initiator/AA = 1/1/0.1/1.5, [HEMA] = 4.1 M,
HEMA/DMF = 1:1 (v/v), 5mg monomer 2. Reaction time = 15h

3.3.3 Surface-initiated Copolymerization on ssSDNA coated Au substrate.

As we have shown successful copolymerization of colorimetric monomers (both
monomer 1 and monomer 2) with HEMA in solution and surface-initiated homo-
polymerization of HEMA on ssDNA coated Au substrate, we attempted to combine the two

studies together to initiate colorimetric polymer growth on surface. For stripe type of test,
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measuring the polymer thickness on membrane surface or performing other complicated
characterization is less favorite, and sometime impractical for the application of detection
platform in the field. Alternatively, incorporation of color as an easy detection method has
been adapted in many fields such as fast chemical detection.”*™® The rapid appearance of
specific color after reaction with certain analytes enable direct detection/visualization the
presence of analytes in sample in a low-cost and instrument-free fashion, which is
particularly important for portable field test. For polymerization-based biomolecular
detection on sensor surface, grafting of copolymer with strong color intensity allows direct
visualization of polymer spot in contrast to the light colored background (usually white).

The color intensity of polymer grafted on DNA molecules is closely related with the
detection sensitivity. The strong color contrast to background is favored for easy
visualization of the presence of polymer, therefore the DNA molecules. To obtain darker
polymer spot on surface, incorporation ratio of colorimetric monomer needs to be increased.
However, the solubility of colorimetric monomer in reaction is limited and too high
concentration of colorimetric monomer significantly decreased the polymerization rate due to
its bulky structure. Figure 3.11 shows the two colorimetric copolymer growths on ssSDNA
covered Au substrate. In both cases, 3 wt% of colorimetric monomers vs. HEMA monomer
was fed into reaction mixture. The polymer film thickness is about 8 nm and 6 nm for blue
and yellow copolymer respectively, which is slightly thinner than the homo-pHEMA film
obtained from ssDNA (usually 8-10 nm). This is consistent with the result from solution
polymerization. However, high background was observed in both cases leading to limited
absolute polymer thickness increase. The high background signal is probably due to the

nonspecific adsorption of colorimetric monomer on surface.
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Moreover, the color intensity of polymer spot is determined by incorporation ratio of
colorimetric monomer in copolymer and the total amount of polymeric materials on surface.
Unfortunately, no obvious color difference between reaction and control spot can be
observed. It is not surprising because the incorporation ratio is only about 1% and film
thickness difference is only 2 nm. Further increasing the incorporation ratio of colored
monomer in copolymer is possible, but will significantly reduce the polymerization rate, and
increase the nonspecific adsorption of monomer on surface and the chance of side reactions
such as chain transfer, which is unfavored for fast portable detection. The space of increase
of overall polymer thickness is also limited due to the nature of surface initiated

polymerization
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Figure 3.11 Blue and yellow copolymer grown on ssDNA covered Au substrate. The feeding
ratios of both colored monomer to HEMA are 3 wt%. The total reaction volume is 1.6 mL for
both reactions. Experimental condition: for blue copolymer,
HEMA/CuBr,/Me,Cyclam/dnNbpy/Ascorbic Acid = 1375/1/0.67/0.67/1.5, HEMA/DMF =
1:5 (v/v), reaction time = 17h; for yellow copolymer, HEMA/DMF = 1/2 (v/v), [CuCl;]= 19
mM, CuCl,/TPMA/Ascorbic Acid = 1/1/1, reaction time = 5 h. DNA molecules without
initiators were used as control.
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Fluorescence detection is intrinsically a more sensitive method compared with
absorption. As we noticed monomer 2 was also fluorescent, the thin polymer layer lack of
color may still possess detectable fluorescence, which can provides an alternative for DNA
detection other than increasing the incorporation of monomer 2 in copolymer. To examine
the feasibility of using the fluorescence of monomer 2 as the detection signal, the quantum
yield of monomer 2 was determined using a conjugated polymer with similar excitation and
emission profile (Ex 397nm/Em 525 nm) as standard. Unfortunately the quantum yield of
monomer 2 was calculated only about 0.003 (data not shown). With such low quantum vyield,
one would expect the fluorescence intensity from a nanometer film layer with less than 3%
concentration is very limited. Indeed, we have used glass substrate to replace Au substrate for
immobilization of initiator-coupled ssDNA, and then put the glass substrate in the reaction
mixture for surface polymerization under same condition. No fluorescence was detected from
glass substrate after polymerization. Meanwhile the fluorescence intensity of solution
copolymerization mixture was examined to rule out other factors that may affect the
fluorescence readout. It was found when high Cu catalyst concentration (19 mM) was
employed, the polymerization mixture was not fluorescent, while when Cu catalyst
concentration was lowered to 0.02 mM, the polymerization mixture was fluorescent. This
clearly suggested Cu complex quenched the fluorescence of monomer 2. In general, the
fluorescence property of monomer did not provide additional benefit for the detection due to
the low quantum yield and quenching effect of polymerization catalyst.

3.4 Conclusion
Two colorimetric copolymers were successfully synthesized with AGET ATRP

technique in solution, and the kinetic of copolymerization with blue monomer was
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systematical investigated. A good control of polymerization was demonstrated with linear
increase of molecular weight with increase of conversion and low PDI (<1.3). However, we
have encountered some problems when tried to apply this to surface polymerization: 1) the
surface copolymerization of the two copolymer on clear glass and Au substrate did not
provide enough intensity for direct visualization of color, which means we do not have
enough polymeric materials to reach the feasible visualization threshold for human eye; 2)
The fluorescence yield of yellow monomer is too low (~0.003) and Cu catalyst quenches the
fluorescence of monomer 2, leaving little space by using this property to improve the

sensitivity.
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Chapter 4 Synthesis of lonic Polymer with AGET ATRP

4.1 Introduction

In previous chapters, we have demonstrated successful grafting of homo-pHEMA on
surface for DNA detection. The attempts to grow colorimetric copolymer on surface for
direct visualization however were less than satisfaction due to the limited film grown on
surface and low incorporation ratio of colored monomer in copolymer. To enable direct
visualization of polymer brushes, an alternative means is adapted by post-staining the
polymers with dyes.

Staining method is widely used in textile industry to produce fibers with desired
colors and biological field to selectively stain specific part of cell. Especially, the dye
molecules are covalently attached to cotton fibers'? or physically adsorbed onto fibers.>® To
stain the polymer on surface, a simple way one can think of is to use the electrostatic
interaction between polymer and staining materials. For example, in biological field, H&E
staining employed electrostatic interaction as the primary force for the attachment of color to
nuclei.” Covalent attachment of dye molecules to polymer is possible, but usually takes
multiple steps, the polymerization is often slow and organic solvent is usually needed to
dissolve the polymer colorant.

In this chapter, two ionic monomers, positively charged [2-(methacryloyloxy)ethyl]-
trimethylammonium chloride (MeDMA) and negatively charged 3-sulfopropyl methacrylate
potassium (SPM) were used in AGET ATRP for polymer grafting. The primary focus of this
chapter is optimization of ionic polymer grafting whereas staining in polymerization-based
DNA detection will be discussed in the later chapter. It is important to point out that in

addition to enable electrostatic staining, ionic polymers also offer the advantages of faster
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polymer grafting and compatible to aqueous solvent, both are important for employing

polymers as sensing materials for DNA detection.

4.2 Experimental Section

4.2.1 Materials

Gold substrates (50-A chromium followed by 1000-A gold on a float glass) were
purchased from Evaporated Metal Films (Ithaca, NY). The single strand DNA (5' NH,-C6-
TAACAATAATCCCTC(AAA)sAA-C3-S-S-C3) was purchased from Integrated DNA
Technologies, Inc (Coralville, 1A). 2-Hydroxyethyl methacrylate (HEMA, 99%) was
purchased from Sigma-Aldrich, and purified using an inhibitor remover-packed column to
remove methyl hydroquinone inhibitor. 3-Sulfopropyl methacrylate potassium salt (SPM), 2-
(methacryloyloxy)ethyl-trimethylammoniumchloride  (MeDMA), dithiothreitol (DTT),
triethylamine (TEA), 6-mercapto-1-hexanol (MCH), 1-undecanethiol, and ascorbic acid (AA)
were purchased from Sigma-Aldrich and used as received. Tris[(2-pyridyl)methylJamine
(TPMA), was purchased from ATRP Solutions (Pittsburg, PA). Copper (1) chloride was
purchased from Fisher. 11-Amino-1-undecanethiol was purchased from Dojindo (Kumaoto,
Japan).
4.2.2 Immobilization of Initiator-Coupled Small Molecules and Initiator-Coupled
ssDNA on Gold.

The Au substrate was cleaned in a piranha solution (70% H,SO4/ 30% H,0,) prior to
use. Caution: piranha solution is hazardous and corrosive. Handle with care! Initiator-
coupled small molecule HS-(CH,);:NHCOC(CHj3).Br was prepared via direct coupling of

HS-(CH3)11NH, with N-hydroxysuccinmidyl bromoisobutyrate. The Au substrate was then
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immersed in 1 mM solution of initiator-coupled small molecules in 95% ethanolic solution
overnight. The same molecule without the initiator was used as the control for background
subtraction. 1-Undecanethiol was used as the surface diluting reagent. Immobilization of
initiator-coupled ssDNA on Au substrate followed the procedure described in Chapter 2.
4.2.3 Surface-Initiated AGET ATRP Polymerization with Different Monomers

Typical surface initiated AGET ATRP was performed as previously described in
Chapter 2: The CuCl,/TPMA complex was used as catalyst. Typically 1.6 mL of monomer
solution of HEMA (1:1 v/v monomer/H,0), MeDMA (2.3 M in H,0), or SPM (1.9 M in H,0)
was mixed with various amount of catalyst as specified in the text. The reaction container
was then sealed immediately after addition of ascorbic acid. For the kinetics studies, multiple
substrates of the same surface chemistry were placed in separate reaction flasks, and the
reactions were conducted in parallel. At each time point, only one substrate was removed
from the reaction flask, whereas the rest of substrates remained sealed for continuous
polymer growth. The substrate that had been taken out of the reaction flask was thoroughly
rinsed with methanol for HEMA, or H,O for MeDMA and SPM. The film formed was then
characterized by reflectance FT-IR to confirm the growth of the polymer film. Meanwhile,
ellipsometry was used to measure corresponding film thicknesses.
4.2.4 Instrumentation

Reflectance FT-IR spectroscopy was performed using a Digilab spectrometer
containing a PIKE grazing angle (70<) attachment. The spectra were typically collected with
512 scans.

Film thicknesses were measured with an AutoEL-111 automatic ellipsometer (Rudolph

Research, NJ). The instrument irradiated the substrates at a 70 incident angle. The reflective
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indexes of 1.51 for HEMA and 1.49 for SPM and MeDMA were used for the polymer films.
All surface measurements were conducted on dried polymer films. For each sample, three

measurements were conducted and averaged.

4.3 Result and Discussion

4.3.1 Surface-initiated Positively Charged pMeDMA

MeDMA is a positively charged monomer. pMeDMA formed on a sensor charges
the surface of sensor, which can be used to selectively interact with negatively charged
moieties such as dye molecules for the staining purpose. To increase the staining color
intensity, therefore the sensitivity, the thickness of film should be as thick as possible without
much comprise on the reaction time. Polymerization of MeDMA with regular ATRP has
been investigated in various solvents,® but surface-initiated polymerization of MeDMA has
not been studied Therefore optimization on polymer growth condition needs to be carried out
first.

4.3.1.1 Characterization of pMeDMA film growth on surface
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Scheme 4.1 pMeDMA grafting on Au surface via AGET ATRP
Scheme 4.1 shows pMeDMA film grown on Au substrate covered with initiator-

coupled small molecules and ssDNA using AGET ATRP. To confirm the growth of
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pMeDMA on surface, the polymer film thickness was measured and IR spectra were
employed to characterize the polymer peak. A small neutral molecule, 11-Amino-1-
undecanethiol, coupled with initiators was also immobilized on the Au substrate, and served
as a control for better understanding the surface charge effect on growth of pMeDMA. DNA
without initiator was used as another control to count for the signal from nonspecific
adsorption of monomers on surface. Figure 4.1A shows IR spectra of different pMeDMA
film thickness grown from small molecule surface. The characteristic C=O stretch at
1725cm™, C-O stretch at 1200 cm™, C-H stretch at 2900-3050cm™, broad N-H stretch at
3200-3600 cm™ is clearly observed and the peak intensity increases with the increase of film
thickness. The peak height of the IR absorption at 1725cm™ is linearly correlated to the film
thickness, which further confirms the success of pMeDMA with AGET ATRP (Figure 4.1B).
Similarly, IR spectra of pMeDMA initiated from DNA covered Au surface is shown in
Figure 4.2. The characteristic peaks correspond well with the pMeDMA grown on small

molecule surface.
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Figure 4.1 (A) The ATR-IR spectra of pMeDMA film atop of small molecules; (B)
quantative comparison of ATR-IR signal at 1725 cm™ at different film thickness.
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Figure 4.2 The ATR-IR spectra of pMeDMA film atop of DNA molecules after background
subtraction. The IR measurement was conducted with higher compress pressure than the one
on small molecule surface.

4.3.1.2 pMeDMA Film Growth at Different Catalyst Concentration

After confirmed the success growth pMeDMA on both small molecules and DNA
coated surface, we investigated the effect of Cu catalyst concentration on polymer film
thickness grown from neutral small molecule surface and negatively charged DNA surface.

Since ATRP is often described as a living/controlled polymerization, the termination
must be suppressed on account of a very low radical concentration. The low radical
concentration occurs because deactivation is much faster than activation. For surface-
initiated ATRP, the control is usually not as good as solution phase ATRP, because of the
diffusion of deactivator, Cu(ll) complex from surface, resulting in high radical concentration.
A reduction in overall catalyst concentration should decrease the radical concentration,

consequently reduce bimolecular termination process, but the rate of polymerization also
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decreases. Therefore, film thickness in surface-initiated polymerization is a complicated
function of catalyst concentration and polymerization time. The situation becomes more
complex for the negatively charged DNA surface when electrostatic interaction concentrates
positively charged Cu catalyst near the surface. Indeed, drastically different growth profile on
DNA surface was observed compared to that on small molecule surface during HEMA
grafting in regular ATRP. ° For MeDMA however, the concentrating effect from DNA
seems to be negligible. Figure 4.3 shows the film growth on small molecules and DNA
molecules as a function of Cu amount in 1.6 mL reaction mixture. The amount of ascorbic
acid added was fixed at 50% excess to the amount that needs to consume oxygen in the
system and reduce Cu(ll) to Cu(l) to ensure the complete reduction of Cu(ll). In both cases,
the film thickness reached maximum with addition of 1mg of catalyst to the reaction mixture
(1.6 mL), where a delicate balance between the propagation and the termination rate was
reached. If the concentrating effect of DNA to Cu catalyst presents, the optimized Cu catalyst
amount that yields maximum film thickness would be less for DNA coated surface compared
with that for small molecule coated surface. The observed consistency in optimized Cu
catalyst concentration in both cases may suggest the minimized DNA concentrating effect. It
is not surprised that the DNA charge may be greatly screened by the high ionic strength of

the reaction mixture ((MeDMA'CI] = 2.3 M), leading to the overall neutral surface.
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88



For a better understanding of positively charged polymer growth from a neutral and
an oppositely charged surface, the kinetics experiments of pMeDMA growth at optimized
catalyst concentration were performed. For both pMeDMA growth from small molecules and
DNA coated surface, a linear film growth with time was obtained, indicating a well
controlled polymerization process (Figure 4.4). The polymerization rate on small molecule
surface is calculated about 200A/h, and the rate on DNA surface is about 19 A/h (calculated
from the slopes of two plots). Considering the initiator density on small molecule surface is
about 100 times of that on DNA surface, the polymerization rate is only 10 times different,
suggesting either a lower initiator efficiency or stronger termination on small molecule-
coated surface. Several studies have suggested that only 1 in 10 initiators in a 100% initiator
monolayer lead to high-molecular-weight polymerization. The rest of initiators either did not
initiate the polymerization or terminated at early stage of polymerization with very short
chain length. With the decrease of initiator density on surface thereafter, the bimolecular
coupling should decrease and the survived polymer chains eventually evolutes to long chains
till the end of polymerization. *** A weak dependence of film growth rate on initiator
density was observed from pHEMA and pMMA growth on Au substrate until initiator
concentration decreases to 10%.This is consistent to the data we collected: Taking the surface
density into consideration, the normalized polymerization rate (to initiator density) on DNA
surface is estimated to be 10 times faster than that on small molecule surface, consistent to
the expected reduction in appeared initiator efficiency for crowded radicals on small
molecule surface. The concentrating effect of DNA molecules to oppositely charged Cu
where the DNA charge is believed to be screened in the high ionic solution, and play little

effect on the polymer growth.
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Figure 4.4 Evolution of pMeDMA film thickness as a function of reaction time (A) small
molecule surface, and (B) DNA surface.

4.3.2 Surface-initiated Negatively Charged pSPM
The negatively charged monomer, 3-Sulfopropyl methacrylate potassium salt (SPM),
was also used to graft negatively charged film on sensor surface. The negative charge can

selectively interact with positively charged dye through electrostatic interaction to allow the

90



post staining of polymer film. Synthesis of SPM copolymer in solution*? and polymer film
on poly(ether ether ketone) surface'® has been reported using regular ATRP technique.
Formation of pSPM film significantly increased the hydrophilicity of original surface and the
pSPM imparted surface immediately showed red color after stained with Rhodamine 6G.
For sensing application, pSPM film can be stained to facilitate the visualization of DNA
target.

4.3.2.1 Characterization of pSPM Film Growth on Surface

\/\/803 CuCl,/TPMA

AN [VaVaT,V,Y *

I Br + Ascorblc I n
Acid o)

O

2.

SO,
Scheme 4.2 pSPM grafting on Au surface via AGET ATRP
The negatively charged pSPM film was similarly grown on Au substrate covered with
initiator-coupled small molecules and ssDNA respectively using AGET ATRP technique
(Scheme 4.2). The concentration of pSPM was 1.9 M and polymerization was run in H,O at
room temperature. The Au substrates were taken out from reaction vials after 1h. Then the
film thickness was measured with ellipsometer and confirmed with ATR-IR. Figure 4.5A
shows the IR spectra of different pSPM film thickness grown from small molecule surface.
The characteristic C=0 stretch at 1725cm™, C-H stretch at 2900-3050cm™, C-O stretch at
1200 cm™, and characteristic sulfonate peak at 1040 cm™ is clearly seen and increases with

the increase of film thickness. Similarly, IR spectra of pSPM initiated from DNA covered
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surface is shown in Figure 4.5B. The IR spectra confirmed the successful growth of pSPM

on both small molecule and DNA surface.
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Figure 4.5 The ATR-IR spectra of pSPM film on (A) small molecule surface; (B) DNA
surface. The control spectrum was subtracted.
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4.3.2.2 Evolution of pSPM Film on Surface

The optimized Cu catalyst concentration for the growth of negatively charged pSPM
was also investigated. Since the charge of DNA would be screened by the high concentration
of K* ions (from monomers) in polymerization solution as discussed in previous section,
DNA surface is essentially a neutral surface, and a similar film growth profile in term of
catalyst concentration should be observed on both surface. Figure 4.6 shows the film growth
on small molecules as a function of Cu amount in 1.6 mL reaction mixture. The maximum
film thickness was found at Cu catalyst amount of 0.125 mg. However, the film growth on
DNA surface does not follow the same trend as that on small molecule surface (Figure 4.7).
The film thickness was relatively insensitive to the change of Cu catalyst concentration. The
overall film growth on DNA surface is very limited (< 3nm) in spite of different Cu amount.
Even at Cu catalyst amount as low as 0.03 mg, the film thickness does not drop. The
independence of film growth on the catalyst concentration is the characteristic of
noncontrolled radical polymerization. Indeed, Masci et al observed when SPM was
polymerized in absolute water, the polymerization reaction stopped rapidly within 30 min
even with Cu(ll)/Cu(l) =2 using traditional ATRP.* It has been reported that water
accelerates the polymerization in ATRP due to the hydrolysis of higher oxidation state of Cu
catalyst.”°Addition of Cu(ll) to the polymerization mixture (usually 30% of Cu(ll) to Cu(l)
during HEMA polymerization regulates a balanced amount of Cu(l) in the reaction where a
living reaction can be maintained.” With SPM, however, excess Cu(l1) did not help because
high concentration of SPM monomers competes with halogens for Cu complexation
(Scheme 4.3). The combination of water displacement of ligand and monomer displacement

of halogen from Cu(ll) complex leads to severe lose of deactivator, consequently poor
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control of the reaction. Addition of chloride salts to the system without Cu(ll) significantly

improved the control of the polymerization, supported our speculation.'*
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Figure 4.6 pSPM film thickness as a function of Cu catalyst amount on small molecule
surface. The inset is the zoom-in graph at Cu amount below 0.5 mg.
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Scheme 4.3 Displacement of halogen from Cu(ll) catalyst complex by SPM

Figure 4.8 shows the pSPM film growth on small molecule and DNA surface. The
film thickness increased rapidly with time, then leveled off at about 30 mins at both cases,
characteristic of non-controlled radical polymerization. Unlike the linear increase of film
thickness with polymerization time that is usually observed in controlled polymerization
process, *°*8 this strong curvature of film thickness indicates the polymerization almost stop
at same time, suggesting predominantly a free radical polymerization characteristic. It worth
noting that the level-off film thickness on small molecule is close to 100 times of that on
DNA surface, corresponding to the initiator density difference on the two surface. The film
growth rate from small molecules and DNA was calculated to be 120A/min and 1A/min
respectively, which also corresponded well to their initiator density difference. This is
different from what we observed in previous section for controlled pMeDMA film growth
where a linear film thickness increase vs. reaction time and only 10 times film thickness

difference shown. A possible explanation is that polymerization of SPM is a poor-controlled

free radical polymerization, while polymerization of MeDMA is overall a well-controlled,
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long lasting process after the initial radical (initiator) density is reduced due to termination of

some chains.
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Figure 4.8 Evolution of pSPM film thickness as a function of reaction time (A) small
molecule surface, and (B) DNA surface.
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Although polymerization of SPM under employed condition is not a well controlled
process, its fast polymerization kinetics is favored for the application in polymerization-
based DNA detection. The assay time can be greatly reduced in comparison with using
pMeDMA and pHEMA. Additional benefit of using ionic monomer instead of previous
demonstrated HEMA monomer lies in the excellent solubility of ionic polymer, which will
ease the washing step and reduce the nonspecific adsorption of monomer and polymer in

solutions,

4.4 Conclusion

Surface-initiated polymerization on neutral small molecule and charged DNA surface
was investigated with two different monomers: positively charged MeDMA, and negatively
charged SPM. The optimized Cu catalyst concentration for each polymer growth was
identified. The kinetic study of polymerization indicates that pMeDMA film grow in a
controlled fashion on the two surface, while pSPM film growth is poorly controlled. A
concentrating effect of negatively charged DNA to positively charged MeDMA and Cu
catalyst was postulated to affect the polymer growth rate and the optimized catalyst
concentration. From the point of polymerization application to DNA detection view, pSPM is
the better choice among three polymer film: pMeDMA grows too slow to meet the
requirement of rapid detection; previous demonstrated pHEMA has the faster polymerization
rate but has gellation problem, and pSPM grow fastest and no observable viscosity increase
occurred, although the polymerization of SPM is not well controlled. However, the limited

pSPM film thickness on DNA surface (~ 2nm) would affect the detection sensitivity of this
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platform. In next chapter, | will focus on the increase of the film thickness to improve the

performance of polymerization-based detection platform.
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Chapter 5 Polymeric Macroinitiators for Signal Amplification in AGET

ATRP-based DNA Detection

5.1 Introduction

In previous chapters, | have demonstrated polymerization-based DNA detection on
Au substrate and investigated the evolution of three different kinds of polymer film on
surface for the purpose of easy and visible detection of DNA." The film thickness initiated
from DNA covered surface ranges from couple nanometers to less than 20 nm, depending on
the monomer used. For polymerization-based detection, the film thickness primarily dictates
to the detection sensitivity and visibility. Increase of polymer film thickness would
significantly improve the performance of this platform.

Various methods can be employed to increase film thickness on surface: 1) extending
the polymerization reaction time. For controlled/living polymerization, the thickness should
increase linearly with reaction time until all monomer is consumed theoretically. However, in
reality, the polymerization eventually stops somewhere due to side reaction and too long
polymerization time becomes impractical for the detection purpose; 2) initiating the second
polymerization process. The polymer chains grafted on DNA spot can be modified with
initiators to start the second polymerization. In this way, branched polymers formed on the
backbone of previous polymer chains, and significant increase of the film thickness was
obtained. However, two polymerization steps in addition the coupling of initiators to polymer
chains inevitably complicates the detection procedure and increases the cost; 3) introducing

multiple initiators to each DNA molecule. Streptavidin has been used as a carrier to bring
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multiple photo-initiators to surface-bound biotinylated DNA. While successful, pre-modified
DNA detection probes have to be used t o introduce proper function groups for subsequent
polymerization.

In this chapter, | reported the use of polylysine as a carrier to introduce multiple
initiators to each DNA molecule through electrostatic interaction. Polylysine is a positively
charged polypeptide that has primary amine groups on its side chains. The primary amine can
be modified with initiators forming a macroinitiator. By electrostatically adsorbed onto DNA,
multiple initiators are brought to DNA for subsequent polymerization. The partially modified
PLL has been reported to bind tightly to DNA molecules.®® PLL has been used to generate a
positively charged surface to electrostatically immobilize DNA probes onto a sensor surface.
Numerous binding sites offered by each polylysine chain provide an improved capturing
efficiency, especially when combined with layer-by-layer deposition technique of target
DNA or proteins for subsequent electrical or mass sensitive technique.’®* In addition, it
offers advantages for its cooperative binding affinity between PLL and DNA.®™® Positive
charged PLL, however, is used as the detection probe in this chapter to increase the amount
of polymer growth sites per target DNA captured, therefore increase the polymerization
amplification power. Furthermore, the use of PLL eliminated extra synthetic steps needed to
prepare specific labeling of extra DNA detection probes. Significant increase of polymer
film thickness using PLL macroinitiator was demonstrated, and the modification ratio and the
concentration of PLL was also systematically studied. Significant improvement in detection

sensitivity with PLL macroinitiator was demonstrated at the end of this chapter.
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5.2 Experimental Section
5.2.1 Material

Gold substrates (50-A chromium followed by 1000-A gold on a float glass) were
purchased from Evaporated Metal Films (Ithaca, NY). All oligonucleotides were purchased
from Integrated DNA Technologies, Inc (Coralville, 1A, Table 5.1). Thiolated 15-mer
peptide nucleic acid (PNA) was purchased from Panagene (Korea, Table 1). 2-Hydroxyethyl
methacrylate (HEMA, 99%) was purchased from Sigma-Aldrich, and purified using an
inhibitor remover-packed column to remove methyl hydroquinone inhibitor. Polylysine of
two molecular weights (one of MW 4,000-15,000 referred to as S-PLL and the other of MW
30,000-70,000 referred to as L-PLL), N-hydroxysuccinimide acid (NHS), bromoisobutyryl
bromide, fluorescamine, dioxane, dithiothreitol (DTT), triethylamine (TEA), dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), 6-mercapto-1-hexanol (MCH), 1-methyl-
pyrrolidinone, diethyl ether, ascorbic acid (AA), Igepal CA-630, formamide, and tween 20
were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Tris[(2-
pyridyl)methyl]Jamine (TPMA) was purchased from ATRP Solutions (Pittsburg, PA). Saline-
Sodium phosphate-EDTA (SSPE, 20x buffer), boron sodium oxide (Na;B,0,4) and copper (1)
chloride were purchased from Thermo Fisher Scientific Inc. (Waltham, MA).
[S(CH,)2(OCH,CH,)sOCHz], (OEGs—OMe) was purchased from Bio Vectra (Prince Edward

Island, Canada).
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Table 5.1 DNA and PNA Sequences Used in This Chapter

Name Sequence Description

Single strand DNA used to
optimize adsorption of PLL
macroinitiators

Capture probe complementary to
target DNA C

5’ phos-TAA CAA TAA TCC CTC Ay
(CHy)3-S-S-(CH,).CH3

PNA SH-(CH,)11.-CAC ATC GTATCC TAG
5’ NH-(CH2)6-A21CTA GGA TAC GAT

C GTG Complementary target DNA
NC 5 NH-(CH,)e-A1TCC TTA TCA ATA Noncomplementary target DNA
TTA as the control

5.2.2 Modification of PLL with ATRP Initiators

N-hydroxysuccinmidyl bromoisobutyrate (NHS-initiator) was prepared as described
in the previous report * To prepare PLL macroinitiators, PLL (10 mg/mL, 10 pL) and a
NaHCO3/Na,COj3 buffer (1.0 M, 10 i, pH 9.0) were first mixed in a 1.5-mL eppendorf tube.
Various amounts of NHS-initiator as specified in the text was dissolved in 45 pL DMF and
added to the mixture. The total reaction volume was brought to 100 i by adding 35 L DI
H,0. The coupling reaction was run overnight at room temperature. Modification efficiency
of the primary amines on PLL was quantified subsequently in a fluorescamine assay '* %
Specifically, 5 L initiator-coupled PLL was diluted to 1000 L with a Na,B,0O, solution (50
mM, pH 8.7). 750 pL of this solution was added to 250 L 0.01% fluorescamine in acetone
immediately. The mixture was rapidly inverted a couple of times for thorough mixing and
was incubated at room temperature for 10 min, followed by fluorescence measurements. The

standard curve for the fluorescamine assay was constructed by preparing a series of PLL

solutions from 1 pg/mL to 6 pg/mL in NazB,04 (50 mM, pH 8.7). Similarly, 250 pL 0.01%
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fluorescamine in acetone was added to each solution. After mixing and 10 min incubation at
room temperature, the fluorescent intensity of each solution was measured and plotted
against the concentration of free amino groups in the solution.

The modified PLL solution was adjusted to pH 5 using HCI and diluted to the desired
concentration as specified in the text in 5% 1-methyl-pyrrolidinone before being incubated
with the sensor surface.

5.2.3 Immobilization of DNA/PNA on Au Surface

sSDNA was used to examine the feasibility of using PLL macroinitiators in signal
amplification. A Au substrate was cleaned in a piranha solution (70% H,SO,, 30% H,0,,
potentially explosive, and handle with care!) for 1 h prior to use. Thiolated ssSDNA A (100
pM, 3 L), DTT (0.1 M, 23.5 L) and 1.5 L TEA were mixed to reduce the disulfide bond
at the 3’end of ssDNA A and generate free thiol groups for surface immobilization. The
reduced sSDNA A was then purified by gel filtration in a Biospin column (Biorad, PA). The
concentration of ssSDNA was determined by UV/vis absorption at 260 nm and was adjusted to
1 pMin 1 M KH,PO, The ssDNA solution (3 L) was then spotted onto a cleaned Au
substrate and the substrate was incubated in a humid chamber overnight. The substrate was
then immersed in 1 mM OEGg—OMe in 95% ethanol for 3 h to block the unoccupied binding
sites and to remove nonspecifically adsorbed ssDNA on the Au surface. The substrate was
briefly rinsed afterwards and was blown dry with a flow of nitrogen.

Similarly, thiolated PNA probes were prepared at 5 pM in a 50 mM
NaHCO3/Na,CO3 buffer (pH 9.0) containing 10% 1-methyl-pyrrolidinone. The solution was
spotted on a clean Au surface and was placed in a humid chamber overnight. After probe

immobilization, the Au substrate was rigorously washed with DI H,O and then immersed in
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1 mM MCH for surface blocking for 1 h. The substrate was briefly rinsed afterwards and
was blown dry with a flow of nitrogen.
5.2.4 DNA Hybridization and PLL Application

The substrate with immobilized PNA probes was first incubated in the hybridization
buffer of 30% formamide, 6 x SSPE, 0.05% tween 20 and 5% 1-methyl-pyrrolidinone for 30
min at room temperature. The prehybridization buffer was then replaced with the same
buffer but containing the complementary target DNA (C) or the non-complementary DNA
(NC). The incubation was carried out for 1 h. The concentration of DNA was varied as
specified in the text. After hybridization, the substrate was rinsed with the rinsing solution of
0.1 x SSC, 0.05% tween 20 and DI H,O. Initiator-modified PLL was immediately applied to
the PNA or DNA-coated spots. After 30 min incubation, the substrate was washed with 0.1%
Igepal CA-630 and DI H,0.
5.2.5 Surface-initiated AGET ATRP Polymerization

In a typical surface-initiated AGET ATRP reaction, a mixture of CuCl; (4.0 mg) and
TPMA (8.7 mg) was added to 1.6 mL of HEMA (1:1 v/iv HEMA/H,0). The initiator-
immobilized substrate was then immersed in the reaction mixture and the reaction vial (2 mL)
was immediately sealed after 50 L of AA (96 mg/mL) was added. Polymerization was
carried out at room temperature for 2 h. The substrate was then washed in DMSO for 10 min,
followed by rinses with methanol. After blown dry with nitrogen, the polymer film was
qualitatively visualized by naked eye. Quantitative measurements were carried out using

ellipsometry.
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5.2.6 Instrumentation

DNA concentration was determined using a HP8453 UV-vis spectrophotometer
(Agilent Technologies, CA). The KH,PO, solution (1 M) without DNA was used as blank.

Fluorescence was measured using a Perkin-Elmer LS 50B spectrometer (Perkin
Elmer, MA). The measurement parameters were set at: Aex @ 392 nm, Aem @ 480 nm, the slit
width @ 10 nm, and the scan rate @ 1200 nm/s. Two sans were averaged for each
measurement. A solution containing only the buffer and fluorescamine was used as the blank.

Positive polymer growth was identified by direct visual inspection of the substrate. In
addition, polymer film thicknesses were quantitatively measured with an AutoEL-III
automatic ellipsometer (Rudolph Research, NJ). The ellipsometer irradiated the substrates at
a70° incident angle. The reflective index of 1.51 was used for polymer films. All surface
measurements were conducted on dried polymer films.

Attenuated total reflection infrared (ATR-IR) spectroscopy was performed using a
Digilab FTS 3000MX spectrometer (Digilab Inc, MA) with a DTGS detector. Each
spectrum was averaged from 16 scans.

Dynamic light scattering experiments were performed using Zetasizer 1000 HSa

(Malvern Instrument, PA). Three measurements were averaged for each reported value.

5.3 Result and Discussion
5.3.1 Modification of PLL with initiator

Polylysine (PLL) is positively charged due to the presence of primary amine on its
side chain. The amine groups on PLL can be modified with polymerization initiators to

incorporate multiple initiators on each chain. As shown in Scheme 5.1, PLL macroinitiators
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were prepared by reacting NHS-activated ATRP initiators with the primary amino groups on
the side chain of PLL under an alkaline condition. The reaction was controlled such that a
portion of amino groups were left unmodified to allow initiator-modified PLL to bind

electrostatically to DNA.

Modification of PLL
with ATRP Initiators

Scheme 5.1 Modification of PLL with ATRP initiators

5.3.2 Polymer Growth on DNA Surface Using PLL Macroinitiator

Single strand DNA without initiator was immobilized on Au substrate, then PLL
macroinitiators bond to ssDNA through electrostatic interaction. The substrate was then
immersed in polymerization mixture for polymer growth. As a comparison, sSDNA modified
with initiator was also immobilized on Au substrate, followed by polymerization. Increased
polymer film thickness is clearly shown in Figure 5.1A where partially modified PLL
macroinitiators (55% modified) was used in comparison to individual initiator labeled DNA
surface where ATRP initiator to DNA ratio is 1:1. The film thickness increased more than 6
times with the use of PLL macroinitiator. In an attenuated total reflection infrared
spectroscopy (ATR-IR) experiment performed to confirm positive polymer growth on
DNA/PLL complexes (Figure 5.1B), an intensified carbonyl stretching band at 1700 cm™

was similarly observed, supporting the growth of thicker materials.

108



[ S Control A
600 - mmm Reaction
— 500 F
o< L
«n 400+
g L
c 300¢F
_5 I
= 200
|_ L
100 + .
0
Initiator directly PLL macroinitiator
coupled on DNA adsorbed on DNA
B
0.0005
(B)
(&)
<
o' b
| -
@)
wn
0
<
WW

1000 1500 2000
Wavenumber (cm1)

Figure 5.1 Polymer growth on DNA. (A) Comparison of polymer film thicknesses from
DNA/PLL-coated surface and single-initiator attached DNA-coated surface. (B) ATR-IR
spectra of pHEMA films formed on the Au surface when (a) target DNA was direct labeled
with initiators or (b) L-PLL macroinitiators were used as the detection probe. L-PLL was
modified with ATRP initiator at 55%, [NH:]ta = 48|4M, other conditions see the text.
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5.3.3 Determination of PLL Modification Ratio with Fluorescamine Assay

The magnitude of amplification achievable is decided by both the amount of PLL
macroinitiators introduced per DNA molecule and the initiation efficiency of each initiator
during polymerization. The amount of initiators introduced to each DNA molecule can be
tailored by tuning the lysine groups modified on each PLL chain bound to the surface.
Under-modification of PLL side chains would result in an inefficient use of functional groups
and uneconomical growth of polymers. However, over-modification of PLL is undesirable
either: it reduces the number of charged units left per polymer chain, which could lead to
weaker electrostatic binding between DNA and PLL due to the reduced ion-ion interaction.
Furthermore, over-modification could lead to reduced activity of polymer initiators because
of increased steric hindrance when polymer conformation changes from a more stretched one
to a more coil-liked one under a decreased charge density * For best signal amplification,
an optimal PLL modification percentage should allow as many amino groups on each PLL
chain as possible to be modified while the PLL molecule itself still upholds tight binding to
DNA with the few free amino groups left behind.

The optimal PLL modification ratio was empirically determined in which PLL of two
different MWs were examined: the shorter PLL (S-PLL) examined had an average of ~27
lysine residues per molecule and the longer PLL (L-PLL) of ~ 215 lysine residues. The
initial concentration of free amino groups ([NH2]iwtar) Was approximated as [S-PLL] x 27 or
[L-PLL] x 215 for S-PLL or L-PLL, respectively. The amount of free amino groups left after
ATRP initiator coupling ([NH2]#e) was obtained in a fluorescamine assay in which
fluorescamine reacted with primary amino groups within seconds at pH 9 at room

temperature to yield a fluorescent product (Scheme 5.2) % Because fluorescamine itself
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and its hydrolysis product were fluorescent-inactive, fluorescent intensities of PLL-
fluorescamine mixtures can be used to provide quantitative information on the amount of
residual NHyfe after side chain modification. A standard fluorescamine titration curve was

established first (Figure 5.2).

O OOH COOH

NH
Fluorophor
o) o0
NH .
y Fluorescamine
X

No fluorescence

Scheme 5.2 Chemical Reaction to Quantify the Modification Ratio of ATRP Initiator-
ladened PLL.
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Figure 5.2 The standard curves used in the fluorescamine assay to determine [NH2].e after
initiator modification.
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Figure 5.3 Determination of initiator modification ratio of S-PLL ( ,Q87 repeat units) and L-
PLL (g, 215 repeat units) as a function of feeding ratios in the fluorescamine assay. The
straight line is a theoretic plot showing 100% coupling efficiency.

At various feeding ratio of NHS-activated ATRP initiators to PLL ([NHS-activated
initiator]/[NH2]wt) , the modification ratio was determined. Especially, after the initiator
coupling reaction, the fluorescamine assay was carried out to estimate [NH:]ee against the
standard calibration curve, and the final modification percentage of the PLL side chain was
calculated as ([NHaz]wotai-[NH2]free)/[NH2]totar.  Figure 5.3 shows the percentage of amino
groups modified on the two PLL molecules plotted as a function of the feed ratio of NHS-
activated initiators. A linear theoretical plot was added in the same graph to illustrate
reactions of 100% coupling efficiency.

The coupling reactions for S-PLL were close to completion when [NHS-activated

initiator]/[NH]cwtar In the system was less than 60%. For L-PLL with an average of 215
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lysine residues per polymer, the modification efficiency was slightly below the theoretical
plot and that of S-PLL initially, suggesting steric hindrance to the coupling reaction
introduced by longer polymer chains was minimal. In both cases, the linear correlation
between the feed ratio of NHS-activated initiators and the resulting modification ratio on
PLL before deviation at high concentrations confirms that PLL modification can be
stoichiometrically controlled. It is noted that continuous increase in the feeding ratio in both
cases showed deviation from the linear curve, probably due to competing fast hydrolysis of
NHS ester at pH 9.0. Although addition of large excess of NHS ester allows the reaction to
proceed to completion, complete removal of positive charge is not favored for DNA
detection because of the reduction of the interaction between PLL and DNA; thus the causes
for modification deviation was not further investigated.
5.3.4 Optimization of the PLL Modification for Polymer Growth

To optimize the polymer growth from PLL macroinitiator, two length of PLL
macroinitiators with different modification ratio was applied to single strand DNA (ssDNA),
and subsequent polymer growth was measured by ellipsomter. For long PLL macroinitiators,
there are possibilities of spanning two DNA molecules or just coiling around one DNA

molecules (scheme 5.3).
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Adsorption of Long PLL on DNA Covered Surface

Scheme 5.3 Proposed Binding of (A) S-PLL or (B) L-PLL to ssDNA.

As shown in Figure 5.4A, for both PLL macroinitiators, the thickness of polymer
films increased with the PLL modification ratio till it reached the critical point beyond which
polymer growth efficiency dropped fast. The initial increase of polymer film thickness is
attributed to the increased amount of initiators on each PLL chain bound to DNA. Note that
although more PLL molecules at increased modification are needed to neutralize the overall
negative charges on DNA, steric hindrance probably prohibits binding of multiple polymer
chains, especially in the case of L-PLL.

Several factors attribute to the decreased polymer film thickness beyond the optimal

point: (1) the continuous increase in the modification ratio reduces the amount of net charges

114



available on each PLL chain; thus weakens DNA-PLL binding. Reduced binding affinity
between DNA and modified PLL results in fewer DNA/PLL complexes formed but increased
dissociation of formed DNA/PLL complexes during later polymerization reaction.
Consequently, a decrease in the overall polymer film thickness was observed for both PLL
molecules at high modification ratios. (2) L-PLL is expected to exhibit better tolerance
towards the modification level because even with >60% lysine modified there are more than
80 free amino groups available for electrostatic binding; however, lower initiation efficiency
is suspected for modified L-PLL when the initiators were closely packed next to each other.
(3) Another important factor not to be overlooked is the change of hydrophobicity of PLL
when the hydrophilic side chains were derivatized by more hydrophobic ATRP initiators, %
which results in increased aggregation of PLL chains in an aqueous solution at high
modification levels. %’

A rapid increase in PLL sizes was evident in a light scattering experiment when the
modification level of L-PLL increased beyond 65% (Figure 5.4B). The transitional point
correlates well to the sharp decrease in polymer growth in Figure 5.4A, confirming
aggregation of PLL as the possible culprit for decreased polymer growth during AGET
ATRP because of precipitation of PLL out of the reaction mixture. It also accounts for a
significantly increased background signal from higher nonspecific adsorption (more
discussion later). Together the optimal modification ratio for S-PLL and L-PLL was

determined as 40% and 55%, respectively.
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Figure 5.4 (A) The effect of the charge density on polymer growth for S-PLL (O ) and L-
PLL (o). Polymerization conditions see the text. The background from nonspecific
adsorption was subtracted before plotting. Total amine concentration was 48 M. For L-PLL,
the polymer film thickness is the average of two separate experiments. (B) Sizes of initiator-
ladened L-PLL- in NMP at different modification ratios measured using DLS.
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5.3.5 Optimization of PLL Macroinitiator Concentration for Polymer Growth

In addition to the modification level of each PLL molecule, the absolute amount of
PLL molecules in the mixture also matters in signal amplification.?® Figure 5.5A shows the
measured polymer thicknesses as a function of [NH;]w for L-PLL at 30%, 55%, and 80%
modification levels. In the control experiment, a set of Au substrates without DNA were
treated with the same blocking reagents, followed by incubation in the same PLL solutions
and then AGET ATRP to provide background signals caused by nonspecific adsorption on
the surface. For all three solutions at different modification levels, the polymer thickness at
the reaction spots (R) increased initially with increasing [NH]total that eventually leveled
off due to chain termination. Meanwhile, nonspecific polymer growth at the control spots (C)
varied for PLL of different modification ratios. Given the primary force driving nonspecific
adsorption on a surface is hydrophobic interaction and the ATRP initiators are less
hydrophilic than primary amino groups, an increase in background as the PLL modification
ratio increases comes as no surprise. Note that the increase in background raises sharply at
different [NH;]wtw thresholds for PLL of different modification ratios. For example, for L-
PLL with 55% amino groups derivatized with the hydrophobic initiator, the sudden increase
in polymer background came when [NHz]ita reached 192pM, whereas for L-PLL with 80%
amino groups derivatized, the threshold was as low as 39M. The phenomenon correlates
well to the aforementioned formation of PLL aggregates, which is dictated by the

hydrophobic interaction between polymer chains and the concentration.
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Figure 5.5 The effect of the PLL concentration on polymer growth for L-PLL. The PLL
concentration was calculated as total repeat units (NH, groups). The absolute polymer film
thicknesses plotted against [NH.]otar When the modification levels were at 30% (m/0), 55%
(e/0), and 80% (A/A). R refers to thicknesses measured from the spot coated with sSSDNA,

whereas C refers to thicknesses measured from the control spot without DNA. The lines
connected related data points are used to guide the human eye. Polymerization conditions see
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To better visualize the dependence of growth efficiency on the derivatization level of
PLL, Figure 5.5B shows the plots of the calculated signal-to-background (R/C) ratios in
polymer thickness against[NHz]wwmi: In general, the R/C values of L-PLL with 80% amino
groups modified are low because of prevailing high background observed. A maximal R/C
value of ~9 is observed for both L-PLLs with 30% and 55% lysine groups modified.
Although 30%-modified PLL shows better tolerance towards concentration increases, a
thicker polymer film (in absolute thickness measurements) formed using 55%-modified L-
PLL makes the latter a preferred choice in DNA sensing application; thus was used in
further studies.

5.3.6 DNA detection using PLL Macroinitiator for Improved Sensitivity

®
s der B
© S) S)
— i — lBr— |
e e [
PNA DNA Adsorption of AGET ATRP

Immobilization Hybridization PLL macroinitiator

Scheme 5.4 DNA Detection Using PLL Macroinitiators.

Scheme 5.4 illustrates the major steps in using PLL macroinitiator for improved
DNA detection: 1) hybridization of target DNA to the immobilized peptide nucleotide acid
(PNA) capture probes; 2) binding of initiator-ladened PLLs to PNA/DNA duplexes through

electrostatic interaction; and 3) signal amplification by AGET ATRP (activator generated by
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electron transfer for atom transfer radical polymerization). In this detection scheme,
thiolated 15-mer PNA without net charges was used as the capture probe to eliminate
nonspecific binding of PLL. PNA is a neutral analog to DNA that has same bases as DNA,
but binds stronger with DNA compared with DNA/DNA binding due to lack of charge
repulsion between charged DNA backbones. The stronger interaction between PNA and
DNA also reduces the dissociation of duplex during the polymerization step. Following
target DNA hybridization, positively charged PLL partially modified with ATRP initiators
was introduced to the surface to form PNA/DNA/PLL complexes. The subsequent AGET
ATRP reaction produced polymer films at the spots where target DNA bound to the
complementary PNA probes, and the film thickness was qualified visually and quantified
using ellipsometric measurements.

Improved detection sensitivity was realized under the optimized conditions (Figure
5.6). Target DNA solutions with concentrations varied from 0-1 uM were incubated with
PNA capture probe-coated substrates, followed by introduction of L-PLL with 55% lysine-
modified with ATRP initiators. A limit-of-detection of 1 nM was obtained in the logarithmic
plot of polymer film thickness against the concentration of target DNA. It corresponds to 3
fmol of target DNA molecules detected, a 60-fold enhancement over the LOD reported when
single initiator-labeled target DNA was used in chapter 2. Without the aid of analytical
equipment for signal readout, DNA binding can be visibly distinguished from the

background by naked eye from ~10 nM (Figure 5.6C).
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Figure 5.6 (A) A plot of polymer film thicknesses as a function of target DNA concentration
using L-PLL macroinitiators at the 55% modification level as the signal amplification probes.
(B) A logarithmic plot of polymer thickness vs. DNA concentrations that are below 0.1 piV.
(C) A photographic picture shows the substrates incubated with different concentrations of
target DNA followed by polymer growth. With thicker films formed on the surface, the spot
developed a darker color that is visibly differentiable from the background.
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5.4 Conclusion

In this chapter, | have prepared a partially modified PLL macroinitiator to bring
multiple initiators to achieve each target DNA molecule. The introduction of PLL
macroinitiator allows label-free DNA detection, which significantly simply the detection
procedure and shorten the assay time. Significant thicker polymer films were obtained in
comparison with polymer film from individually initiator-coupled DNA, therefore significant
improvement in the detection sensitivity was achieved (1nM, a 60-fold enhancement). Uses
of longer DNA target sequences to bind more PLL molecules as well as of PLL of higher
MWs can potentially improve the limit of detection. The polymerization initiators can be

replaced by signal groups such as fluorophores to further improve the detection sensitivity.
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Chapter 6 Sensitive DNA and Protein Detection with PLL

Macrofluorophores

6.1 Introduction

In the previous section, we have demonstrated the use of PLL (polylysine) as a carrier
to bring multiple initiators to each DNA molecule in polymerization-based DNA detection.
The detection sensitivity was significantly improved from 60 nM to 1 nM. The success of
this concept prompts us to further extend its use in other detection platform, such as
fluorescence-based detection, for more sensitive detection. The sensitive detection of DNA is
of central importance for the diagnostic of infectious and genetic diseases. Since only a few
pathogens are usually present in the patient sample, ultrasensitive DNA detection techniques
are needed to meet the requirement that as little as a few copies of the target DNA sequence
can be detected. To reach such high level of sensitivity, several amplification strategies have
been investigated, including the use of enzyme to amplify the target DNA material™ or
amplification of the detection signal generated by each individual detection event. Since
enzymatic amplification of DNA such as PCR is prone to contamination, sensors that employ
signal amplification via varieties techniques are usually more robust.

Among all the existing detection methods that are used for DNA recognition,
fluorescence is one of the most widely employed techniques which is relatively inexpensive,
very sensitive and easy to implement.”> For DNA fluorescence detection, the fluorescence
intensity is proportional to the target DNA concentration in sample. The higher fluorescence
intensity, the higher the detection sensitivity. To increase the detection sensitivity, some

researches employed doped nanoparticles in which larger number of fluorophores can be
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incorporated. ®® Tan et al labeled the DNA detection probe with the organic-dye-doped silica
nanoparticles and reached a 0.8 fM detection limit.® Quantum dots have also been used in a
similar way for signal amplification.® Despite of the success of these applications, careful
attention needs to be paid to avoid leaking of dye molecules from the capsules and specific
labeling is needed to recognize the target. Rolling circle amplification (RCA) technique in
combination with fluorophore labeling was also used to increase the number of fluorophores
for signal amplification.’®! Matoussi et al has developed a quantum dot-protein-based
fluorescence resonance energy transfer (FRET) sensor in which protein carried multiple
acceptor dyes to interact with a single QD donor, leading to dramatically increases of the
FRET sensitivity in an assay.’> While the significant improvement in sensitivity with such
techniques, the use of enzyme and multiple assembling steps involved in the protocols
increases the assay time and the cost of the assay.

Taking advantage of the success achieved in the improvement of DNA detection
sensitivity using PLL macroinitiators and the inherent sensitive fluorescence detection
platform, we demonstrated a simple, ultrasensitive and label-free DNA detection by
synthesizing PLL macrofluorophores. Instead of modifying the amine groups on the side
chains of PLL with initiator, we can modify the amine with a fluorophore in a one-step
reaction to form a macrofluorophore. When PLL macrofluorophore interacts with DNA
molecule electrostatically, multiple fluorophores will be introduced to DNA molecule, and an
enhancement in fluorescence would be expected compared with that from single fluorophore
that is covalently attached on DNA.

Modification of PLL with fluorophores allows a large number of fluorophores to be

covalently attached to a single PLL chain, inherently avoiding any leaking possibility. At
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same time, the electrostatic interaction between DNA and PLL results in a label-free
detection. In this chapter, | have demonstrated the significant improvement in DNA
detection sensitivity using PLL macrofluorophores. In addition, application of PLL

macrofluorophore for protein detection has been demonstrated as well.

6.2 Experimental Section

6.2.1 Material

Antimony-doped (100) single-crystalline silicon wafers at 0.005-0.02 Q/cm were
purchased from Silicon Sense, Inc. (Nashua, NH). Oligonucleotide target was purchased
from Integrated DNA Technologies, Inc. (Coralville, IA). The sequence of target was 5’-
CTAGGATACGATGTG-3’. Thiolated 15-mer peptide nucleic acid (PNA) capture probe
was purchased from Panagene (Korea) and the sequence was SH-(CH,);1-CAC ATC GTA
TCC TAG. Monoclonal Antibody to Human Total Prostate Specific Antigen (PSA), Human
Chorionic Gonadotropin (hCG) beta, Human Carcinoembryonic Antigen (CEA), and
corresponding monoclonal antibody were purchased from Biodesign International (Saco,
ME). Polylysine (MW 30,000-70,000), dithiothreitol (DTT), triethylamine (TEA),
dimethylformamide (DMF), 1-methyl-pyrrolidinone (NMP), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), tetraethyl orthosilicate (TEQS),
ethylenediaminetetraacetic acid (EDTA), formamide, and tween 20 were purchased from
Sigma-Aldrich and used as received. Hydrofluoric acid (HFA, 49%), saline-sodium
phosphate-EDTA (SSPE, 20X buffer), sulfuric acid (H,SO,), NaHCOjz; Na,COs,
sulfosuccinimidyl 4-[N-maleimidomethyl] cyclohexane-1-carboxylate (sulfo-SMCC), S-NHS

and EDC, glutardialdehyde, acetone, toluene, ethanol, methanol, NaCl and H,O, (30%) were
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purchased from Fisher Scientific (Pittsburgh, PA, USA). Aminopropyltrimethoxysilane
(APTMS) was purchased from Gelest, Inc. (Morrisville, PA). DyLight 488 NHS Ester was
purchased from Thermo Scientific Inc. (Rockford, IL). Au/Ag-barcoded nanorods patterned
with 000111, 01010, and 011110 (O represented a 1pum segment of Au and 1 represents a
1pm segment of Ag) were synthesized following the literature. **** All three kinds of
nanorods were coated with a layer of 20nm silica, and functionalized with (3-aminopropyl)
trimethoxysilane (APTMS).*>!® DI H,0 of 18 M (Millipore, Billerica, MA, USA) was used
throughout the experiments.
6.2.2 Modification of ssDNA and PLL with Flurophores

ssDNA with thiol modification on one end and amine modification on the other end
was mixed with excess amount of NHS activated Dylight 488 in NaHCO3/Na,CO3 buffer, pH
9.0. The reaction was preceded at room temperature for 2h. Then, DTT was added to reduce
the disulfide bond to generate the free thiol group for the immobilization on Si substrate. The
excess unreacted dye molecules were removed by passing a biospin column (Biorad, CA).
PLL modification with fluorophores followed the similar procedure. Before adsorption of
PLL macrofluorophore onto PNA/DNA duplex, HCI was used to adjust the pH of reaction
mixture to 4 and diluted in 5% 1-methyl-pyrrolidinone to desired concentration. The
modification of primary amine on lysine residue of PLL was estimated less than 50% based
on chapter 5. For the application of PLL macrofluorophore in immunoassay, PLL
macrofluorophore was coupled with antibody in MES buffer (500 mM, pH 6.0) using S-NHS
and EDC as the crosslinking reagent. The molar ratio of PLL chain to antibody was set to 1:1
and the coupling reaction was performed 2h at room temperature. The final antibody

concentration was 80 pg/mL.
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6.2.3 Preparation of Silicon Slides

Si substrate was cleaned in a piranha solution (70%H;SO4, 30% H,0,, potentially
explosive, and handle with care) for 1 h prior to use. The cleaned substrates were dipped into
a 5% HFA solution in ethanol for 5 min to remove the oxidized layer first. The Si substrates
were then washed with ethanol and DI H,O thoroughly and dried under a steam of nitrogen,
then placed into an ultraviolet/ozone (UVO) cleaner (Jelight Co., model 42, Suprasil lamp).
They were exposed to the UVO treatment for 1h. The atomic oxygen produced in UVO
cleaner allows a silica surface with a high concentration of surface OH groups that serve as
attachment points for aminopropyltrimethoxysilane (APTMS).

The substrates were then sonicated in 2% APTMS toluene solution for 20 min, then
sonicated in toluene 1 min to remove physically adsorbed aminopropyltrimethoxysilane, then
washed subsequently with acetone, methanol and DI H,0O, dried and baked at 110<C for 15
min. The amine-functionalized substrates were reacted for 3h with 0.5 mg of sulfo-SMCC in
0.2 mL of 0.1M TEA (pH 7.0) in the dark. The substrates were then washed with DI H,O,
and dried under a steam of nitrogen.

The thiolated PNA or DNA of a concentration of 10 pM in HEPES buffer (10 mM
HEPES, 5 mM EDTA, pH 6.5) containing 5% NMP was spot on SMCC modified substrates,
and incubated in a humid chamber overnight. The substrate was then washed with DI H,0.
6.2.4 DNA Hybridization and PLL Macrofluorophore Application

The immobilized PNA probes were prehybridized for 1h at room temperature in the
hybridization buffer of 30% formamide, 6x SSPE, 0.05% tween 20 and 5% 1-methyl-
pyrrolidinone. The prehybridization buffer was then replaced with the same buffer but

containing target DNA. Hybridization was carried out at room temperature for 1 h. After
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hybridization, the substrate was rinsed with 0.1x SSC, 0.05% tween 20 and DI H,O.
Fluorophore-modified PLL was immediately applied onto DNA/PNA spot. After 30 min
incubation period, the substrates were washed in 0.1% Igepal CA-630 for 30 mins, and
washed with DI H,O. In parallel, target DNA coupled with DyLight 488 was also hybridized
with PNA for a comparison. The fluorescence was detected using a fluorescence microscope.
6.2.5 Immobilization of Antibody on Nanorods

150 L of silica coated nanorods, 235 L of EtOH and 15 i of APTMS was added
together and shaked for 0.5h. The nanorods was then washed with EtOH and PBS by
centrifugation, and resuspended in 500 pL PBS buffer. 160 L of glutardialdehyde was
added to 240 L of above amine-coated nanorods and shaked for 2h. Subsequently, the
nanorods were washed with PBS and resuspended in 400 pL of PBS. 20 pL of 1 mg/mL
antibody was added to nanorod solution and shaked for 3h. After washed with PBS buffer, 1
mg/mL BSA solution was added to nanorod to block the unoccupied surface for 1h. The
antibody immobilized nanorods were finally stored in 500 L of BSA for future use.
6.2.6 The Sandwich Assay of Antigen Detection on Nanorods

10 i of antibody immobilized nanorods was washed twice with 20 i of bovine
serum, followed by addition of 20 L of corresponding antigen. The concentration of the
antigen was diluted to 0, 0.01, 0.1, 1, 10, 100, and 1000 ng/mL in bovine serum from a stock
solution of 10 g/mL. In multiplexed protein detection, aliquots of three stock solutions of
the capture bound nanorods (10 L each) were mixed and washed twice with bovine serum.
The particle mixture was then incubated with 30 L of the appropriated mixed target antigen
in bovine serum. In all cases, the particle mixture was allowed to shake with antigen for 2h at

room temperature. The particles were then washed twice with 0.1% Tween 20 in PBS
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(PBST), then PBS and PB buffer. Then 20 pL of PLL macrofluorophore conjugated antibody
(Ab-PLL-dye, 10 pg/mL) was added to nanorods and shaked for 1h at room temperature.
Subsequently, the nanorods were washed 3 times with PBST buffer and resuspended in 20
L of 10 mM PB for image analysis.
6.2.7 Instrumentation

A Zeiss Axiovert 35 inverted fluorescence microscope equipped with a bright-field
reflectance filter set (Chroma, D495/40X, Q660DCLP dichroic, and 0.3ND) for reflectance
imaging of nanorods and a fluorescence filter set (Chroma, ET470/40X excitation, T525LP
dichroic, ET535/30M emission) for fluorescence quantification of PLL fluorophores on Si
substrate and nanorods. The fluorescence intensity in the unit of counts per pixel was

quantified using Image J analysis software.

6.3 Result and Discussion

6.3.1 Fluorescence from DNA/PLL Macrofluorophore Complex

PLL macrofluorophores were prepared by reacting NHS-activated Dylight 488
molecules with the amino groups on the side chain of PLL under an alkaline condition
(Scheme 6.1). The feeding ratio of fluorophore to PLL was set to 60% based on the total
number of amino groups in the reaction. (A feeding ratio of 40% fluorophore : amino groups
was also tested, but the obtained fluorescence intensity and signal-to-background ratio was
lower than that of 60% feeding ratio; thus it was not used in further studies). In the previous
chapter, a 60% feeding ratio of polymerization initiator resulted in 45% modification on PLL.
Given Dylight 488 has a higher molecular weight (MW=1008) compared with the MW of

initiator (MW=264), a lower modification ratio is expected due to steric hindrance. Direct
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determination of the modification ratio of PLL with Dylight 488 using fluorescamine assay
was unsuccessful in this case because the emission spectrum of fluorescamine overlapped

with the excitation spectrum of Dylight 488.
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Scheme 6.1 (A) Excitation and emission profile of Dylight 488. (B) Modification of PLL
with NHS-activated fluorophore.

In concept-proof experiments, sSDNA was first used as a model to mimic DNA
hybridizaiton product for simpler procedure. In particular, a strand of sSDNA modified with
thiol group on one end and amine group on the other was coupled to NHS activated DyL.ight
488 to yield single dye-labeled DNA molecules for control experiments. The fluorophore-

labeled thiolated ssSDNA was then purified with a biospin column to remove the excess dye
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molecules and the concentration of DNA was adjusted to 1 pM. Immobilization of
fluorophore-labeled thiolated sSDNA on an aminopropyltrimethoxysilane (APTMS)-coated
Si surface via sulfo-SMCC linker was conducted overnight at room temperature in a humid
chamber. In parallel, a thiolated ssDNA of the same sequence was immobilized on another
APTMS-coated Si substrate, followed by incubation with PLL macrofluophores for 30 min.
Both substrates were washed with copious water. As shown in Figure 6.1, the substrate
incubated with dye-labeled PLL showed a green colored fluorescent spot, while no
fluorescence was detected from the substrate attached with single fluorophore labeled DNA
under the same exposure condition. Same negative response was observed from the control
experiment where ssDNA without fluorophore was directly immobilized on surface (data not
shown). The result confirmed higher fluorophore density on the PLL-incubated substrates, i.e.

fluorescence signal intensity was significantly improved.
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Figure 6.1. A comparison of fluorescence image of fluorophore-labeled ssDNA
and PLL macrofluorophore/DNA complex. Expoure time is 0.5s.

6.3.2 DNA Detection with PLL Macrofluorophore
After demonstrating improved signal output using PLL macrofluorophores,
quantitative DNA detection was conducted where single fluorophore labeling of DNA target

was also conducted in comparison (Scheme 6.2).
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Scheme 6.2 DNA detection using PLL macrofluorophore on Si substrate
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Neutral PNA was used as the capture probe to avoid nonspecific electrostatic binding
of PLL. Hybridization was conducted at room temperature, followed by buffer wash, and
then subjected to microscopic imaging. Figure 6.2A shows the fluorescence readout at target
DNA concentration ranging from 107 to 10" pM using PLL macrofluorophore for signal
amplification. Signal output reaches maximum at 10 pM. The dynamic range of detection
spans 4 orders of magnitude. The limit of detection was calculated to be 75 fM. In
comparison, Figure 6.2B shows the DNA detection using individually labeled target DNA.
The detection sensitivity was calculated to be 1.5 nM with a dynamic range of only one order
of magnitude. In addition to the drastically improved detection sensitivity and larger dynamic
range, the application of PLL macrofluorophores eliminates the needs for direct labeling of
individual DNA probes. Given dye-labeled PLL can be prepared in bulk for long-term
storage and the binding between PLL and DNA is independent of individual DNA sequences,
the use of dye-labeled PLL offers a universal label scheme with simplified detection

procedure and shortened assay time.
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Figure 6.2. DNA detection (A) using PLL macrofluorophores for signal amplification; (B)
using individual fluorophore-labeled target DNA.

Compared with individual-labeled fluorophore, a drastic enhancement (4 magnitudes)
in detection limit was achieved when PLL macrofluorophore were used in detection.
Considering the average amino groups on the side chains of PLL is ~215 per PLL molecule,
at the modification ratio of <45%, less than 100 fluorophores were expected for each PLL.

Therefore the enhancement would be expected to be at most at 100 folds where the PLL
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macrofluorophores bound to DNA at 100% efficiency. The observed 4 orders of magnitude
enhancement in fluorescence output suggests either there is more than one PLL
macrofluorophore chains bound to each target DNA or the single dye-labeled target DNA
used in comparison formed much fewer duplexes with the capture DNA probes. The latter is
less plausible because the effect of fluorescence labeling on DNA hybridization has been
extensively investigated by Singh et al. for which the authors have concluded the
fluorophore-labeled DNAs had exhibited slightly increased binding infinity with their
complementary sequences. * Furthermore, in my study there was a 21-base linker between
the hybridization site and the fluorophore at the distal point, making steric hindrance
introduced due to the presence of the fluorophore an even less likely cause.

It seems that binding of more than PLL chains on each target, regardless their
relatively comparable sizes, more likely attributes to the drastic enhancement in detection
sensitivity. It has been reported that substitution of amine group of PLL with hydrophobic
moieties significantly affected the conformation of PLL, changing the structure of PLL from
random coil to p-sheet even at pH < 10. % The introduced aromatic groups of dye
molecules not only increase the 3-sheet-forming probability but also increase the cross-strand
side chain stacking, leading to self-aggregation of modified PLL chains. The size of
aggregates increased with the increase in the degree of substitution.’® Close inspection of
three representative fluorescence pictures taken at target DNA concentration of 0, 100 fM
and 10 pM with objectives of higher magnification (100x) shows micron-sized highly
fluorescent spots on sensor surface for both 100 fM and 10 pM DNA detection, which

confirmed the presence of aggregates (Figure 6.3).
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Figure 6.3 The fluorescence images at target DNA concentration of 0, 100fM, and 10pM
when using 100X objective. The scale bar is 10 pm.

The presence of aggregation when PLL was partially modified has been studied in
chapter 5, where significantly increased light scattering was observed at high modification
ratio of PLL with initiators. Figure 6.4 shows the transmission microscopic images of PLL
macroinitiators at two different modification ratios: 51% and 80%. Aggregates at both
modification ratios were observed with larger but fewer ones for the one with 80% modified
PLL. An image analysis of the size distribution of detectable aggregates yields a size of 1.1 +
0.1pm for particles of 51% modified PLL and 2.3 £0.1pm for those of 80% modification.

This corresponds well with the light scattering data in Figure 6.5.
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Figure 6.4 Transparent microscope image of (A) 80% and (B) 51% initiator substituted
PLL. The scale bar is 10 pm.
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Figure 6.5 Sizes of initiator-ladened L-PLL- in H,O at different modification ratios
measured using DLS.

Binding of PLL macrofluorophore aggregates instead of single PLL chain on DNA
covered surface brought more fluorophores to each DNA molecules, leading to the
extraordinary signal amplification power in DNA detection. However, in the case of
polymerization-based DNA detection using PLL macroinitiators, the amplification power
was much less (60 folds), as discussed in the previous Chapter. | suspect it is because: 1)
Polymer grafting efficiency does not increase linearly with the initiator density, as shown in
chapter 4 and other references. For example, only 10-fold increase in film thickness was
obtained when the initiator density was increased for more than 100 folds, probably due to
higher termination of nearby polymer chains; and 2) The possible dissociation of PNA/DNA
duplex and PLL/PNA/DNA complex in the polymerization mixture. The dissociation of

DNA/DNA duplex in polymerization mixture is known to cause the unsuccessful polymer
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film growth from DNA/DNA-initiator duplex. The dissociation of PNA/DNA duplex may
contribute to the much lower signal amplification efficiency compared with the case of using
PLL macrofluorophore where direct fluorescence measurement is taken after introduction of
PLL. Therefore the fluorescence detection platform allows to take full advantage of PLL
macrofluorophore and to maximize the signal amplification capability of PLL
macrofluorophore.

6.3.3 Protein Detection Using PLL Macrofluorophore

With the success of using PLL macrofluorophores for ultrasensitive DNA detection,
this platform has been expanded for protein detection for improved sensitivity. Sensitive
protein detection, especially for those cancer markers, increases the diagnostic confidence of
diseases, and provides critical data for monitoring the response of therapy. Thaxton et al
reported group of prostate cancer patients with rising PSA levels over time after radical
prostatectomy recurred, although the PSA level is still well below the detection limit of
currently commercially available PSA immunoassays, while patients with consistent low
PSA level after surgery did not recur ** The ultrasensitive detection of low PSA enables a
more timely assessment of the biochemical response to primary therapy and allows validation
of new therapeutic methods.

Protein targets are often detected in a sandwich assay where a capture antibody is pre-
immobilized on the surface to capture the target protein/antigen from sample solution, then a
matched detection antibody with proper labels is added to convert the detection to readable
signals. To use PLL macrofluorophore as a detection probe, a detection antibody needs to be
labeled onto PLL macrofluorophore. The PLL macrofluorophore is partially modified with

dyes first, and the residual amino groups were then coupled to antibodies (Scheme 6.3). The
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feeding ratio of antibody to PLL chain was set to 1:1. The overall ratio of amino groups to
antibody will be >100:1. Any PLL without any antibody coupled would be washed off the
surface during the assay. Considering each PLL macrofluorophore has multiple fluorophore
and aggregation of PLL macrofluorophore, there would a large number of fluorophores
added to each protein recognition event. As a comparison, detection antibody directly labeled
with fluorophores can only add a few fluorophores to each protein recognition event.

(Usually one antibody can be labeled with less than 10 fluorophores depending on the size of

antibody and the accessible caboxylate groups.)
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Scheme 6.3 Incorporation of antibody to PLL macrofluorophore.

In this study protein detection was conducted on nanorod, instead of the two
dimensional flat substrate. The choice of nanorod is made because it has bigger surface area.
Unlike the short oligonucleotides, proteins usually have bigger footprint on surface. The use
of nanorod with curved surface will increase the amount of proteins that can be immobilized
on unit surface, thus increase the detection sensitivity. Scheme 6.4 shows protein detection
using PLL macrofluorophore on nanorods. Here, we use prostate cancer marker, prostate
specific antigen (PSA), as the model protein for the detection. The capture antibody was

immobilized on amine-coated nanorods through crosslinking reagent, glutardialdehyde. PSA
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antigen was then captured by the capture antibody on nanorods, and then the detection
antibody attached with PLL macrofluorophore (Ab-PLL-fluo) was applied to bind to
captured antigen. The fluorescence from the complex was determined by microscope. To
compare the performance of this detection platform with that of direct labeling method, the
detection antibody directly labeled with Dylight 488 was used in the last step, and the

detection limit was compared.

T +Q — Y |
H o . : _
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Slog , My
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Scheme 6.4 Protein detection using PLL macrofluorophore on nanorods.

Figure 6.6 shows the fluorescence intensity of nanorods as a function of the
concentration of PSA antigen in undiluted bovine serum. As expected, the fluorescence
intensity increased with PSA concentration in solution, and reached maximum at a
concentration of 100 ng/mL. Weak fluorescence that was observed on the control sample

where no target protein presented is due to the nonspecific adsorption of Ab-PLL-fluo
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complex on nanorods. Quantification of PSA detection is shown in Figure 6.7. The limit of
detection, defined as 3 times standard deviation above the background, was calculated to be
0.004 ng/mL, which is well below the diagnostic threshold of the presence of prostate cancer
(PSA at 4 ng/mL).?> The commercially available PSA immunoassays with clinical lower
limits of detection is down to 0.1 ng PSA/mL serum.”® In comparison, Dylight 488 was
directly labeled to secondary antibody for signaling, and the detection limit was calculated to
be 1 ng/mL (Figure 6.8). About three magnitude improvement in detection sensitivity was
achieved when using PLL macrofluorophore. Taken into account that multiple fluorophores
(usually <10) can be attached to one antibody molecule, the PLL macrofluorophore
amplification power for protein detection is in good agreement to the amplification power of

4 magnitudes for DNA detection.

-

0.01 ng/mL 0.1 ng/mL

10 ng/mL 100 ng/mL 1000 ng/mL

Figure 6.6 Fluorescence images of PSA detection using PLL macrofluorophore. The PSA
antigen concentration varies from 0 to 1000 ng/mL.
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Figure 6.8 PSA detection using direct fluorophore-labeled detection antibody.
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Two other proteins, carcinoembryonic antigen (CEA, colorectal cancer marker) and
B-human chorionic gonadotropin (hCG, testicular cancer marker), were detected in the same
fashion using PLL macrofluorophore. Similarly, greatly improved detection sensitivity was
achieved for CEA (0.002 ng/mL) and hCG (0.005 ng/mL) (Figure 6.9 and 6.10), compared

the commercial detection Kkit.
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Figure 6.9 CEA detection using PLL macrofluorophore
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Figure 6.10 HCG detection using PLL macrofluorophore.

6.3.4 Multiplex Protein Detection Using PLL Macrofluorophore

We have shown the improved detection of three antigens using PLL
macrofluorophore separately. In this section, simultaneous detection of three antigens in
single sample will be demonstrated with PLL macrofluorophore. Multiplex protein detection
represents a promising platform because it requires substantially less sample, short assay
time and low cost.

To perform the multiplex detection, nanorods with different barcode were used.
Metallic nanorod can be synthesized using metals with different reflective properties to
certain wavelength of light. The specific reflectance pattern can be read with microscope.
When specific primary antibodies are immobilized on nanorods with specific pattern, the

detection of corresponding antigen can be identified with the pattern, and the quantification
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of antigens can be achieved by measuring the intensity of fluorescence from the fluorophores
that attached on secondary antibody.

Here we demonstrated the multiplexed detection with nanorods of three different
striping patterns, 011110, 111000, 01010. The three barcoded nanorods were derivated with
anti-PSA, anti-CEA and anti-hCG respectively, then mixed at equal ratios and incubated with
various sample solutions containing different combination of target antigens at 100 ng/mL.
Four sets of experiment was conducted with samples that contain 0, 1, 2, 3 target antigens.
After antigen binding, the solution mix contains all three kinds of Ab-PLL-fluo complexes
was then introduced to nanorods for binding. After appropriate washing, the nanorods were
subjected to fluorescence and reflectance imaging (Figure 6.11). In the reflectance images,
the different striping pattern of the nanorods were clearly differentiable that enables the
identification of the three capture antibodies on surface. The fluorescence signal from each
kind of particles was measured and averaged. Direct comparison of the reflectance and
fluorescence images show that significant fluorescence was only observed from the nanorods
coated with the capture antibody specific to the target antigen present in the incubation
solution. For example, when sample only contain one target, PSA antigen, only the anti-PSA
coated nanorods showed strong fluorescence whereas the other two barcoded nanorods only
showed background level signal. Similarly, when two targets (PSA and CEA) presented in
sample, significant fluorescence was observed from the nanorods that coated with
corresponding antibodies, while weak fluorescence showed on anti-hCG coated nanorods.
When all three targets presents, strong fluorescence was seen from all types of nanorods.
Noticed that the short nanorods coated with hCG in all images is due to over etching the Ag

part of nanorod 111000 when prepared the nanorod, or the degradation/oxidation of Ag
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during the storage of nanarods.” The quantitative fluorescence intensity was plot in Figure
6.12. The detection of different targets in one assay was clearly shown with positive readout
only on nanorods in samples containing corresponding target, while only background readout

on nanorods in the absence of target.

Figure 6.11 Corresponding fluorescence (a-d) and reflectance (a’-d’) images of the mixture
of three antibody-bond nanorods incubated with no cancer marker protein (a, a’), PSA(b, b’),
PSA and CEA (c, ¢’) and all three cancer marker proteins (d,d’). The concentration of each
target protein was kept at 33 ng/mL final concentration. Three representative particles of
different striping patterns were circled in each image to aid visualization of eye.
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Figure 6.12 Quantitative detection of three cancer marker proteins. Cancer marker proteins
present in serum sample were labeled in x-axis, and the corresponding fluorescence readout
was in y-axis. The striping pattern is PSA (01010), CEA (111000), and hCG (100001).

6.4 Conclusion

In this chapter, | have demonstrated the introduction of multi-fluorophores to
positively charged PLL side chains through a simple one-step synthesis and use of this multi-
fluorophore labeled PLL as a macrofluorophore for ultrasensitive DNA ( 75 fM LOD) and
protein ( 0.004 ng/mL for PSA) detection. Compared with using particles doped with
multiple dyes, preparation of PLL macrofluorophore is much simpler without worrying about
the leakage of dye out of particles, and comparable detection sensitivity was achieved.
Additional benefit brought by the positive charge on PLL is that no specific labeling is
needed for DNA detection, due to the inherent electrostatic interaction. Multiplexed protein

detection in undiluted serum was demonstrated with barcoded nanorods. No significant cross
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interference between different targets was observed. PLL macrofluorophore was believed to
form aggregates and multimolecule clusters in aqueous solution, which contribute to the high

sensitivity of this platform, although the broad size distribution of aggregates have disfavored

effect on the reproducibility of the detection.
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Chapter 7 Polymerization-based Lateral Flow Strip Test

7.1 Introduction

Every year, millions of people worldwide suffer from infectious diseases, such as
tuberculosis, chlamydia, and gonorrhea, that led to untimely death particularly for children in
developing countries. The lack of sophisticated clinical facilities and well trained personnel
to conduct prompt diagnostics and provide proper treatments is responsible for the high death
rate hence poor life qualities in these counties. One of the ongoing efforts in the sensing
community is to provide sensitive, rapid, low-cost and easy-to-use diagnostic kits that allow

first-line disease screening and detection to be conducted at point-of-need.

Lateral flow test strips, disposable and inexpensive, are the devices of choice for
point-of-need detection.  Straightforward readouts without the need of complicated
instrumentation make them amenable to home diagnosis where untrained personnel can carry
out analysis with ease. Many lateral-flow based diagnostic kits are commercially successful,
including early pregnancy test strips, which detect human chorionic gonadotropin (HCG),
and strips for rapid detection of food borne pathogens and influenza viruses.

In lateral flow assay, the first labels were the enzymes used for enzyme
immunoassays’, but they were replaced soon by particulate labels.? ® Currently most of
lateral flow test strips use gold nanoparticles as labels for direct visual detection. Wang et al
detected fumonisin B1 using gold nanopaticles® Kalogianni et al reported the dry-agent
detection of bacterial infection in arthroplasty with gold nanoparticles.* Same detection
scheme has been extended to DNA detection where DNA-protein complexes are formed. For

example, Fong et al.,® Piepenburg et al.,° and Corstjens et al.” made use of lateral flow
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immunoassays for the detection of DNA amplification products. Beamer et al. reported a
test-strip DNA detection with nanomolar detection limit based on dye-encapsulating
liposome labels.®® DNA test strips have been applied to detect Dengue virus in blood
samples, *° E. coli in drink water,™ bacterial infection'? and genotyping of single-nucleotide
polymorphisms.*® Quantitative sub-nanomolar DNA detection using lateral flow test strip
was also reported with the aid of simple strip reader instrument.* For more sensitive
detection, introduction of enzyme or silver enhancement of the response of the gold
nanoparticles has been mentioned as well for sensitivity increase.***> Apart from losing the
“one-step” concept when using enzyme, a biological element with limited stability is
introduced; shelf life may decrease and handling becomes more complicated. The application
of a silver enhancer also requires a second labeling step. The use of electrochemical method
may increase the investment costs to undesirable levels. Sensitive chemiluminescent or
fluorescent labels increase the sensitivity, but will also increase the cost and may not be
feasible in the field test.

In my previous research, polymerization-based detection on Au substrate and other
surface has been demonstrated as a portable, low-cost, sensitive, and easy-operation detection
platform. The use of polymer for signal amplification on strip test should retain all these
benefits, providing a good alternative for signal amplification. In this chapter, | have
demonstrated polymerization-based DNA detection on a porous-membrane-based testing
strip is feasible. Direct incorporation of visible color in situ using chromic monomers and
post-staining polymers have been explored to enable direct visualization of the presence of

DNA on the strips.
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7.2 Experimental Section
7.2.1 Materials

Biodyne B nylon membrane was purchased from Pall Life Sciences (Ann Arbor, MI)
The oligonucleotides (5° NH,-(CH,)6-T1s TTA ATT ACA TCA TTT AT) were purchased
from Integrated DNA Technologies, Inc. 2-Hydroxyethyl methacrylate (HEMA, 99%), was
purchased from Sigma-Aldrich, and purified using an inhibitor remover-packed column to
remove methyl hydroquinone inhibitor. 3-Sulfopropyl methacrylate potassium salt (SPM),
Polylysine (MW 30,000-70,000 referred to as PLL), N-hydroxysuccinimide acid (NHS),
bromoisobutyryl bromide, dithiothreitol (DTT), bovine serum albumin (BSA), dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), ascorbic acid (AA), Ruthenium Red,
Rhodamine 6G, and tween 20 were purchased from Sigma-Aldrich (St. Louis, MO) and used
as received. Tris[(2-pyridyl)methyl]amine (TPMA) was purchased from ATRP Solutions
(Pittsburg, PA). Cellulose membrane (Whatman filter paper 1), saline-Sodium citrate (SSC,
20x buffer), boron sodium oxide (Na;B,0,) and copper (I1) chloride were purchased from
Thermo Fisher Scientific Inc. (Waltham, MA).
7.2.2 Surface-initiated AGET ATRP from Cellulose Membrane

A two-step process of the surface-initiated AGET ATRP from cellulose membrane
was performed. For the esterification of the hydroxyl groups with initiator, cellulose
membrane was sonicated with ethanol, acetone, dried THF 2min respectively, then immersed
in a mixture of dried THF (25 mL) and TEA (0.306 mL) in a 100 mL flask with magnetic
stirring under an ice bath. Then, 0.246 mL of 2-bromoisobutyryl bromide in dried THF was
added into the mixture dropwise. The reaction proceeded at room temperature overnight.

After the reaction, the initiator functionalized cellulose membrane (hereinafter refer to CM-
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Br) was removed from the solution and thoroughly washed with THF and ethanol
ultrasonically.

For the surface-initiated AGET ATRP, CM-Br was immersed in a solution of CuCl,
(4.0 mg), TPMA (8.7 mg), HEMA (0.8 mL) and H,O (0.8 mL) in a 2mL reaction vial. The
reaction vial was then sealed immediately after addition of ascorbic Acid (4.8 mg in 50 L of
H,0). The AGET ATRP reaction proceeded at room temperature for 1.5h. A piece of
cellulose membrane without initiators was used as control in separate reaction vial. After the
reaction, the pHEMA functionalized cellulose membrane was washed with DMSO for 1h.
The membrane was then dried overnight at room temperature before subjected to IR analysis
and the staining process. For the staining of cellulose membrane with Rhodamine dye, both
reaction and control samples were dipped in a 0.1 mM aqueous solution of Rhodamine 6G
for 5 mins, then the membrane was washed briefly with DI H,O.
7.2.3 Surface-initiated pHEMA from DNA Affixed Membrane

Single strand DNA was first labeled with initiator as described in Chapter 2. To fix
DNA on membrane, DNA (20 pM) was spot on nylon membrane 10 times, then the
membrane was baked at 80<C for 2h. DNA without initiator was spot on the same membrane
to serve as control. The polymerization procedure follows the description in previous section.
A copolymer of HEMA with blue monomer 1 was also conducted to realize the direct
visualization of polymer growth.
7.2.4 Assembly of Membrane to Test Strip Format

The nylon membrane was mounted on a common backing layer (typically an adhesive
inert plastic). The sample application pad was made from glass fiber and saturated with

buffer containing BSA (Img/mL), 5 < SSC, 0.1% Tween 20. Then it was dried at room
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temperature and mounted on the backing material. The small overlap of sample pad with
membrane allows the PLL macroinitiator to diffuse from sample pad to membrane when
dipped in sample. The absorption pad was made of Kimwipe paper and overlapped with the
other end of membrane to absorb the excess sample. Typically 50 plL of PLL macroinitiator
solution was applied on sample pad, then another 150 pL of buffer was applied to wash the
membrane. Then, the membrane was immersed in polymerization mixture for growth of
polymer.

7.2.5 pSPM Growth from DNA Affixed Membrane.

DNA affixed membrane was immersed in an aqueous solution of monomer (SPM,
0.57g), Cu (4 mg or 0.125 mg), TPMA (8.7 mg or 1.2 mg) in 1.6 mL. The polymerization
was initiated after addition of ascorbic acid (4.8 mg or 0.99 mg). In the case of using PLL
macroinitiator for enhanced polymer growth, DNA affixed membrane was blocked with
buffer containing BSA (Img/mL), 5 < SSC, 0.1% Tween 20 for 2h, and dried at room
temperature. PLL macroinitiator was either spot on or diffused through the DNA spot, then
washed with same buffer followed by the polymerization process.

7.2.6 Instrumentation

DNA concentration was determined using a HP8453 UV-vis spectrophotometer
(Agilent Technologies, CA). The KH,PO, solution (1 M) without DNA was used as blank.

Attenuated total reflection infrared (ATR-IR) spectroscopy was performed using a
Digilab FTS 3000MX spectrometer (Digilab Inc, MA) with a DTGS detector. Each

spectrum was averaged from 256 scans.
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7.3 Result and Discussion

7.3.1 Principle of Polymerization-based Strip Test

The test strip used in concept-proof experiment was assembled as described in
literature'® (Scheme 7.1).
The nylon membrane was mounted on an adhesive inert plastic backing layer. The sample
application pad made from glass fiber was mounted on the backing layer with a small overlap
with nylon membrane. The absorption pad made from Kimwipe paper was mounted on the
other end of backing layer and overlapped with the membrane too. The small overlap
between sample pad, adsorption pad and membrane allows sample and washing buffer to
diffuse through the whole strip continuously. Two capture DNA probes were manually
spotted on the nylon membrane to form the test zone (R) and the positive control zone (C). A
drop of the mixture of initiator-coupled DNA detection probe and target DNA is placed in
the sample pad and all molecules along with the solvent migrates under capillary force
towards the adsorption pad. Hybridization to the capture probe 1 in the test zone occurs first.
Unbound molecules, including excess initiator-coupled DNA detection probes, continuously
move forward and are captured by with the second capture probe 2 in the positive control
zone. The second capture probe has the sequence complementary to the detection probe
directly, and serves as a positive indicator of successful movement of target DNA across the
testing zone. In some cases, a negative control can also be added to monitor the background
signal. After hybridization, polymerization is initiated and the polymers grown in each zone

are visualized.
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7.3.2 pHEMA Growth on Cellulose Membrane

In chapter 2, 4 and 5, polymer growth was carried out on a solid, flat Au surface. For
dipstick-based sensors, porous membrane is used to enable solvent diffusion under capillary
forces. As a result, 1 examined first polymer growth efficiency from a membrane where

initiators were directly immobilized. The initial study was carried out using cellulose
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membrane as the substrate where hydroxyl groups on the membrane can be easily modified
with ATRP initiators. A piece of cellulose membrane with desired size was immersed in
mixture of THF and TEA, and 2-bromoisobutyryl bromide solution in THF was added slowly
to allow the reaction with OH groups on cellulose, followed by sonication and washing to
remove the nonspecifically adsorbed 2-bromoisobutyryl bromide. To simplify assay
procedure, the membrane piece was immersed in reaction mixtures and a separate one was
used to be immersed in a solution without initiators. both stripes were then immersed in
polymerization mixture to allow polymer grown atop (Scheme 7.2).

The growth of pHEMA on initiator-immoblized cellulose membrane was confirmed
by IR (Figure 7.1A). The polymerization was run for 2h at room temperature. Significant
increase of IR signal at 1720 cm™ from carbonyl group, 1154 cm™ from C-O stretch and
broad peak centered at ~3300 cm™ from hydroxyl group of pHEMA side chain indicates
successful polymer growth on cellulose membrane, while the control sample has similar
signal with the initiator-coupled membrane. Positive growth pHEMA on membrane is also
demonstrated by staining pHEMA with Rhodamine through hydrophobic binding. As for the
control strip, the Rhodamine dye can be easily washed off under the same conditions

(Figure 7.1B).
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Figure 7.1 (A) ATR-IR monitoring of surface chemical modification of pHEMA on
cellulose membrane by AGET ATRP; (B) Cellulose staining with Rhodamine dye. R refers
to initiator-modified cellulose; C refers to control as unmodified cellulose membrane. Both
membranes go through same polymerization process. The left image is taken under room
light; the right image was fluorescence image taken under UV light. Both showed positive
difference in dye binding, i.e. the amount of polymers between the testing and control strips.

7.3.3 pHEMA Growth from Initiator-coupled DNA Affixed on Nylon Membrane
While the success of polymer growth on cellulose membrane, cellulose is not the best

choice of making test strip: the pore size of cellulose (~11 pm) is too big to produce strong
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capillary force to draw the target through the membrane and the diffusion of sample on
cellulose is too fast (1cm/40s) to allow enough time for the interaction between target and
capture probe. Nitrocellulose membrane is most commonly used in fabrication of DNA test
stripes; however nitrocellulose is not compatible with the polymerization solution. The
nitrocellulose membrane swelled after immersed in polymerization mixture for 2h and was
easily peeled off during the washing procedure. Nylon membrane instead of commonly used
nitrocellulose membrane was used throughout the study to assemble test strips for its better
chemical stability in the polymerization reaction mixture. The extensive usage in Northern
and Southern blotting of nylon membrane also allows direct adaption of probe
immobilization and wash protocols. To investigate polymer film growth atop of DNA from
the membrane, DNA molecules was fixed on nylon membrane first. DNA has been
permanently fixed on nylon membrane by either baking membrane at 80C or UV
irradiation.’® In my study, the thermo-fixing method was used to fix initiator-coupled DNA

onto positive charged nylon membrane (Scheme 7.3)
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A 80°C,2h  polymerization
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Scheme 7.3 Polymer growth from DNA-affixed nylon membrane by AGET ATRP.
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After direct fixation of initiator-coupled DNA on nylon membrane on the R spot and
no-initiator-carrying DNA on the C spot, the strip was immersed in HEMA polymerization
mixture for polymer growth. ATR-IR was employed to analyze the surface chemical
composition. The AR-IR spectra of bare nylon membrane and unmodified sSDNA covered
nylon membrane (refer as C) show little difference. However, on the spot where initiator-
coupled ssDNA was presented, the carbonyl stretch vibration bands at 1722 cm™ and C-O
stretch at 1157 cm™ from ester group appeared and broad peak centered at ~3300 cm™ from
hydroxyl group of pHEMA side chain increased significantly, indicating the pHEMA growth

from DNA (Figure 7.2).
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Figure 7.2 ATR-IR monitoring of surface chemical modification of pHEMA from DNA-
affixed nylon membrane by AGET ATRP. The spectra were normalized with the peak at
1633 cm-1 from amide group on nylon membrane.
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7.3.4 In situ Incorporation of Color to Membrane

Although success pHEMA growth from initiator-coupled DNA was demonstrated,
staining the membrane with Rhodamine dye and other dyes did not show unambiguous
visible difference between the reaction spot and control spot. In situ incorporation of color to
polymer should help direct visualization of polymer growth. This brings us back to the study
we have done in chapter 3: synthesis of colorimetric copolymer. Here, we apply the
copolymerization technique to the membrane surface. Compared to Au surface, the white
color membrane is easier to differentiate from the blue copolymer.

Figure 7.3B shows ATR-IR characterization of the evolution of blue copolymer from
DNA affixed on nylon membrane. Similarly, increased characteristic peak intensity appeared
on the reaction spot, comparing to the background signal from the control spot due to
nonspecific adsorption of monomers into membrane pores. Visually, a clearly difference can

be seen in the shade of blue color between the reaction and control spots (Figure 7.3C).
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Figure 7.3 (A) Synthetic scheme of copolymerization of blue monomer with HEMA; (B)
ATR-IR monitoring of surface chemical modification of copolymer from DNA-affixed nylon
membrane by AGET ATRP. The blue-C refers the control spot and the blue-R refers to the
reaction spot where initiator-coupled DNA was immobilized; (C) The picture of membrane

after copolymerization.
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7.3.5 pSPM(-) Growth from Initiator-coupled DNA Affixed on Nylon Membrane

Grafting colorimetric copolymer is a feasible method to increase the visibility of
polymer growth on membrane, but the low incorporation efficiency, slow copolymer grafting
efficiency, and harsh washing conditions make less ideal to be used in dipstick sensors. |
have shown previously polymerization of ionic monomers, negative charged SPM or positive
charged MeDMA, is much faster and environmentally friendly. This negatively charged
surface from pSPM formation also allows selective staining with positively charged dye
molecules, hence is studied for post-staining-based dipstick sensors.

Direct pSPM formation is insufficient. Figure 7.4 shows the ATR-IR spectra of
pSPM grown from initiator-coupled DNA fixed on a nylon membrane. The ATR-IR spectra
were identical for reaction and control spot due to high nylon background and little pSPM
grown on membrane. Taking advantage of learned knowledge where PLL can be used as
macroinitiators to increase the amount of pSPM formed on membrane, | have applied PLL
macroinitiators to the target DNA spot, followed by surface-initiated polymerization of SPM.
At same time, PLL macroinitiators were applied on membrane surface without DNA, and the
polymer growth from nonspecific adsorption of PLL macroinitiators on membrane was
served as control. The ATR-IR spectra after polymerization are shown in Figure 7.5. The
ATR-IR spectrum of DNA on membrane without application of PLL macroinitiators is also
shown in Figure 7.5 to serve as another control to monitor the nonspecific adsorption of
SPM on DNA affixed membrane. Compared with the controls, the intensity of characteristic
peaks (carbonyl stretch at 1722 cm™, C-O stretch at 1190 cm™, sulfonate stretch at 1040 cm™)
increased significantly. The increased amount of pSPM on DNA spot on membrane due to

introduction of PLL macroinitiators is consistent with our previous study on Au substrate.
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Figure 7.4 ATR-IR monitoring of evolution of pSPM from DNA-affixed nylon membrane
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Figure 7.5 ATR-IR monitoring of evolution of pSPM after introduction of PLL
macroinitiators to DNA-affixed nylon membrane by AGET ATRP. The experimental
conditions were same as in Figure 7.4
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In a strip format test, the target DNA and detection probes migrate along the strip
until they are captured by the capture probes immobilized on strip. When using PLL
macroinitiators to amplify the signal, it needs to be able to migrate through the capture
probes instead of being directly spotted on capture probes. To investigate if PLL
macroinitiators can specifically captured by the capture probes immobilized on membrane
when they diffuse through the whole strip, we assembly the nylon strip with sample pad and
absorption pad, and applied the PLL macroinitiators to sample pad to allow it diffuse through
the whole strip. The washing procedure was also conducted by diffusion. ATR-IR spectra
were employed to monitor the signals at three different positions of the strip after
polymerization: left side of the DNA spot, on the DNA spot, and right side of the DNA spot.
As shown in Figure 7.6 (A), the characteristic IR signal from DNA spot is much higher than
the signal from the positions where no DNA presents. The increase of signal on DNA spot is
because PLL macroinitiators electrostatically absorbed onto DNA, leading to increase of
initiator density, therefore increase of polymeric material, while on the positions where no
DNA presents, PLL macroinitiators only nonspecifically adsorbed on membrane. The IR
signals from both left and right side of DNA spot are low and similar, suggesting the
nonspecific adsorption of PLL macroinitiators is controllable and uniform across the strip.
Figure 7.6 (B) shows the quantitative measurement of ATR-IR signal at 1722 cm™ from
three different positions of the strip. Figure 7.6 (C) is a picture of strip after being stained
with positively charged Ruthenium Red dye. The negatively charged pSPM on the DNA spot
stained red when immersed in a 0.01 mg/mL aqueous solution of Ruthenium Red, which

enable immediate differentiation of DNA from the background.
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Figure 7.6 (A) ATR-IR monitoring of evolution of pSPM by AGET ATRP after PLL
macroinitiators diffused through DNA-affixed nylon strip. The experimental conditions were
same as in Figure 7.4; (B) Quantitative measurement of ATR-IR intensity at 1722cm™ from
different positions of the strip; (C) Electrostatic interaction of pSPM on DNA spot with
Ruthenium Red in aqueous solution.
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7.4 Future Study

The polymerization-based DNA detection on strip test involves three steps: 1)
immobilization of capture probe; 2) hybridization of target sequence and detection probes; 3)
Amplification-by-polymerization and visualization. The thermofix method and streptavidin-
biotin interaction were tested for immobilization of DNA capture probe on membrane. The
thermofix method was adapted in this research due to higher immobilization efficiency
(verified by the afterwards polymerization). For the signal amplification, pSPM grafted from
PLL macroinitiators was adapted as the amplification method because it allows direct
visualization of DNA detection on nylon membrane after short staining. Continuous work on
assembling optimized conditions for complete DNA hybridization tests is yet to be carried
out. The optimization of DNA hybridization condition on nitrocellulose membrane has been
investigated extensively."* DNA hybridization on nylon membrane especially involving PLL
has not been reported so far. For example, the hybridization of DNA/PLL complex with
capture probe may be different from the hybridization of DNA alone with capture probe. A
few challenges envisioned include: steric hindrance from the use of that may reduce
capturing efficiency of target DNA and nonspecific aggregation of PLL-DNA complexes that
decreases the mobility of target DNA. Applying target DNA and PLL macroinitiators
separately help avoid this problem at the expense of additional application step. Alternatively,
selecting appropriate solvent system or adding surfactant could be studied to optimize the
hybridization of DNA/PLL complex with capture probe.

A more preferred solution is to use a neutral capture probe on membrane when
positively charged PLL macroinitiator is used for improved amplification power, with the

aim of minimizing the nonspecific electrostatic interaction between PLL and the capture

172



probe. In this regard, immobilization of neutral probes, such as PNA needs to be studied for
efficient hybridization and quantitatively reproducible results. Biotin-avidin chemistry can be
used to immobilize PNA on membrane: biotinlyted PNA can be fixed on membrane through

strepavidin that is preimmobilized on membrane.

7.5 Conclusion

In this chapter, we applied the polymerization-based detection platform to strip test
format. Taking advantage of previous study on polymer film growth on Au substrate, we
demonstrated the successful polymer growth on cellulose and nylon membrane.
Copolymerization of blue monomer with HEMA allows visualization of DNA molecules in
situ. The choice of negatively charged SPM monomer in combination of the use of PLL
macroinitiators for signal amplification allows fast polymerization in aqueous solution and
the visualization of DNA on strip is achieved after staining the strip with positively charged
Ruthenium Red dye. The primary data has shown the capability of visible detection of
hybridization without the use of PLL macroinitiator. Further optimization of the application
of PLL macroinitiator in detection step should significantly improve the performance of test

strip.
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Appendix

Abbreviation

Full Name

AA

Ascorbic Acid

APTMS Aminopropyltrimethoxysilane

ATR-IR Attenuated Total Reflection Infrared Spectroscopy

ATRP Atom Transfer Radical Polymerization

AGET ATRP Activators Generated by Electron Transfer for Atom Transfer
Radical Polymerization

BMPA 1,4-Bis(4-(2-methacryloxyethyl) phenylamino) anthraquinone

bpy 2,2’-bipyridine

BSA Bovine Serum Albumin

CEA Human Carcinoembryonic Antigen

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

DTT Dithiothreitol

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide)

EDTA Ethylenediaminetetraacetic Acid

dnNbpy 4,4’-dionyl-2,2’-dipyridy

FRET Fluorescence Resonance Energy Transfer

hCG Human Chorionic Gonadotropin

HEMA 2-Hydroxyethyl methacrylate

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

MCH 6-mercapto-1-hexanol

Me,Cyclam 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane

MeDMA 2-(methacryloyloxy)ethyl-trimethylammoniumchloride

NHS N-hydroxysuccinimide acid

NMP 1-methyl-pyrrolidinone

PLL Polylysine

PMMA poly(methyl methacrylate)

PNA Peptide nucleic acid (PNA)

PSA Prostate Specific Antigen

RAFT Reversible addition-fragmentation chain transfer polymerization

Sulfo-SMCC Sulfosuccinimidyl 4-[N-maleimidomethyl] cyclohexane-1-
carboxylate

SPM 3-Sulfopropyl methacrylate potassium salt

SSC Saline-sodium citrate

SSPE Saline-Sodium phosphate-EDTA

TAPMA 4-(2-thiazolylazo)phenyl methacrylate

TEA Triethylamine

TEQOS Tetraethyl orthosilicate

THF Tetrahydrofuran

TPMA Tris[(2-pyridyl)methyl]amine
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