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Abstract

Gold nanoparticles have been widely utilized for molecular diagnosis, drug
delivery, and nanostructuring. In particular, colorimetric methods of
deoxyribonucleic acid (DNA) detection using oligonucleotide—gold nanoparticle
conjugates has received considerable attention for point-of-care and on-site testing.
Typically, these conjugates are prepared by chemisorption of monothiol-modified
oligonucleotides onto gold nanoparticles’ surface. Despite their high stability against
salt-induced aggregation, they have limited chemical and thermal stabilities, as well
as enzymatic amplification reaction compatibility, which prohibit them from real
applications. This thesis describes a new silica reinforcement method designed to
address these issues by coating the conjugate with a thin silica layer using
(3-mercaptopropyl)trimethoxysilane.

The silica-modified conjugate is simple-to-prepare and exhibits extremely high
stability toward dithiothreitol (no noticeable aggregation after 24 h). In addition, the
conjugate has high stability against gold core oxidative dissolution by sodium
cyanide. These favorable chemical properties are attributed to the entrapment effect
offered by the silica layer. Importantly, the silica layer is so thin that the unique

sequence-specific hybridization-induced colorimetric detection of conjugate is



preserved. With these properties, a closed-tube colorimetric isothermal amplification

reaction (nicking endonuclease-assisted amplification) platform based on the

silica-modified conjugate is demonstrated. Aiming at higher sensitivity, the

incorporation of silica-modified conjugate into polymerase chain reaction is highly

desirable. Compared to the conventional unmodified conjugate, the silica-modified

conjugate has significantly higher thermal stability as well as lower non-specific

adsorption of Tag DNA polymerase. With these, a closed-tube colorimetric

polymerase chain reaction is demonstrated for the first time, the sensitivity of which

is comparable with the standard gel electrophoresis technique and avoids carryover

contamination due to enzymatic reaction incompatibility of unmodified conjugate

(requirement of post-amplification addition of unmodified conjugates for detection).

Besides oligonucleotide—gold nanoparticle conjugate, this silica reinforcement

method is successfully applied to oligonucleotide—silver nanoparticle conjugate. In

fact, it is potentially broadly applicable to other biomolecule/polymer—nanoparticle

conjugates. To conclude, this silica coating method not only enables simple, sensitive,

and contamination-free DNA analysis for point-of-care and on-site applications, but

also holds promise for new medical diagnostic and therapeutic applications.
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Chapter 1

Introduction

Nanotechnology has received enormous interest thanks to the unique
physicochemical properties of nanomaterials. Among the great variety of
nanomaterials, gold nanoparticles (AuNPs) have been most extensively studied in
biomedical and biology fields because of their well-controlled and simple synthesis
as well as easy functionalization/attachment with different molecules (e.g.,
biomolecule and polymer) [1-3]. Another attractive feature of AuNPs for in vitro
molecular diagnostics is the interparticle-distance-dependent color change property,
which enables simple visual readout of the presence of a specific target analyte in a
sample that is conducive to point-of-care and on-site testing [4-7]. Background
information of AuNPs is presented in Section 1.1. Then, colorimetric detection
techniques using AuNPs are introduced in Section 1.2. This is followed by
colorimetric AuNP-based detection platforms with enzymatic amplification reactions
in Section 1.3. Limitations of currently-used approaches are described in Section 1.4.

Finally, the objectives of this thesis are stated in Section 1.5.



1.1. Gold Nanoparticles

Since ancient Rome, artisans have stained glass with yellow, red, and purple
colors by dissolving different quantities of gold ores into molten glass, thereby
forming AuNPs of different sizes. Alchemists prepared red-colored “drinkable”
AUNP solution by dissolving gold in aqua regia and claimed to cure different kinds

of diseases.

1.1.1. Synthesis Methods

In 1857, Faraday first reported a series of thin film experiments using AuNP
solution produced by the reduction of chloroaurate with phosphorus in a two-phase
system [8]. Nearly a century later, citrate reduction of chloroauric acid (HAuCl,) in
water was introduced by Turkevitch et al. in 1951 [9]. This technique utilized citrate
ion (CsHsO7>) as a reducing agent to convert chloroaurate ion (AuCls) into gold
atom according to the following equation:

4HAUCI, + 4C¢Hs07Naz + 6H,0 — 4Au + 4C¢HgO; + 30, + 12NaCl + 4HCI

The reaction started with vigorous boiling and stirring of HAuUCI,, followed by

the addition of sodium citrate. The color of the resulting mixture changed from clear

to pink within a minute, and became a wine red color after 5 minutes. The



synthesized AuNPs had a mean diameter of 20 nm.

Later on, Frens refined this method for synthesizing particles of different sizes
by adjusting the ratio of trisodium citrate (C¢HsO;Naz) and HAuUCI, [10]. The
synthesized AuNPs were spherical in shape with mean diameters of 16—-150 nm. The
color of the AuNPs changed gradually from red to purple with increasing particle
size. Citrate-stabilized AuNPs have been the most popular method for preparing
AuUNPs as they could be easily functionalized/attached/conjugated with different
molecules through ligand exchange of the citrate with higher affinity functional
groups such as thiol and amino.

The two-phase reaction of Faraday also inspired Brust et al. to develop an
alternative synthesis technique. They demonstrated the reduction of AuCl; in
toluene by sodium borohydride (NaBH,) in the presence of tetraoctylammonium
bromide (N(CgH17)s'Br") as a phase-transfer reagent [11]. AuNPs formed in the
process were subsequently immobilized with dodecanethiol (C12H25SH) to improve
nanoparticle stability. The color of the toluene layer changed from orange to deep
brown several seconds after the addition of NaBH,4. This method produced both
thermally and atmospherically stable AuNPs (1.5-5.2 nm in diameter) with narrow

size distribution. The synthesized AuNPs could be isolated and redissolved in



organic solvents without decomposition and irreversible aggregation.

Seeding growth is another approach to obtain AuNPs with controllable size.
AUNPs of several nanometers diameter synthesized by the typical citrate reduction
were used as a seed solution. HAuCl, and reducing agent (e.g., ascorbic acid,
hydroxylamine, or trisodium citrate) were added into the seed solution to form
additional gold on the existing AuNPs, thereby enlarging the diameter [12-15].
AUNPs of desired size and shape could be produced by manipulating the amounts of

reactants, temperature, synthesis time, and pH value.

1.1.2. Characteristic Properties

In AuNP synthesis, the formation of nanoparticles is indicated by the color of
the reaction mixture. The color is attributed to AuNP’s characteristic surface plasmon
resonance (SPR) property [1]. AuNPs possess a strong absorption band in the visible
light region, which is caused by the collective resonant oscillation of free electrons
on AuNP surface. The absorption peak of the SPR band depends on the size of
AuUNPs. In other words, different sizes of AuNPs exhibit different colors (Figure 1.1).
For instance, 13 nm AuNPs have an absorption peak at ~520 nm and appear red. The

SPR peak shifts to longer wavelength as the particle size increases, with the color



gradually changing to purple for particles larger than 60 nm. On the other hand, the

absorption band diminishes greatly for very small AuNPs and eventually disappears

for 2 nm AuNPs, which appear colorless. In fact, particle shape, dispersion solvent,

and temperature also affect the absorption peak position.
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Figure 1.1. Colors (left) and absorption spectra (right) of AuNPs of different sizes

(Adapted from [16] and [17]).

More importantly, AuNPs possess interparticle-distance-dependent optical

property. When the distance between AuNPs is reduced to less than 2.5 times of their

diameter, both red shifting and broadening of the absorption band occur [18]. Take

13 nm AuNPs as an example, they appear red when in monodispersed state. Upon

the addition of 0.1 M sodium chloride (NaCl), rapid salt-induced particle aggregation

occurs due to charge screening/shielding, and thus the solution color turns purple

(Figure 1.2).
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Figure 1.2. Interparticle-distance-dependent optical property of AuNPs.

The characteristic SPR absorption property of AuNPs was employed as an
efficient quenching element in fluorescence measurement [19-22]. When an
acceptor/quencher dye is brought very close to a fluorescent donor dye, and with the
absorption spectrum of the quencher overlaps with the emission spectrum of the
donor, fluorescence resonance energy transfer (FRET) occurs, i.e., emission energy
from the donor is used to excite the acceptor or is absorbed by the quencher. The
energy transfer efficiency is inversely proportional to the fourth power of the
distance between donor and acceptor/quencher (up to ~20 nm). Compared to organic
guenchers, AUNPs have much higher quenching efficiency.

Other than the physical properties mentioned above, similar to bulk gold,



AUNPs can be conjugated with thiol and amino ligands by chemisorption [23-24].
Gold-thiol (Au-S) linkage is more commonly utilized than gold—amino (Au-N)
linkage as the former one has higher affinity. Therefore, thiolated compounds are
frequently used as stabilizing and modifying agents to functionalize AuNPs. By
immobilizing appropriately selected thiol-containing bifunctional molecules, AuNPs
can be further conjugated with other molecules through covalent bonds to form

functional hybrid materials.

1.1.3. Utilizations of Gold Nanoparticles

In chemistry, AuNPs are usually employed in catalytic reactions because of
their inert nature, large surface-to-volume ratio, and multiple redox states [1]. In the
biological field, AuNPs are mainly applied for immunolabeling of biomolecules and
cells [25]. Proteins/antibodies are conjugated to AuNPs for locating target antigens
so that direct observation of the target can be made with the aid of electron
microscopy. The large surface-to-volume ratio and ease of surface
functionalization/tailoring allow AuNPs to be used as the reporting component for
recognition [2,4,26] and imaging [27-32], carrier for drug delivery [3,33-35], and

building block for nanostructuring [5,36]. Most of these applications require



conjugation of a specific molecule onto the AuNP surface, such as oligonucleotide,
peptide/antibody, and polymer. A vast majority of the applications utilize
oligonucleotide—gold  nanoparticle (oligo—AuNP) conjugates due to the
programmable nature of deoxyribonucleic acid (DNA) that can perform various

functions by simply altering the base sequences of the oligonucleotides.

1.2. Colorimetric Detection Using Gold Nanoparticles

When AuNPs are utilized as a reporting component in recognition platforms, it
is preferable to take advantage of their colorimetric property for signal readout. As
mentioned in Section 1.1.2, the SPR absorption band of AuNPs is strongly
influenced by the interparticle-distance, and hence the solution color. This unique
property enables the colorimetric detection of numerous analytes including nucleic
acids [37-45], metal ions [44,46-61], small molecules [44,62-73], proteins [44,74-76],
and cells [77] directly by the naked eye or a portable colorimeter. Without the
utilization of sophisticated instrumentation, this approach is well suited for
point-of-care and on-site applications. Crosslinking and non-crosslinking

configurations are applied for the detection of different targets.



1.2.1. Crosslinking Aggregation

In this arrangement, oligo—AuNP conjugates are used to analyze the existence
of target molecules. The oligonucleotides interact with the targets to effect assembly
or disassembly of oligo—AuNP networks, resulting in an observable solution color

change.

1.2.1.1. Assembly of Gold Nanoparticles

In the year 1996, Mirkin et al. reported a special phenomenon of
oligonucleotide-assisted reversible assembling of oligo—AuNP conjugates [78]. Two
sets of oligo—AuNP conjugates with two different oligonucleotides were used. Upon
the addition of a linker double-stranded DNA (dsDNA) with overhangs that were
complementary to the two AuNP-bound oligonucleotides, aggregation occurred and
the solution color changed from red to purple. After several hours, pinkish-grey
precipitates were formed. When the temperature was raised to 80 °C, the precipitates
dispersed again (Figure 1.3, left). The periodic assembly and disassembly of the
conjugates could be achieved by oscillating the incubation temperature. After one
year, the same group demonstrated single-stranded DNA (ssDNA) detection with a

detection limit of 10 fmol (Figure 1.3, right) [37]. Interestingly, this crosslink



network had an extraordinarily sharp melting curve which could be used for single
nucleotide polymorphism (SNP) analysis. Sequence with a single-base mismatch
would have a significantly lower melting temperature than the perfectly
complementary target sequence. Therefore, under appropriate temperature control,

extremely high specificity could be achieved.

Au nanoparticles

O
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T l Further oligomerization .
A and settling n Polynucleotide
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Figure 1.3. Assembly/detection method developed by Mirkin et al. using target of

dsDNA with overhangs (left) and ssDNA (right) (Adapted from [37,78]).
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Another method that involved crosslinking and connecting the hybridized
oligonucleotides between two oligo—AuNP conjugates by ligation was described by
Li et al. for SNP detection. [38]. A perfectly matched sequence maintained the
crosslink network with purple color even when the temperature was raised above the
melting temperature of the conjugates, while mismatch sequences changed from
purple to red because ligation did not take place as a result of the mismatch and the

conjugates dehybridized at elevated temperature (Figure 1.4).
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Figure 1.4. SNP discrimination method by target-assisted ligation of two

oligo—AuNP conjugates (Adapted from [38]).
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The crosslinking method was also applied for the detection of metal ions by
using ion-induced DNA hybridization or aptamer [46-48]. Xue et al. introduced a
mercury ion (Hg®") recognition technique with 3 uM sensitivity [46]. Two
oligo—AuNP conjugates were partially complementary to a linker sequence and
mismatched with thymidine—thymidine base pairing (Figure 1.5). The hybridization
could not occur at room temperature unless Hg®* was added to facilitate the
thymidine—Hg?*—thymidine interaction, resulting in a red-to-purple color change. A
similar approach was reported by Li et al. for the detection of silver ion (Ag") with a
detection limit of 12 nM by cytosine—-Ag’—cytosine-induced hybridization [47].
Other than ion-induced mismatch base pairing, recognition of potassium ion (K")
was demonstrated by Zhu et al. with the use of aptamer and nicking endonuclease in
2011 [48]. An aptamer sequence specific to K™ and complementary linker sequence
were used. Hybridization between the sequences could not occur in the presence of
K" because the aptamer had higher affinity to interact with K*. Therefore, nicking
endonuclease could not cleave the ssDNA linker, which was then capable of
crosslinking two oligo—AuNP conjugates and produced a purple color. Whereas in

the absence of K”, the oligo—AuNP conjugates maintained a red color (Figure 1.6).
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Figure 1.5. Hg* recognition by target-induced thymidine—thymidine hybridization

of two oligo—AuNP conjugates (Adapted from [46]).
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Figure 1.6. K™ detection by target-hampered endonuclease cleavage of ssDNA linker

for crosslinking oligo—AuNP conjugates (Adapted from [48]).

Recognition of small molecules, proteins, and cells were achieved by using

specific aptamer sequences. In 2009, Li et al. employed two oligo—AuNP conjugates
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with partial aptamer sequences specific to adenosine [62]. The presence of adenosine
brought the two partial aptamer sequences together and resulted in a crosslink
network, thereby producing a color change from red to purple (Figure 1.7). The

detection limit of this platform was 0.25 mM.
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Figure 1.7. Adenosine detection by target-induced hybridization of two oligo—AuNP

conjugates immobilized with partial aptamer sequences (Adapted from [62]).

Huang et al. reported a detection method for platelet-derived growth factor

(PDGF) by utilizing oligo—AuNP conjugate with PDGF aptamer [74]. PDGF

crosslinked the conjugates and resulted in a purple color (Figure 1.8). This method

had a sensitivity range of 10-400 nM. It should be noted that too much target would

hinder the crosslink formation due to saturated PDGF binding to the aptamer.
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Figure 1.8. Aptamer immobilized oligo—AuNP conjugates for PDGF detection

(Adapted from [74]).

Medley et al. demonstrated cancer cell detection by using oligo—AuNP

conjugate with aptamer sequence specific to the protein/receptor of the cancer cell

[77]. The target cell would have the conjugate accumulated on its surface and

appeared purple while non-target cells were colorless (Figure 1.9).
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Figure 1.9. Aptamer immobilized oligo—AuNP conjugates for cancer cell

recognition (Adapted from [77]).
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Mirkin et al. introduced a technique to screen potential triplex DNA binders by
using a sandwich system consisted of two oligo—AuNP conjugates with similar
sequences and a complementary sequence to the two AuNP-bound sequences [79].
Crosslink network could not be formed as the complementary sequence would only
hybridize to one AuNP-bound sequence unless facilitated by a triplex binder (Figure

1.10).

g s
A r\-qr\-‘ Triplex Binder

°3'HS-PEG,—GCT CAATTCTTC TTT TTTCT &
3'CGA GTT AAG AAG AAA AAA F

¥ - -
DNA3 ' TTC TTC TTT TTT CT-PEG,-SH 348

Figure 1.10. Triplex DNA binders screening method by analyte-assisted
hybridization between two oligo—AuNP conjugates and a linker ssSDNA (Adapted

from [79]).

The controllable aggregation property offered by oligo—AuNP conjugates was

utilized to construct colorimetric logic gate [80-81]. Bi et al. demonstrated the
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settings of several logic gates by using a circular supramolecular DNA structure that
consisted of lead ion (Pb?*) and magnesium ion (Mg?") specific DNAzyme
recognition sites [81]. The presence of Pb?* and/or Mg** triggered the activities of
the DNAzymes and the cleaved structure crosslinked an oligo—AuNP conjugate to

give a colorimetric output (Figure 1.11).
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Figure 1.11. Molecular logic gate achieved by oligo—AuNP conjugate along with

Mg?* and Pb?* specific DNAzymes (Adapted from [81]).
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1.2.1.2. Disassembly of Gold Nanoparticles

In this setting, a crosslink network is constructed prior to detection. The
presence of a target analyte would induce disassembly of the network with a
concomitant color change from purple to red. Liu and Li incorporated Pb** specific
DNAzyme sequence into a crosslinked network of oligo—AuNP conjugates. The
activation of the DNAzyme’s activity by Pb** caused the network to disassemble

(Figure 1.12) [49]. The sensitivity of this detection scheme was 0.1 uM.
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Figure 1.12. Pb?* detection by DNAzyme-assisted disassembly of crosslinked

network (Adapted from [49]).

Recognition of metal ions can be achieved by using components that interact

specifically to the target ions [50-51]. Mirkin et al. illustrated a method to distinguish
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copper ion (Cu®") with a detection limit of 20 pM by catalytic cyclization of alkyne
and azide in the presence of Cu®* [51]. Two oligo—AuNP conjugates were used, with
one oligonucleotide having an alkyne group at the 5’ end and another one having an
azide group at the 3’ end. A crosslinked network of the conjugates was formed when
hybridized with a complementary linker sequence, which brought the alkyne and
azide groups very close to each other. In the presence of Cu?*, cyclization joined the
two AuNP-bound sequences together. Therefore, the solution color remained purple
even when the temperature was increased to dehybridize the linker sequence. On the

other hand, samples without Cu®* appeared red (Figure 1.13).
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Figure 1.13. Cu? detection by catalytic cyclization of alkyne- and

azide-functionalized oligo—AuNP conjugates (Adapted from [51]).
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Similar to the assembly-based crosslink approach, the disassembly of
crosslinked structure could be used to recognize small molecules and proteins by
utilizing linkers with aptamer sequences [63,75]. Liu and Li reported an adenosine
sensor and a cocaine sensor that utilized crosslinked network with
aptamer-containing linkers having detection limits of 0.3 mM and 50 uM,
respectively [63]. When the target existed, the aptamer sequence interacted with the
target and caused dehybridization of the linker with one of the two oligo—AuNP

conjugates. Therefore, the solution color changed from purple to red (Figure 1.14).
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Figure 1.14. Aptamer-based adenosine detection by target-induced disassembly of

crosslinked network (Adapted from [63]).

The disassembly arrangement can be applied as a platform for screening of

DNA-binding agents and endonuclease inhibitors, as well as for monitoring enzyme
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activity [82-85]. In 2006, Mirkin et al. reported a DNA-binding molecules screening
system by using crosslinked structure [82]. When DNA-binding molecules were
added to the crosslinked structure, they bound to the hybridized portion of the
oligo—AuNP conjugates. The crosslinked structure with a strong DNA-binding
molecule had a higher melting temperature than a weak DNA-binding molecule.
Analysis was performed by increasing the temperature that the weak DNA-binding
molecule changed from purple to red at a higher temperature than the strong

DNA-binding molecule (Figure 1.15).
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Figure 1.15. Screening of DNA-binding molecules based on melting temperature of

crosslinked network (Adapted from [82]).
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1.2.2. Non-Crosslinking Aggregation

Salt-induced aggregation property of AuNPs plays an important role in this
arrangement. AuNPs are monodispersed due to charge repulsion of the same charge
on nanoparticles’ surfaces. The charge can be shielded by adding certain amount of
opposite charge. This reduces the repulsion between AuNPs and causes aggregation.
The SPR absorption band is red-shifted and the solution color changes from red to
purple. This salt-induced aggregation is strongly dependent on the amount of surface

charge or surface modification such as oligonucleotide and protein.

1.2.2.1. Oligonucleotide-Modified Detection

Oligo—AuNP conjugates were used to recognize nucleic acids and analyze SNP
with a non-crosslink approach [39-41]. In 2003, Maeda et al. first demonstrated a
DNA detection system by utilizing a single type of oligo—AuNP conjugate [39]. The
oligo—AuNP conjugate remained monodispersed and appeared red in 0.5 M NaCl,
while it aggregated and became purple in the same solution with perfectly matched
complementary sequence (Figure 1.16). This method featured short recognition time
(3 min or less) and high specificity (single-base mismatch identification). However,

this method suffered from low sensitivity (200 nM), which was ~100 times higher

22



than the concentration required for the crosslink detection system [37].
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Figure 1.16. DNA detection by non-crosslinked hybridization between oligo—AuNP

conjugate and ssDNA target (Adapted from [39]).

Alternative ways were developed for target recognition by manipulating the
total charge on oligo—AuNP conjugate or the conformation of the AuNP-bound
sequence [52,64-66,86]. Zhao et al. demonstrated a detection platform for sensing
adenosine with a detection limit of 10 uM by using an oligo—AuNP conjugate that
was hybridized with a long aptamer-containing sequence [64]. The additional
negative charge provided by the long sequence stabilized the hybridized oligo—AuNP
conjugate and displayed red color with 35 mM magnesium chloride (MgCl,) and 0.3

M NaCl. After the addition of adenosine, dehybridization of the long sequence
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occurred due to the binding between the aptamer and adenosine. The unhybridized

oligo—AuNP conjugate alone did not have enough charge against salt-induced

aggregation and the solution color turned purple within one minute (Figure 1.17).
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Hybridized AuNPs are stable Unhybridized AuNPs are
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same salt conditions

SN~ Aptamer <~ Target molecule

AuNP modified with an oligonucleotide
that can hybridize with the aptamer

B) CACTGACCTGGGGGAGTATTGCGGAGGAAGGT-5"
‘ GTGACTGGACCC
Figure 1.17. Adenosine detection by target-induced charge removal from hybridized

oligo—AuNP conjugate with overhanging ssSDNA (Adapted from [64]).

The same group also illustrated a method to detect Pb** and activity of DNase |
[52]. Each of the sensing platforms consisted of an oligo—AuNP conjugate
hybridized with an oligonucleotide sequence in order to provide a cleavage site. The
number of nucleotides on AuNPs, and thus the amount of charge, was reduced by the

cleavage action of the target. This caused salt-induced aggregation with the solution

24



color changing from red to purple (Figure 1.18). The same concept could be applied
for screening DNase | inhibitor by using a fixed concentration of DNase | and
incubating with different potential inhibitors. A stronger inhibitor would have a

slower color change.
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Figure 1.18. DNase | inhibitor screening method and Pb*" detection method by

analyte-induced cleavage of hybridized oligo—AuNP conjugate (Adapted from [52]).

Rigid structures formed by the aptamer—target complexes were demonstrated to

prevent salt-induced aggregation of oligo—AuNP conjugates [65-66,86]. Chen et al.
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reported a scheme to detect adenosine triphosphate (ATP) with sensitivity detection

limit of 10 nM [66]. Oligo—AuNP conjugate aggregated under high salt environment

and changed to purple color. When ATP interacted with the aptamer, a rigid structure

was formed, which served as steric barrier to prevent salt-induced aggregation and

the solution color remained red (Figure 1.19).
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— :6-MH
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Figure 1.19. ATP detection by target-induced conformation change of aptamer

immobilized on oligo—AuNP conjugate (Adapted from [66]).

1.2.2.2. Molecule-Modified Detection

AuNPs modified with a monolayer of molecules were used to detect various

ions and small molecules [53-54,67]. Kim et al. demonstrated AuNPs with a



monolayer of 11-mercaptoundecanoic acid could interact with divalent metal ions by

an ion-templated chelation process [53]. This resulted in particle aggregation and the

solution color changed from red to purple. It should be pointed out that the process

was reversible by adding strong metal ion chelator. Jiang et al. reported the use of

cysteamine-functionalized AuNPs to recognize 2,4,6-trinitrotoluene (TNT) with a

detection limit of 0.5 pM [67]. The thiol group of cysteamine was immobilized to the

AUNP surface, while the amino group interacted with TNT by donor—acceptor

property. Therefore, the modified AuNPs were aggregated in the presence of TNT

and the solution color changed from red to purple (Figure 1.20).
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Figure 1.20. Cysteamine-modified AuNP for TNT detection by target—ligand

interaction (Adapted from [67]).
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Other than chelation and donor—acceptor interaction, the recognition can be
achieved by target-induced chemical reaction [68-69]. Mirkin et al. illustrated the
detection of nitrite and nitrate by 5-[1,2]dithiolan-3-yl-pentanoic acid [2-(4-amino-
phenyl)ethyl]lamide and 5-[1,2]dithiolan-3-yl-pentanoic acid [2-(haphthalene-1-yl-
amino)ethyllamide modified AuNPs with (11-mercapto-undecyl)-trimethyl-
ammonium co-functionalization to increase the solubility in water [68]. The aniline
and naphthalene groups of the two AuNPs were covalently jointed by nitrite or
nitrate ion through the formation of an azo linker. The solution color changed from
red to colorless (due to rapid precipitation of the aggregates) with sensitivity
detection limit of 21.7 uM (Figure 1.21).

e .
HZN‘(IS5 NH; O NH NH; HZN—Ig—@—N=N O NH NH;

Figure 1.21. Two ligand-modified AuNPs for nitrite and nitrate detection by

target-induced crosslinking of the AUNPs (Adapted from [68]).
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Colorimetric sensing using molecule modified AuNPs can be triggered by
displacement of the AuNPs’ surface stabilizer [55-56,70-71,87]. Lin et al. reported
using Tween 20-stabilized AuNPs to detect Ag* and Hg®* with 0.1 and 0.1 uM
detection limits, respectively [55]. The citrate-stabilized AuNPs were coated with
Tween 20 as an additional stabilizer in order to keep them monodispersed at high salt
concentration. Citrate ion could reduce Hg** and Ag®into mercury and silver metals
that were deposited on the AuNP surface. The deposition caused the removal of
Tween 20 from the AuUNP surface, thereby triggering salt-induced particle

aggregation (Figure 1.22).
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Figure 1.22. Hg?* and Ag" detection by target-induced dissociation of stabilizer from

AUNP surface (Adapted from [55]).
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Jung et al. demonstrated a high-throughput screening method for
palladium-catalyzed coupling reactions of aryl iodides [87]. ATP-stabilized AuNPs
were stable toward high salt concentration, but aggregated when exposed to iodide
ion (I). I” was released from the palladium-catalyzed coupling reaction of aryl

iodide, which in turn destabilized the AuNP colorimetric probe (Figure 1.23).
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Figure 1.23. Screening method for palladium-catalyzed coupling reaction of aryl

iodide by reaction product-induced AuNP aggregation (Adapted from [87]).

1.2.2.3. Unmodified Detection

Bare AuNPs, or more precisely citrate-stabilized AuNPs, can also be used for
the detection of various analytes. Li and Rothberg demonstrated a DNA detection
method with a detection limit of 4.3 nM by utilizing different binding affinities of

sSDNA and dsDNA toward AuNPs [42]. Amino groups of nucleobases could be
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absorbed onto the AuNP surface by Au—N linkage, which allowed binding of sSSDNA
onto AuNPs. The negative charge of the sugar-phosphate backbone of sSDNA
stabilized the particles against salt-induced aggregation. In contrast, the nucleotide
bases of dsDNA were not accessible due to base pairing, and thus did not bind to
AuUNPs. Detection of specific sSDNA target sequence could be achieved by adding a
complementary ssDNA probe, followed by the addition of AuNPs and salt. Purple
color was observed for the probe—target hybrid whereas red color was observed for
the unhybridized probe (Figure 1.24). The same group also used the same method to

recognize ribonucleic acid (RNA) without major modification [43].

Hybridization of probe and target

ss-DNA ds-DNA

\/// /\/

Figure 1.24. DNA detection based on preferential binding of ssDNA than dsDNA

onto AuNP, followed by salt-induced aggregation (Adapted from [42]).



Jiang et al. illustrated a technique to examine glucose concentration in rat brain
by employing the enhanced salt-tolerant property of AuNPs with adsorbed ssDNA
[72]. Glucose oxidase (GOD), iron(ll) ion (Fe*"), and ssDNA were added to a
glucose sample. GOD would convert glucose into hydrogen peroxide (H,O;). Then,
H,0, and Fe?* would undergo the Fenton reaction to generate hydroxyl radicals that
cleaved the ssSDNA. Unlike intact sSDNA, the cleaved ssDNA could not stabilize

AUNPs against salt-induced aggregation. Therefore, different colors were observed

for different glucose concentrations (Figure 1.25).
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Figure 1.25. Salt-induced AuNP aggregation controlled by glucose-induced cleavage

of ssDNA (Adapted from [72]).

32



Wang et al. reported a Pb?* recognition method with a detection limit of 3 nM
using a double-stranded DNAzyme sequence [57]. The presence of Pb?* activated
the DNAzyme to cleave the substrate strand. This in turn released a short sSDNA that

stabilized AuNPs against salt-induced aggregation (Figure 1.26).
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Figure 1.26. Salt-induced AuNP aggregation controlled by Pb?*-induced cleavage of

DNA substrate (Adapted from [57]).

The conformation of ssDNA can also influence the binding affinity toward
AuUNPs [58,73]. Wang et al. reported an aptamer-based detection method for K* with
a detection limit of 1 mM [58]. The aptamer adopted a rigid G-quartet structure
when bound with K*, which significantly lowered the affinity of single-stranded
aptamer toward AuNP surface, and thus the solution color changed from red to

purple upon the addition of salt (Figure 1.27).
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Figure 1.27. Salt-induced AuUNP aggregation controlled by target—aptamer

interaction for K* detection (Adapted from [58]).

Xia et al. demonstrated a general detection approach for different targets by
utilizing bare AuNPs, single-stranded functional DNA molecules (i.e., sSDNA for
DNA detection and aptamer for ions, small molecules, and protein detection), and
positively charged conjugated polyelectrolyte [44]. In the absence of the targets,
these single-stranded functional DNA molecules were adsorbed onto the AuNPs
surface. Subsequently, the addition of the positively charged conjugated
polyelectrolyte sequestered the single-stranded functional DNA molecules from the
AUNP surface, leading to particle aggregation. For DNA detection, the hybridization
of a complementary target resulted in dsDNA that could stabilize AuNPs under low
salt concentration. Importantly, the positively charged conjugated polyelectrolyte
could not efficiently sequester dsDNA, so the solution color remained red (Figure

1.28). The same happened for the aptamer—target complex.
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Figure 1.28. Conjugated polymer-induced aggregation for ssDNA-bound AuNP but

not dsDNA-bound AuNP (Adapted from [44]).

Jiang et al. reported a screening method for 3-lactamase (Bla) inhibitor [88]. A

2-(4-mercaptophenyl) acetic acid coupled 1,2-bis(2-aminoethoxy) ethane linker was

connected to the 3’-position of cephalosporin. Bla would cleave this linker to release

a fragment containing thiol and positively charged amino end groups. This fragment

bound to AuNP via Au-S linkage and the amino group interacted electrostatically

with the negatively charged citrate ions on AuNP surface, resulting in aggregation

and color change from red to purple (Figure 1.29).
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Figure 1.29. Screening method for Bla inhibitor by Bla-induced cleavage of a linker

for AUNP aggregation (Adapted from [88]).

1.3. Gold Nanoparticle-Based Colorimetric Enzyme

Assisted Amplification

For the colorimetric nucleic acid recognition schemes with AuNPs presented
above (Section 1.2), the low sensitivity (nanomolar detection limit) and short
synthetic target (i.e., oligonucleotide target) used are not conducive to real
applications. To address this issue, efforts have been made to apply these schemes
for the detection of different enzymatic amplification reaction products.

A standard method for nucleic acid amplification is the polymerase chain
reaction (PCR). Sensitive and specific methods of product detection are highly

desired (details of PCR technique are presented in Section 4.1). Li and Rothberg
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demonstrated a DNA detection system for indentifying PCR product and performing
SNP analysis [89]. PCR product was mixed with a detection probe, followed by
heating (dehybridization of the PCR product) and incubating the mixture below the
melting temperature of the probe (formation of probe—target hybrid). After that,
AUNPs were introduced to the mixture. The hybridized probe could not bind to the
AuUNPs and caused the mixture color changed from red to purple after the addition of
salt (Figure 1.30). SNP analysis was possible by controlling the hybridization
temperature. At the melting temperature of the probe, perfectly matched PCR
product appeared purple while mismatched ones appeared red as the unhybridized

probe bound to the AuNPs and stabilized against salt-induced aggregation.
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Figure 1.30. AuNP aggregation controlled by hybridization state between DNA

probes and PCR product for DNA detection (Adapted from [89]).
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Maeda et al. utilized the non-crosslink platform they developed (Section 1.2.2.1)

to detect SNP of PCR product by a single-base extension [90]. An oligo—AuNP

conjugate was allowed to hybridize with the extended sequence. Aggregation

occurred and the solution color turned purple only when the extended sequence was

perfectly complementary to the AuNP-bound sequence (Figure 1.31).
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Figure 1.31. Oligo—AuNP conjugate aggregation controlled by single-base extension

product for SNP analysis (Adapted from [90]).

Jyoti et al. reported using a crosslink method to detect a 149 base pair (bp) PCR

product with a detection limit of 10° copies [91]. The PCR product was mixed with
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two oligo—AuNP conjugates, followed by dehybridization of the PCR product and
annealing at 37 °C. The conjugates hybridized to both ends of the PCR product,
forming a crosslinked structure and hence the solution color changed from red to

purple (Figure 1.32).
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Figure 1.32. Crosslinking of two oligo—AuNP conjugates controlled by

hybridization of the conjugates and PCR product for DNA detection (Adapted from

[91]).

Jung et al. illustrated a detection method for PCR product with bare AuNPs and

without additional detection sequence [92]. A primer with thiol modification at 5’

end was used to amplify a specific target sequence. After PCR, AuNPs were added
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and the thiolated amplicon/unused thiol-labeled primer was chemisorbed onto the
AuUNPs. The amplicon provided enough charge to stabilize the AuNPs against
salt-induced aggregation and the solution color appeared red, while the primer alone
(no target sequence) turned purple (Figure 1.33). The sensitivity of the platform

could be adjusted by changing the incubation time and salt concentration. A

detection limit of 100 copies was achieved.
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DNA detection (Adapted from [92]).
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Other than PCR product detection, AuNPs were also applied for isothermal
amplification reaction products [93-94]. Tan et al. demonstrated an isothermal
method with a detection limit of 100 fM [93]. A target sequence was hybridized with
an amplification template containing two target complementary sequences and
separated by a nicking endonuclease cleavage site. By nicking and extension
reactions, the target sequence was exponentially amplified. Meanwhile, the target
and amplified sequences hybridized with a translation template to generate a reporter
ssSDNA (again by nicking and extension). The generated reporter was applied to

crosslink two oligo—AuNP conjugates for colorimetric detection (Figure 1.34).
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Figure 1.34. Crosslinking of two oligo—AuNP conjugates by target-induced

synthesis of ssSDNA linkers for DNA detection (Adapted from [93]).
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Li et al. reported a rolling circle amplification (RCA) method to accomplish

SNP detection by target-controlled formation of amplification template with a

detection limit of 70 fM [94]. An initially-open circular probe hybridized with a

target sequence, followed by ligation of the probe to form a circular template for

RCA. The use of DNA polymerase together with restriction endonuclease produced

short ssSDNA reporter, which in turn crosslinked two oligo—AuNP conjugates to give

a purple-colored result (Figure 1.35). The circular probe/template had

phosphorothioate modification to resist its cleavage by the restriction endonuclease.
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Figure 1.35. DNA detection by target-induced synthesis of ssDNA linker for

RCA products

crosslinking two oligo—AuNP conjugates (Adapted from [94]).
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Xu et al. illustrated a DNA recognition approach by utilizing nicking
endonuclease (without polymerase) and achieved a detection limit of 10 pM [95]. A
linker ssDNA, which was complementary to a target sequence and contained a
nicking endonuclease site, was used. The nicking endonuclease cleaved the linker
when hybridized with the target. At an appropriate temperature, the cleaved linker
dehybridized from the target and the latter was recycled to cleave more linkers.
The cleaved linker could not form crosslink structure with two oligo-AuNP
conjugates and hence the solution color remained. In the absence of the target, the
linker formed crosslink with the two conjugates and the solution color turned purple

(Figure 1.36).
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Figure 1.36. DNA detection by target-controlled cleavage of ssDNA linker for

crosslinking two oligo—AuNP conjugates (Adapted from [95]).
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1.4. Challenges of Gold Nanoparticle-Based Colorimetric

Enzyme Assisted Amplification

AuNP-based colorimetric detection of nucleic acid with high sensitivity can be
achieved by using enzymatic amplification technique. Nevertheless, multi-step
approach (i.e., post-amplification addition of AuNP detection probe(s)) is adopted in
previously reported schemes. This is because the reaction conditions result in
destabilization/irreversible aggregation of AuNPs, in particular the presence of high
concentration of enzyme stabilizer (dithiothreitol (DTT) or 2-mercaptoethanol
(2-ME)) and elevated temperature, details are presented in Section 2.1). Besides,
enzyme is absorbed/chemisorbed onto AuNP surface via Au—N/Au-S linkage, which
inhibits the enzymatic amplification reaction (details are presented in Section 3.1 and
Section 4.1). Moreover, the colorimetric property of AuNPs is influenced by the
steric and electrostatic stabilization effects of the adsorbed enzyme. The
post-amplification open-tube analysis step poses a high risk of carryover
contamination. To address these issues, a new AuNP colorimetric detection probe,
which possesses high chemical and thermal stabilities as well as excellent

compatibility with enzymatic reaction, is highly desired.
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1.5. Objectives of the Study

The main objective of this study is to develop an ultra-stable oligo—AuNP
conjugate that enables enzymatic reaction and colorimetric detection to be carried
out in a closed-tube manner. With this, a simple, highly sensitive, and carryover
contamination-free DNA detection is demonstrated.

The ultra-stable oligo—AuNP conjugate is prepared by a new silica reinforcement
technique, i.e., coating the conventional conjugate with a silica layer. Chemical and
thermal stabilities of the silica-modified oligo—AuNP conjugate are studied in detail
(Chapter 2). It should be noted that the conditions for testing chemical and thermal
stabilities are targeted for isothermal amplification reaction and PCR. In addition, the
effect of the silica coating on the unique hybridization-induced color change
property of the oligo—AuNP conjugates is investigated.

Closed-tube colorimetric DNA detection platforms for isothermal amplification
reaction and PCR are designed and optimized in Chapter 3 and Chapter 4,
respectively. In particular, the effect of the silica coating on enzymatic amplification
efficiency is investigated.

To demonstrate that the silica reinforcement method is broadly applicable to

other oligo—nanoparticle conjugates, silica-modified oligonucleotide—silver
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nanoparticle (oligo—AgNP) conjugate is prepared. Its chemical stability and

colorimetric property are examined in Chapter 5.
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Chapter 2

Properties of Silica-Modified Oligonucleotide—-Gold

Nanoparticle Conjugate

The work described in this chapter was done with the aim of developing a new
silica-modified oligo—AuNP conjugate that remains stable in DTT and/or at elevated
temperature, as well as preserves the hybridization-induced color change property. A
brief literature review on oligo—AuNP conjugates’ chemical and thermal stabilities as
well as previous strategies to enhance their stabilities is given in Section 2.1. The
preparation procedures and characterization experiments for the silica-modified
oligo—AuNP conjugate are detailed in Section 2.2. Results and discussion are

presented in Section 2.3, and a brief summary is provided in Section 2.4.

2.1. Introduction

The most common method to prepare oligo—AuNP conjugates is by
chemisorption of monothiol-modified oligonucleotide onto AuNP surface. It should
be noted that the chemisorbed oligonucleotide is susceptible to ligand exchange

reaction by thiol-containing small molecules (e.g., DTT and 2-ME), which are
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included in many enzymatic reaction buffers. When a significant portion of the
oligonucleotides are displaced from the AuNP surface, particle aggregation occurs
and thus the solution color turns purple. In 10 mM DTT, this happens within a few
minutes. Besides, some enzymatic reactions are performed at elevated temperature
(e.g., PCR), and the thermal energy is sufficient to break the Au-S linkage [96]. As a
result of oligonucleotide desorption, the unique hybridization-induced color change
property of the conjugate is severely affected. Moreover, enzymes are adsorbed onto

the exposed AuNP surface and thus amplification reactions are inhibited.

2.1.1. Gold-Thiol Linkage

To enhance the stability toward DTT, Mirkin et al. prepared oligo—AuNP
conjugates with steroid cyclic disulfide and trihexylthiol anchors (Figure 2.1)
[97-98]. The standard monothiol-modified oligo—AuNP conjugates were aggregated
in 10 mM DTT within a few minutes, while the oligo—AuNP conjugates with steroid
cyclic disulfide and trihexylthiol anchors remained stable up to 2 and 8 h,
respectively (Figure 2.1d). The results revealed that the stronger linkage offered by
the multiple anchors made the oligo—AuNP conjugates more resistant to

displacement reaction.
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Figure 2.1. The oligonucleotides modified with (a) monohexylthiol, (b) dithiane

epiandrosterone, and (c) trihexylthiol anchors, as well as the corresponding UV-vis

spectra when incubated with 10 mM DTT. (d) Plots of the absorbance at 600 nm as a

function of time for (a—c) (Adapted from [98]).

Nevertheless, these disulfide- and trithiol-modified oligonucleotides were

expensive because their syntheses required non-standard phosphoramidites with low

coupling yields. In view of this, Graham et al. reported the synthesis of thioctic

acid-modified oligonucleotide via treatment of standard 3’-amino-modifier C7
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controlled pore glass solid support with N-hydroxysuccinimidyl ester of thioctic acid
(Figure 2.2) [99]. Liu et al. reported the synthesis of dithiocarbamate-modified
oligonucleotide by means of reaction between amino-modified oligonucleotide and
carbon disulfide (Figure 2.3) [100]. The thioctic acid- and dithiocarbamate-modified
oligo—AuNP conjugates had similar stability as the steroid cyclic disulfide-modified

oligo—AuNP conjugate, but not as good as the trithiol-modified conjugate.

Absorbance

300 400 500 600 700 800
Wavelength (nm)

Figure 2.2. Thioctic acid-modified oligonucleotide and UV-vis spectra of thioctic
acid-modified oligo—AuNP conjugate in 10 mM DTT at 10 min intervals (Adapted

from [99]).
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Figure 2.3. Preparation of dithiocarbamate-modified oligonucleotide and UV-vis
spectra of thioctic acid-modified oligo—AuNP conjugate in 10 mM DTT (Adapted

from [100]).

For the dithiocarbamate-modified oligo—AuNP conjugate, reversible
hybridization-induced aggregation property was demonstrated. Two sets of
dithiocarbamate-modified oligo—AuNP conjugates were incubated in 10 mM DTT

for 1 h, followed by hybridization with a complementary sequence. Red shift of the
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SPR absorption peak was observed. After heating at 90 °C for 5 min to effect
dehybridization, the SPR absorption peak returned to the original monodispersed

position.

2.1.2. Covalent Linkage

Another strategy to reduce desorption of oligonucleotides is to covalently attach
oligonucleotides onto silica-coated AuNP surface. Silica coating is attractive because
the conjugation chemistries have been extensively studied and documented.
However, it is difficult to introduce a silica layer directly onto AuNP surface due to
the vitreophobic nature of gold. Different approaches were reported for synthesizing
silica layer on AuNP surface [101-106]. Liz-Marzan et al. demonstrated a coating
technique by treating AuNP with (3-aminopropyl)trimethoxysilane (APTMS),
followed by the addition of sodium silicate to form a silica layer (Figure 2.4) [101].
This process required precise control of APTMS concentration in the initial step, as
well as the pH after the addition of sodium silicate in order to prevent AuNP
aggregation and the self nucleation of silica, respectively. The thickness of the silica
layer could be further enlarged from ~3 nm to ~100 nm by typical alkaline

hydrolysis method.
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Figure 2.4. Au@SiO, synthesis method by immobilization and condensation of

silane agents (Adapted from [101]).

Another coating strategy was introduced by Graf et al. that a
poly(vinylpyrrolidone) (PVP) layer was adsorbed onto AuNP surface prior to
alkaline hydrolysis with tetraethyl orthosilicate (TEOS) (Figure 2.5) [102]. This
method was simple in operation as standard alkaline hydrolysis process could be
directly applied to the PVP-adsorbed AuNPs without causing aggregation. The
synthesized product had a silica shell with minimum thickness of ~10 nm for various
diameters of AuNPs.

Some researchers focused on synthesizing silica-coated AuNPs with thin and

uniform silica layer [105-106]. AuNP coated with ~1.5 nm thick of silica was
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reported by Kang et al. in 2008 [105]. A thiol-terminated imidazolium ion was
synthesized to form a self-assembled monolayer (SAM) on AuNP surface, followed
by incubation with partially acidified tetramethyl orthosilicate (TMOS) at pH 6 for 1
h (Figure 2.6). UV-vis spectra indicated the formation of silica shell would cause a

slight red shift in AuNP’s SPR absorption peak.
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Figure 2.5. Au@SiO, synthesis method by PVP conjugation and TEOS

condensation (Adapted from [102]).
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Figure 2.6. Au@SiO, synthesis method by ligand immobilization with imidazolium

ion and TMOS condensation (Adapted from [105]).
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It is important to note that the distance-dependent optical property of AuNP is

greatly influenced by the silica layer. Previous study showed that

oligonucleotide-functionalized thick silica-coated AuNPs did not experience any

color change upon the hybridization of a complementary sequence [107].

Nonetheless, UV-vis spectrum exhibited a decrease in SPR absorption peak after the

hybridization due to precipitation of the crosslinked structure and was recovered

when heated at 70 °C.

Jana and Ying demonstrated a technique for synthesizing thin silica-coated

AUNP, which could then be covalently functionalized with biomolecules [108].

AuUNPs of 3-4 nm diameter were synthesized in toluene in the presence of

(3-mercaptopropyl)trimethoxysilane (MPTMS). The as-synthesized silica-coated

AuUNPs were reacted with 2-aminoethyl-aminopropyltrimethoxysilane to introduce

amino group on the silica layer surface. Conjugation of amino-modified aptamer or

antibody was accomplished by a homobifunctional N-hydroxysuccinimide linker. In

their work, strip-based analysis with gold/silver enhancement for protein detection

was performed rather than direct colorimetric detection.

Considering all the above points (Section 2.1), it is highly desirable to develop a

simple and low-cost method to prepare oligo—AuNP conjugates with excellent
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chemical and thermal stabilities. Herein, a thin silica layer is formed onto

monothiol-modified oligo—AuNP conjugate by a simple treatment with MPTMS,

which entraps and thus reinforces the Au-S linkage. Chemical and thermal stabilities

as well as hybridization-induce color change property of the silica-modified

oligo—AuNP conjugates are examined.

2.2. Materials and Methods

2.2.1. Materials and Instrumentation

Hydrochloric acid (HCI), nitric acid (HNO3), HAuCl,4, sodium citrate tribasic

dihydrate (C¢HsO7Nas-2H,0), DL-DTT, sodium phosphate dibasic heptahydrate

(Na;HPQO,4-7H20), sodium phosphate monobasic monohydrate (NaH,PO4-H,0),

NaCl, 2-ME, MPTMS, potassium chloride (KCI), potassium phosphate monobasic

(KH,PQO,), sodium cyanide (NaCN), and magnesium chloride (MgCl,) were

purchased from Sigma-Aldrich (St. Louis, MO, USA). 10x PCR buffer was

purchased from Invitrogen (Carlsbad, CA, USA). Nitrocellulose membrane (0.8 um)

was purchased from Millipore (Billerica, MA, USA). All oligonucleotides were

purchased from Integrated DNA Technologies (Coralville, 1A, USA) and were

HPLC-purified. Desalting column (illustra™ MicroSpin G-25) was purchased from
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GE Healthcare (Piscataway, NJ, USA). Copper grids (300 mesh) for transmission
electron microscopy (TEM) were purchased from Sigma-Aldrich. All reagents were
used as received. All solutions were prepared with ultrapure water (18.2 MQ-cm)
from a Milli-Q Advantage A10 System (Millipore).

UV-vis spectra were measured using an Ultrospec™ 2100 pro UV/visible
spectrophotometer (GE Healthcare). TEM images were taken using a JEOL
JEM-2010F TEM with field emission source (JEOL, Japan). Centrifugation was
performed with an Eppendorf Microcentrifuge 5415 D (Eppendorf, Germany).
Shaking was performed with a Thermomixer compact (Eppendorf). Real-time
fluorescence measurement was carried out using an Applied Biosystems 7500
Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA). Heating was

done in a GeneAmp® PCR System 9700 (Applied Biosystems).

2.2.2. Synthesis of 15 nm Gold Nanoparticles

The synthesis of AuNPs was based on the protocol described by Natan et al. with
minor modifications [109]. All glassware and magnetic stir bar used in the AuNP
synthesis were cleaned with aqua regia (mixture of concentrated HCI and HNO3 in a

volume ratio of 3:1; CAUTION: aqua regia is harmful and highly corrosive, and must
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be handled with care in a fume hood), rinsed with water, and dried in an oven. A
solution of HAuCI, (30 mL, 0.01 wt%) was boiled under reflux with vigorous stirring.
Then, C¢HsO;Na3z (3 mL, 1 wt%) was added quickly. The solution color changed from
pale yellow to deep red within minutes. Heating and stirring were continued for 10
min, followed by cooling to room temperature under stirring, and then the solution
was filtered through the nitrocellulose membrane. UV-vis spectrum of the
as-prepared AuNPs was measured. According to the method reported by Haiss et al.,
the size and concentration of AuNPs could be determined from the absorbance data
[110]. By calculating the ratio of the absorbance at the SPR peak (Aspr aunp) to the
absorbance at 450 nm (Assoaunp), the size of the AuNPs used in this work was
determined to be ~15 nm. The concentration of the AuNP solution (Caunp, iN M) was
determined by the following equation:
Caunp = A450,AuNP/‘9450,AuNP [Eq (21)]

where 50 aunp 1S the molar extinction coefficient of the 15 nm AuNPs at 450 nm (i.e.,

2.18 x 108 M~tem™).
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2.2.3. Preparation of Oligonucleotide—Gold Nanoparticle Conjugate

The preparation of the oligo—AuNP was based on the protocol described by
Mirkin et al. with minor modifications [111]. Thiol-modified probe (without or with
hexaethylene glycol (PEGg) spacer), 5'-HS-(CH,)s-GCAATAAACTCAACAGGAG
CAG-3' and 5'-HS-(CH.)s-(OCH,CH,)s-GCAATAAACTCAACAGGAGCAG-3/,
was treated with DTT (0.1 M) in sodium phosphate (0.2 M, pH 8.2) for 30 min. This
activated capture probe solution (i.e., with disulfur linkage cleaved) was purified by
passing through a desalting column according to the manufacturer’s instructions.
Immediately afterward, the purified capture probe (1.75 uM) was mixed with the
AUNPs (3.5 nM). They were incubated for 16 h, and then aged with NaCl (0.3 M) and
sodium phosphate (10 mM, pH 7.4) for 24 h. Next, the solution was centrifuged at
13,200 rpm for 30 min to remove excess capture probe. The supernatant was discarded
and the red oily precipitate (i.e., oligo—AuNP conjugate) was redispersed in sodium
phosphate (10 mM, pH 7.4). The solution was centrifuged again and redispersed in
water. UV-vis spectrum of the as-prepared oligo—AuNP was measured and the
particle concentration was determined by the following equation:

Coligo-AuNP = Caunp X (AspR oligo-AuNp/Aspr, AuNP) [Eq.(2.2)]

To determine the immobilized oligonucleotide density, a 3'-FAM-labeled probe
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was used. The oligo—AuNP conjugate (2.5 nM) was treated with 2-ME (12 mM) in
NaCl (0.3 M) and sodium phosphate (10 mM, pH 7.4) for 24 h under shaking at
1,400 rpm to release the capture probe from the AuUNP surface, followed by
centrifugation (13,200 rpm for 30 min) and fluorescence measurement of the
collected supernatant. The amount of the immobilized capture probe was determined
with reference to a standard curve and the immobilized oligonucleotide density (i.e.,
number of oligonucleotide strands per AUNP, Ntaloligo-aune) Was calculated

accordingly.

2.2.4. Preparation of  Silica-Modified  Oligonucleotide—Gold
Nanoparticle Conjugate

The oligo—AuNP conjugate (1 nM) was mixed with MPTMS (0.1 mM) (i.e.,

AuNP:MPTMS ratio of 1:10°), unless otherwise specified. The mixture was shaken at

1,400 rpm for 24 h, supplied with sodium phosphate (10 mM, pH 7.4) and centrifuged

at 13,200 rpm for 30 min. The supernatant was removed and the red oily precipitate

(i.e., silica-modified oligo—AuNP conjugate) was redispersed in sodium phosphate

(10 mM, pH 7.4). The solution was centrifuged again and redispersed in water.
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UV-vis spectrum of the as-prepared silica-modified oligo-AuNP conjugate was
measured and the particle concentration was determined by the following equation:
Crmodified oligo-AuNP = CAuNP X (AspPR modified oligo-AuNP/AsPR,AUNP) [Eq.(2.3)]
To determine the oligonucleotide density of the silica-modified oligo—AuNP
conjugate, the fluorescently labeled oligo—AuNP was used. The supernatant of the
MPTMS-treated oligo—AuNP was collected after the first round centrifugation and
fluorescence measurement was performed to determine the amount of capture probe
displaced after the silica coating step. By subtracting the displaced amount from the
immobilized amount, the oligonucleotide density of the silica-modified oligo—AuNP

(Ntotal,modified oligo-Aunp) Was obtained.

2.2.5. Transmission Electron Microscopy Characterization
20 uL of AuNP, oligo—AuNP, and silica-modified oligo—AuNP conjugates (2.5
nM) were applied to copper grids and left dry at room temperature. Images were

recorded on TEM operated at 200 kV.
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2.2.6. Chemical Stability Test

Stability tests of the oligo—AuNP and silica-modified oligo—AuNP conjugates (2.5
nM) were performed in phosphate-buffered saline (1x PBS: 137 mM NaCl, 2.7 mM
KCI, 4.3 mM Nay;HPO,4-7H,0, and 1.4 mM KH,PO,, pH 7.4) with DTT (10 mM) or
NaCN (2 mM). UV-vis spectra and solution colors were recorded at different time
intervals. Fluorescence characterization of the oligonucleotide desorption in DTT was
performed using 3'-FAM-labeled unmodified and silica-modified oligo—AuNP
conjugates. The supernatants were collected for fluorescence measurement to
determine the amounts of desorbed probe at the end of the 2-h treatment (Ngesorbed.2h)-
The amounts of probe desorbed from the conjugates at different incubation times (in
terms of the total immobilized amount, Niotar, 1.€., Niotal,oligo—aunpe fOr the oligo—AuNP
conjugate and Notal,modified oligo-Aunpe fOr the silica-modified oligo—AuNP conjugate)
was determined by the following equation:

Yodesorbed t = (Ft/F2n) % (Ngesorbed 2n/Ntotar) X 100% [Eq. (2.4)]
where %gesorbed t 1S the percentage of desorbed probe at time t, and F; and F;, are the

fluorescence readings at time t and 2-h, respectively.
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2.2.7. Synthesis pH Test

The silica layer was synthesized at pH 5-7 with 0.5 intervals. The protocol was
described in Section 2.2.4 except with the addition of phosphate buffer (1 mM) at the
beginning of the reinforcement process. Chemical stability tests of the resulting

silica-modified oligo—AuNP conjugates were performed as depicted in Section 2.2.6.

2.2.8. Reversible Hybridization Test

The silica-modified oligo—AuNP conjugate (3.125 nM) was incubated in PBS
with DTT (10 mM) for 3 h. Then, NaCl (0.5 M) and complementary target
(5'-CTGCTCCTGTTGAGTTTATTGC-3', 0.2 uM) were added, with a final
conjugate concentration of 2.5 nM. Hybridization was allowed to proceed for 10 min.
Finally, the solution was heated at 94 °C for 1 min. UV-vis spectra and colorimetric
results were recorded before and after hybridization, as well as after heat

denaturation.

2.2.9. Melting Analysis
Melting analysis of the oligo—AuNP conjugate (2.5 nM) was performed in 1x

PCR buffer (20 mM Tris-HCI and 50 mM KCI, pH 8.4) with MgCl, (6 mM) and
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complementary target (0.4 uM) after 30 min incubation. Absorbance at 260 nm was
recorded under heating (1 °C/min) from 25-80 °C. UV-vis spectra and colorimetric
results were recorded at 25, 50 and 80 °C. Similar procedures were used for
analyzing the silica-modified oligo—AuNP conjugate with the complementary target
concentration and incubation time changed to 0.2 uM and 10 min, respectively. A
control experiment without AuNPs was performed (concentrations of the capture

probe and target were 0.4 uM).

2.2.10. Thermal Stability Test

Thermal stabilities of the oligo—AuNP and silica-modified oligo—AuNP
conjugates were fluorescently characterized using 3'-FAM-labeled probe at different
temperature settings. For constant temperature (i.e., 94, 72, or 55 °C), the sample
contained the unmodified or silica-modified conjugate (2.5 nM), 1x PCR buffer, and
MgCl, (6 mM). Fluorescence signal was acquired every 10 min for 2 h. After that, the
sample was centrifuged (13,200 rpm for 30 min) and the supernatant was collected for
fluorescence measurement to determine the amount of desorbed probe at the end of
the 2-h thermal treatment (Ngesorbed2n)- The amount of probe desorbed from the

conjugate at different incubation times (in terms of the total immobilized amount,
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Notal, 1.€., Ntotal,oligo—Aune fOI the 0ligo—AUNP conjugate and Niotal modified oligo—Aunp fOr the
silica-modified oligo—AuNP conjugate) was determined by the following equation:

Yodesorbed,t = (Ft/F2n) *x (Ndesorbed,2n/Ntotar) x 100% [Eq. (2.5)]
where %gesorbed t 1S the percentage of desorbed capture probe at time t, and F and F5;,
are the fluorescence readings at time t and 2-h, respectively. For PCR thermal
cycling, the sample contained the unmodified or silica-modified conjugate (2.5 nM),
1x PCR buffer, MgCl, (6 mM), and dithiothreitol (5 uM). The thermal cycling
profile used was identical to that described later in Section 4.2.2. Fluorescence signal
was acquired at the extension step of each cycle. After thermal cycling, the sample
was centrifuged (13,200 rpm for 30 min) and the supernatant was collected for
fluorescence measurement to determine the amount of desorbed probe at the end of
PCR (Ngesorbed.end pcr)- The amount of probe desorbed from the conjugate at different
cycle numbers was determined by the following equation:

Yodesorbed,cycle = (Feycte/ Fend Pcr) X (Ndesorbed end PR/ Nrotar) * 100% [Eq. (2.6)]
where %gesored,cycle IS the percentage of desorbed probe at a particular cycle, and
Feyele and Feng pcr are the fluorescence readings at the particular cycle and the end of

PCR, respectively.
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2.3. Results and Discussion
2.3.1. Physical Properties

TEM images of bare AuNPs, oligo—AuNP and silica-modified oligo—AuNP
conjugates are shown in Figure 2.7. The diameter of the synthesized AuNPs was ~15
nm. Particle size determination based on absorption data as suggested by Haiss et al.
gave very consistent result [110].

However, the silica layer coated on the AuNP surface could not be seen in the
TEM image. This observation was similar to the study reported by Jana and Ying
that very thin and amorphous silica layer was indistinguishable from background
even with high-resolution TEM [108]. Therefore, UV-vis absorption was used to
provide evidence for the existence of an ultra-thin silica layer on the oligo—AuNP
conjugate surface. UV—vis spectrum of the as-synthesized AuNPs exhibited an SPR
absorption peak at 520 nm. The peak shifted to 522 nm and further increased to 523
nm after conjugation of oligonucleotides and after silica modification, respectively
(Figure 2.8). This was consistent with previous studies that the immobilization of
oligonucleotides or coating of silica layer onto AuNP surface would result in a red

shift of the SPR absorption peak [105].
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Figure 2.7. TEM images of bare AuNPs (top and bottom left), oligo—AuNP

conjugate (bottom middle), and silica-modified oligo—AuNP conjugate (bottom

right). Scale bar =50 and 5 nm for the top and bottom images, respectively.
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Figure 2.8. UV-vis spectra of bare AuNPs, oligo—AuNP conjugate, and

silica-modified oligo—AuNP conjugate.
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2.3.2. Chemical Stability

Previous  studies indicated ligand exchange reaction  between
monothiol-modified oligonucleotide and thiol-containing small molecule was the
major factor causing the instability of oligo—AuNP conjugates [97-100]. It was
hypothesized that the conjugate’s stability could be enhanced by introducing a silica
layer to physically entrap and reinforce the Au-S linkage between the
monothiol-modified oligonucleotide and AuNP surface. In fact, the silica layer might
act as a physical barrier to efficiently block the access of the thiol-containing small
molecule.

After the addition of 10 mM DTT to the oligo—AuNP conjugate, red shift and
broadening of the SPR absorption band were observed, with a moderate decrease in
absorbance at 520 nm and a large increase in absorbance at longer wavelengths
(600—700 nm, together with a new absorption peak at ~650 nm). The solution color
changed from red to purple within a few minutes (Figure 2.9). As expected, the
silica-modified oligo—AuNP conjugate was much more stable. After 24-h incubation
in 10 mM DTT, the absorption peak dropped by 22% only (no change at longer

wavelengths) and the solution remained red (Figure 2.10).
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Figure 2.9. UV-vis spectra of the oligo—AuNP conjugate incubated in 10 mM DTT.

Insets are photographs showing the colors of the samples at different times.
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Figure 2.10. UV-vis spectra of the silica-modified oligo—AuNP conjugate incubated

in 10 mM DTT. Insets are photographs showing the colors of the samples at different

times.

69



Stability was further enhanced by inserting a PEGg spacer next to the thiol
group. Absorption spectrum after 24-h incubation with DTT was almost identical as
the spectrum recorded at the beginning of the experiment (Figure 2.11). Plots of the
absorbance at 600 nm versus incubation time clearly reveal the enormous stability
enhancement in DTT of the silica-modified oligo—AuNP conjugate (Figure 2.12). The
stability of this conjugate compares favorably to that prepared with disulfide and

trithiol linkages, which are stable in 10 mM DTT for 1-3 h and 8 h, respectively

[97-100].
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Figure 2.11. UV-vis spectra of the silica-modified oligop—AuNP conjugate (with
PEGg spacer) incubated in 10 mM DTT. Insets are photographs showing the colors

of the samples at different times.
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Figure 2.12. Plots of absorbance at 600 nm versus time of the oligo—AuNP and
silica-modified oligo—AuNP conjugates. Inset: Expanded view for the oligo—AuNP

conjugate.

The above finding suggests that the nature of molecule in close proximity with
the AuNP surface would affect the compactness of the formed silica layer and thus
the stability against ligand exchange reaction. In terms of the silica layer formation
process, MPTMS molecules chemisorbed onto vacant sites on the oligo—AuNP
conjugate surface by mercapto groups, followed by hydrolysis and polycondensation
of the trimethoxysilyl groups in order to create a silica crosslink network (Figure
2.13). Without the PEGg spacer, the bulky size of nucleotides would impede the

condensation reaction between MPTMS molecules, resulting in the formation of a
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less compact silica network. With the PEGg spacer, a compact silica layer was
formed, giving better entrapment of the oligonucleotides and, therefore, higher

stability against DTT displacement.
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Figure 2.13. Preparation scheme of the silica-modified oligo—AuNP conjugate.

With the PEGg spacer, different ratios of AUNP to MPTMS were investigated to
determine the optimum ratio for synthesizing the most stable silica-modified
oligo—AuNP conjugate (Figure 2.14). Conjugate prepared with AUNP:MPTMS ratio
of 1:10° was not stable in 10 mM DTT. After 24-h incubation, AuNP’s SPR
absorption band disappeared due to serious aggregation and precipitation. UV-vis
spectra of the 1:10% and 1:10° conjugates showed slight changes after the DTT
treatment. The conjugate prepared with AuNP:MPTMS ratio of 1:10° showed no

change in UV-vis spectrum after the DTT treatment. Therefore, the optimum
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AuUNP:MPTMS ratio for preparing the silica-modified oligo—AuNP conjugate was
1:10°.

Liz-Marzan et al. reported that 1,300 silane molecules were required to form a
monolayer on a 15 nm AuNP [101]. The silica-modified oligo—AuNP conjugate
produced with AuNP:MPTMS ratio of 1:10° could not efficiently entrap the
oligonucleotides on the AuNP surface because of the incomplete silica layer.
Consequently, analogous to the unmodified oligo—AuNP conjugate, the chemisorbed
oligonucleotides were easily displaced by DTT. With AuUNP:MPTMS ratio of 1:10%,
the formed silica layer could entrap the chemisorbed oligonucleotides. Nevertheless,
the silica layer was not compact enough that a significant amount of oligonucleotides
was displaced after prolonged incubation. A compact silica layer was formed with
AuNP:MPTMS ratio of 1:10°, offering the oligo—AuNP conjugate with the highest
stability against DTT-induced aggregation. At higher ratio (i.e., 1:10°),
solution-phase polycondensation of the MPTMS molecules might be favored, which
hampered their chemisorption onto the AuNPs and the formation of a compact silica

layer.
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Figure 2.14. UV-vis spectra of the silica-modified oligo—AuNP conjugates prepared

with different AUNP:MPTMS ratios incubated in 10 mM DTT.

To quantitatively characterize the displacement reaction, real-time fluorescence
measurement was carried out during the DTT incubation period for the 1:10°
conjugate, of which the oligonucleotide was labeled with a fluorescent dye (6-FAM).
Fluorescence signal was low if the oligonucleotide was in the bound state as the
emission of 6-FAM was efficiently quenched by AuNP, and the signal increased upon
desorption of the oligonucleotide from AuNP surface. It was found that more than

50% of the immobilized oligonucleotides desorbed after 10-min incubation for the
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oligo—AuNP conjugate and nearly 0% for the silica-modified oligo—AuNP conjugate
(Figure 2.15). After 2-h incubation, the amounts increased to 87% and 8%,
respectively. Results of the UV—vis and fluorescence measurements indicate that the

stability of the monothiol-modified oligo—AuNP conjugate is greatly enhanced by

the silica reinforcement technique.
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Figure 2.15. Desorption curves of the oligo—AuNP and silica-modified oligo—AuNP

conjugates incubated in 10 mM DTT.

The formation of silica layer on AuNP is depended on the hydrolysis rate of
MPTMS. A higher hydrolysis rate induces a higher condensation rate, which may

favor the solution-phase polycondensation and affect the formation of silica layer on

75



AUNP surface. It should be noted that the hydrolysis rate of trimethoxysilyl groups is

pH-dependent. In view of this, 1 mM of phosphate buffers at different pHs (ranging

from 5-7) were added to the oligo—AuNP conjugate solutions prior to the addition of

MPTMS. This range of pHs was chosen because of the slow hydrolysis process in

slightly acidic condition [105]. After 24-h incubation in 10 mM DTT, UV—vis spectra

of the silica-modified oligo—AuNP conjugates synthesized at different pHs all showed

a decrease in the SPR absorption peak, but to different extents (Figure 2.16). A

minimum decrease of 5.4% was observed for the silica-modified oligo—AuNP

conjugate synthesized at pH 6 (Figure 2.17). In fact, the most stable silica-modified

oligo—AuNP conjugate was synthesized without pH adjustment (pH 5.5-6.5).
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oligo—AuNP conjugates synthesized at different pHs when incubated in 10 mM DTT.

To confirm the hypothesis that the silica layer prevents the interaction between

the Au-S linkage and DTT by acting as a physical barrier, the silica-modified

conjugate was incubated with 2 mM NaCN. It was reported that cyanide ions (CN")

could dissolve AuNPs by forming dicyanoaurate(l) complexes (Au(CN),") [112]. For

the oligo—AuNP conjugate, the characteristic SPR absorption band diminished

greatly and the solution turned colorless within a minute (Figure 2.18). As expected,

the silica-modified oligo—AuNP conjugate was highly resistant to oxidative

dissolution by NaCN. After 24-h incubation, the SPR absorption peak (i.e., 522 nm)

dropped by 23% only and the solution remained red (Figure 2.19).
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Figure 2.18. UV-vis spectra of the oligo—AuNP conjugate incubated in 2 mM
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Plots of the absorbance at 522 nm versus incubation time manifest the
significant improvement in chemical stability against oxidative dissolution of the
AuUNPs for the silica-modified oligo—AuNP conjugate (Figure 2.20). This indicates
that the silica layer serves as a diffusion barrier for the cyanide reactant and/or
AU(CN)," product. This finding supports the hypothesis that the silica layer
physically entraps the Au-S linkage, thereby offering the oligo—AuNP conjugate

extremely high resistance to ligand exchange reaction.
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Figure 2.20. Plots of absorbance at 522 nm versus time of the oligo—AuNP and

silica-modified oligo—AuNP conjugates incubated in 2 mM NaCN.
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2.3.3. Hybridization Properties

In a previous study, a thick silica shell was first grown on AuNP, followed by
surface functionalization with aldehyde groups and covalently conjugated with
amino-modified oligonucleotides [107]. Despite the potentially higher chemical
stability, there was no color change in response to target hybridization due to the thick
silica shell. The hybridization-induced color change property of the silica-modified
oligo—AuNP conjugate synthesized by the silica reinforcement technique was
examined by Maeda’s non-crosslink approach [39]. Before hybridization, the
silica-modified oligo—AuNP conjugate was incubated in PBS with 10 mM DTT for 3
h. The conjugate remained stable with SPR absorption peak at 522 nm. Upon the
addition of the complementary target and NaCl, the SPR absorption peak shifted to
549 nm and the solution color changed from red to purple within 10 min (Figure 2.21).
This could be explained by the lower stability of the hybridized conjugate against
salt-induced aggregation than the non-hybridized counterpart. To further confirm such
hybridization-induced color change, the hybridized conjugate solution was heated at
94 °C for 1 min to effect dehybridization. As expected, the SPR absorption peak

shifted back (525 nm) and the solution color returned to red.
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Figure 2.21. UV-vis spectra of the silica-modified oligo—AuNP conjugate (1) before
hybridization; (2) after hybridization; and (3) after denaturation. Insets are

photographs of the samples (1), (2), and (3).

Melting curve of the capture probe—target hybrid (0.4 uM each) featured a
typical sigmoidal shape with a melting temperature of 65 °C. Interestingly, the
melting curves of both the unmodified and silica-modified oligo—AuNP conjugates
consisted of two melting phases. The first phase occurred between 25 and 45 °C,
while the second phase occurred above 50 °C (Figure 2.22). The first phase is likely
due to the aggregation status of the conjugates and the second phase is due to the

dehybridization process.
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Figure 2.22. Melting curves of the oligonucleotides, oligo—AuNP conjugate and

silica-modified oligo—AuNP conjugate.

UV-vis spectra and solution colors provided further evidence for this

phenomenon (Figure 2.23). At 25 °C, the oligo—AuNP and silica-modified

oligo—AuNP conjugates were aggregated, hence red shift and broadening of the SPR

absorption band were observed, giving rise to a purple-colored solution. At 50 °C

(indeed below the melting temperature of the capture probe—target hybrid), the SPR

absorption band returned to that of the monodispersed state and the solution color

appeared red.
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Figure 2.23. UV-vis spectra of the hybridized oligo—AuNP conjugate (top) and
silica-modified oligo—AuNP conjugate (bottom) at 25, 50 and 80 °C. Insets are

photographs of the samples (1), (2), and (3).

2.3.4. Thermal Stability

The silica-modified oligo—AuNP conjugate displayed superior chemical

stability thanks to the entrapment of the Au—S linkage with a thin silica layer. In fact,
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it is very likely that the silica layer would enhance the thermal stability of the
oligo—AuNP conjugates. After 2-h incubation at 94 °C, 65% of the immobilized
oligonucleotide desorbed from the unmodified conjugate (Figure 2.24). For the
silica-modified oligo—AuNP conjugate prepared with AuNP:MPTMS ratio of 1:10°,
the amount of desorption decreased to 15%. It should be pointed out that the 1:10°
conjugate is slightly thermally more stable than the 1:10° conjugate (11% versus

15% of desorption), although the former one is less stable in DTT than the latter one

(Figure 2.14).
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Figure 2.24. Desorption curves of the silica-modified oligo—AuNP conjugates

synthesized with different AUNP:MPTMS ratios when incubated at 94 °C.
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Thermal stability at other temperatures (55 and 72 °C) was also examined
(Figure 2.25). The results reveal that the amount of desorption is highly dependent
on the incubation temperature. At 55 °C, no noticeable desorption occurred for both
the unmodified and silica-modified oligo—AuNP conjugates. At 72 °C, the amounts
of desorption for the unmodified and silica-modified oligo—AuNP conjugates were
9% and 6%, respectively. Clearly, the thermally stable silica-modified oligo—AuNP

conjugate is potentially applicable to high-temperature amplification system such as

PCR.
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Figure 2.25. Desorption curves of the oligo—AuNP and silica-modified oligo—AuNP

conjugates (AuNP:MPTMS = 1:10°) at 55, 72 and 94 °C.
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The unmodified and silica-modified oligo—AuNP conjugates were applied to a
solution containing 6 mM MgCI; and 5 uM DTT to perform PCR thermal cycling
(Figure 2.26). For the unmodified oligo—AuNP conjugate, 16% of the
oligonucleotides were desorbed in the first PCR cycle, which included an initial
denaturation step (94 °C, 1 min). After 25 cycles, 34% of the oligonucleotides were
desorbed. For the silica-modified oligo—AuNP conjugate, there were no appreciable
desorption up to the first three cycles, and at the end of the PCR thermal cycling,

15% of the oligonucleotides were desorbed.
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Figure 2.26. Desorption curves of the oligo—AuNP and silica-modified oligo—AuNP

conjugates under PCR thermal cycling condition.
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2.4. Summary

A facile silica reinforcement method was developed to significantly enhance the
chemical and thermal stabilities of the monothiol-modified oligo—AuNP conjugate.
The silica-modified conjugate was extremely stable against DTT-induced
aggregation. There was no aggregation in 10 mM DTT after 24-h incubation, which
compared favorably with the start-of-the-art disulfide- and trithiol-linkage
approaches (stable for 1-3 and 8 h, respectively). Key synthesis parameters were
optimized including the presence of a PEGg spacer for the immobilized
oligonucleotide, AUNP:MPTMS ratio (1:10°), and pH (~6 without added phosphate).
Quantitative analysis revealed that, in 10 mM DTT for 2 h, the amount of
oligonucleotide desorption greatly reduced from 87% for the unmodified
oligo—AuNP conjugate to 8% for the silica-modified oligo—AuNP conjugate. Besides,
the silica-modified oligo—AuNP conjugate extremely high resistance against
oxidative dissolution by sodium cyanide as compared to the unmodified oligo—AuNP
conjugate. In addition, the unique hybridization-induced color change property of the
oligo—AuNP conjugate was preserved with the silica coating, even after prolonged
incubation in high concentration of DTT. Apart from enhanced chemical stability, the

silica layer offered higher thermal stability to the oligo—AuNP conjugate. At 94 °C
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for 2 h, the amounts of oligonucleotide desorption for the unmodified and modified

conjugates were 65% and 15%, respectively. Under PCR conditions, the amounts

became 34% and 15%.
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Chapter 3
Closed-Tube Gold Nanoparticle-Based Colorimetric

Nicking Endonuclease Assisted Amplification

The work described in this chapter was done with the aim of developing a
closed-tube colorimetric detection platform with isothermal amplification by nicking
endonuclease based on the highly stable silica-modified oligo—AuNP conjugate,
produced as described in Chapter 2. Although previous schemes for colorimetric
detection of enzymatic amplification products using oligo—AuNP conjugates were
simple and sensitive, post-amplification open-tube addition of the conjugates to the
reaction mixtures was unavoidable [89-95]. This poses a high risk of carryover
contamination. The main reason is the instability of the oligo—AuNP conjugates in
the reaction buffers, which contain enzyme stabilizer of DTT or 2-ME. This chapter
starts with a brief introduction of various isothermal amplification schemes as well
as the developed closed-tube nicking endonuclease-assisted colorimetric detection
scheme (Section 3.1). Experimental procedures are detailed in Section 3.2, results
and discussion is presented in Section 3.3, and a brief summary is given in Section

3.4.
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3.1. Introduction

In colorimetric detection schemes using oligo—AuNP conjugates, the distance

between AuNPs should be altered by the presence or absence of target sequence only.

Unfortunately, typical enzymatic reactions usually include buffer solutions with high

concentrations of thiol-containing small molecule and salt that cause irreversible

aggregation of oligo—AuNP conjugates. The salt issue can be addressed by using

oligo—AuNP conjugate prepared under high salt concentration. The amount of

immobilized oligonucleotides is directly related to the salt concentration during

conjugation [113]. The overall negative charge of conjugate is increased by high

oligonucleotide density that maintains the stability of the conjugate in the reaction

buffer. Another strategy to increase oligonucleotide density is by utilizing

oligonucleotide with a PEGg spacer, the amount of oligonucleotides that can be

chemisorbed onto AuNP surface is 4 times more than that without the spacer.

The presence of thiol-containing small molecule in reaction mixture does not

permit a closed-tube colorimetric detection of enzymatic amplification product with

oligo—AuNP conjugate. In the amplification techniques described in Section 1.3, the

reaction mixtures contained different concentrations of DTT (5 uM to 4 mM)

[89-95]. DTT readily displaces oligonucleotides from monothiol-modified
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oligo—AuNP conjugates, thereby reducing the overall charge on the conjugates and

resulting in salt-induced aggregation. A possible solution is to dilute the reaction

buffer in order to minimize the effect of DTT. A report illustrated the reduction of

DTT from 4 mM to 50 uM in an isothermal amplification reaction would minimize

the aggregate of oligo—AuNP conjugate [114].

Another noteworthy point is that when AuNP surface is exposed due to

desorption of oligonucleotides, enzyme would absorb/chemisorb onto the AuNP

surface via Au-N/Au-S linkage, which may affect the enzymatic amplification

reaction. Additionally, the target/hybridization-induced color change property of the

AuNPs would be affected due to the steric and electrostatic stabilization effects

offered by the adsorbed enzyme. Therefore, multiple-step approach was adopted to

separate enzymatic amplification from AuNP-based colorimetric detection.

As illustrated in Chapter 2, the silica-modified oligo—AuNP conjugate could

perform hybridization-induced colorimetric detection even after 3-h incubation in 10

mM DTT. It is very likely that the silica-modified oligo—AuNP conjugate can be

coupled to amplification reaction to accomplish a closed-tube colorimetric detection

platform. In this chapter, a proof-of-concept experiment with isothermal enzymatic

amplification reaction is performed to validate the compatibility of the
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silica-modified oligo—AuNP conjugate in enzymatic reaction platform at high DTT

concentration and low operating temperature.

3.1.1. Isothermal DNA Amplification

For isothermal DNA amplification, several strategies are available. Strand
displacement amplification (SDA) employs two pairs of primers (S1, S2, B1 and B2),
where the S1 and S2 primers contain a restriction site for Hincll restriction
endonuclease (Figure 3.1) [115]. The 3’ ends of the S1 and S2 primers hybridize to a
target sequence and are extended in the presence of deoxyguanosine triphosphate
(dGTP), deoxycytidine triphosphate (dCTP), 5-methyluridine triphosphate (TTP),
and 2'-deoxyadenosine 5'-O-(I-thiotriphosphate) (dATP(aS)). Meanwhile, the B1
and B2 primers hybridize to the target (upstream of the S1 and S2 primers) and are
extended, displacing the extended S1 and S2. The displaced strands then act as new
templates for producing dsDNAs with the S1 and/or S2 sequences at their ends.
Then, Hincll nicks the S1 and S2 sequences. It should be noted that Hincll would
not cleave the complementary strands of the S1 and S2 attributed to the
hemiphosphorothioate modification on the synthesized sequence. Subsequently, the

nicked S1 and S2 sequences are extended, thereby generating more dsDNAs and
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ssSDNAs for further amplification.

The amplification products are mostly

double-stranded, which are not directly applicable to AuNP-based colorimetric

detection schemes.
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Figure 3.1. Strand displacement amplification (Adapted from [115]).
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Rolling circle amplification (RCA) utilizes a polymerase with strand
displacement property to extend a primer hybridized to a circular sSDNA template,
generating a long ssDNA (Figure 3.2) [116]. For the detection of a linear DNA target,
RCA can be coupled to ligation reaction. An initially open circular ssDNA template
is used, and upon hybridization with the target and subsequent ligation, a closed

circular template is formed for RCA. In this case, a two-step reaction is required.

DNA primer,
10-15 bases
¥
synthetic circutar DNA,

26-74 bases in size

DNA polymerase
+ dATPATTP dCTPAdGTP

+)
cleavage sites

F / '\
-
' + ' +)
) +) multimeric repeating DNA, ~12,000 bases long

Figure 3.2. Rolling circle amplification (Adapted from [116]).

Loop-mediated isothermal amplification (LAMP) utilizes a set of four primers
that recognize six sequences within a specific target and a polymerase having strand

displacement ability (Figure 3.3) [117]. The multiple primers impart very high
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specificity, but make the sequence design more complicated. The amplified products

are very long and double-stranded, which are not directly applicable to AuNP-based

colorimetric detection schemes.
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Figure 3.3. Loop-mediated isothermal amplification (Adapted from [117]).
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Helicase-dependent amplification (HDA) uses helicase to separate a dsDNA
target. After that, primers are hybridized to the target and extended by a DNA
polymerase (Figure 3.4) [118]. The process allows target amplification at a single
temperature without initial denaturation that is required in the above-mentioned

isothermal amplification strategies for the dehybridization of dsDNA target.

\ /A
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5
3 DNA polymerases extend
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— )

dsDNA are separated by

helicases and this chain
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Figure 3.4. Helicase-dependent amplification (Adapted from [118]).
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Nicking enzyme signal amplification (NESA) utilizes a beacon consisting of a
fluorescent reporter and a quencher at both ends of the sequence, as well as a nicking
endonuclease (Figure 3.5) [119]. The fluorescence signal of the beacon is quenched
by FRET in its stem—loop configuration. The hybridization between the beacon and a
complementary target sequence opens the stem—loop structure, setting the
fluorescent reporter and quencher apart and thus the fluorescence signal increases.
The nicking endonuclease cleaves the hybridized beacon, the two fragments of
which then dehybridize from the target. This allows the target to hybridize with

additional beacon for signal amplification.
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Figure 3.5. Nicking enzyme signal amplification (Adapted from [119]).
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Cyclic enzymatic amplification method (CEAM) uses a displacing probe and
exonuclease Il (Figure 3.6) [120]. The displacing probe is constructed from two
ssSDNAs of different lengths (the shorter strand binds to the 5 end of the longer
strand), with the shorter strand labeled with a quencher at its 3’ end and the longer
strand labeled with a fluorescent reporter at its 5’ end. In the hybridized state, the
close proximity of the quencher and reporter results in FRET and the fluorescence
signal is low. The presence of a target sequence competes with, and thus displaces,
the shorter strand to hybridize with the longer strand, resulting in an increase in the
fluorescence signal. The longer strand (in double-stranded state) is then digested by
exonuclease Il while the target remains intact due to the overhanging 3’ end.

Therefore, the target is recycled for signal amplification.
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Figure 3.6. Cyclic enzymatic amplification method (Adapted from [120]).
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3.1.2. Design of Detection Method

Among the isothermal amplification reaction schemes described above, NESA
is an attractive strategy for closed-tube colorimetric isothermal amplification-assisted
detection (Figure 3.7) [119]. A beacon of 80 bases long is used, with the first and last
seven bases hybridized to form the stem. The hybridization a complementary target
to the loop sequence results in the cleavage of the beacon by a nicking endonuclease.
The two fragments are 22 and 58 bases long. After the nicking, the melting
temperatures of all the complementary sequences become lower than the operating
temperature (37 °C), so dehybridization occurs to release the target and the two
fragments from the beacon. For closed-tube colorimetric detection, silica-modified
oligo—AuNP conjugate is incorporated into the amplification reaction mixture. The
sensing mechanism is based on Meade’s non-crosslink approach (detailed
mechanism was described in Section 1.2.2.1) [39]. The AuNP-bound sequence is
complementary to the 22-base fragment, with a melting temperature higher than 37
°C. Therefore, at a constant operating temperature of 37 °C, the 22-base fragment
hybridizes with the silica-modified oligo—AuNP conjugate, resulting in salt-induced

aggregation and the solution change changed from red to purple.
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Figure 3.7. Detection scheme of the closed-tube AuNP-based colorimetric nicking

endonuclease-assisted amplification.
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3.2. Materials and Methods
3.2.1. Materials and Instrumentation

The materials, equipment, and procedures for the synthesis of AUNPs,
oligo—AuNP conjugate, and silica-modified oligo—AuNP conjugate were as
described in Section 2.2, except that both the unmodified and silica-modified
conjugates were aged with 1 M NaCl, and prepared with UltraPure™
DNase/RNase-free distilled water (Invitrogen). Additionally,
tris(hydroxymethyl)aminomethane (Tris), boric acid, ethylenediaminetetraacetic acid
disodium salt dihydrate (EDTA), and ethidium bromide were purchased from
Sigma-Aldrich. Nicking endonuclease (Nb.BbvCl, 10* units/mL) was purchased
from New England BioLabs (Ipswich, MA, USA). Gel electrophoresis reagents were
purchased from Invitrogen. Thermal incubation was done in a GeneAmp® PCR
System 9700 (Applied Biosystems). ChemiGenius® gel imaging system from

Syngene (Frederick, MD, USA) was used for gel visualization and image recording.

3.2.2. Nicking Endonuclease Reaction

The 80-base beacon (5’-CTGCTCCTGTTGAGTTTATTGCTGAGGTTTTTTT

TTTTTTTTTTTTTTTTTTITTITTTITTTITTTITTITTTTITTTTGGAGCAG-3’) was
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prepared in 1x NEBuffer (50 mM NaCl, 10 mM Tris-HCI, 10 mM MgCl; and 1 mM
DTT, pH 7.9), heated at 94 °C for 5 min and then cooled to 25 °C at a rate of 1
°C/min. Reaction mixture comprised 1x NEBuffer, 4 mM DTT, beacon (0.5 uM) or
30-base linear probe (5’-CTGCTCCTGTTGAGTTTATTGCTGAGGTTT-3’, 0.5
uM), target (5-AAACCTCAGCAATAAAC-3’, 0.5 uM) or no-target control,
NbBbvCI nicking endonuclease (0.1 units/uL), and nanoparticles (oligo—AuNP or
silica-modified oligo—AuNP conjugate, 2.5 nM). The reaction was carried out at 37
°C for 1 h and cooled to room temperature before taken out from the thermal cycler.
Colorimetric results and UV-vis spectra were recorded immediately. The mixture

was heated at 80 °C for 20 min to terminate the enzymatic reaction.

3.2.3. Gel Electrophoresis

Reaction products (10 uL) were loaded into in a 3% (w/w) agarose gel in 0.5x
TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM EDTA, pH 8.0) and
electrophoresed at 120 V for 1.5 h. Then, the gel was stained with 1x SYBR® Gold
nucleic acid gel stain for 30 min, followed by visualization under UV

transillumination and recording with the gel imaging system.
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3.2.4. Selectivity and Sensitivity Tests

The specificity of the detection scheme was evaluated by a non-target sequence
(5'-GCGAACAATTCAGCGGCTTTA-3', 0.5 uM). Colorimetric results were
recorded after the 1-h reaction. For sensitivity determination, various amounts of the
target (1, 10, 100 and 500 nM) were used. Colorimetric results and UV-vis spectra

were recorded after the 1-h reaction.

3.3. Results and Discussion
3.3.1. Pre-Amplification Test

Before performing the isothermal reaction, it was necessary to determine
whether the reaction conditions would affect the stability of the oligo—AuNP and
silica-modified oligo—AuNP conjugates. It was found that the nicking endonuclease
reaction buffer caused aggregation of the unmodified oligo—AuNP conjugate at an
operating temperature of 37 °C. At the end of the 1-h incubation, the solution color
appeared purple (Figure 3.8). On the other hand, under the same conditions, the
silica-modified oligo—AuNP conjugate had no sign of aggregation and appeared red.
This was because the silica layer rendered the oligo—AuNP conjugate very high

chemical and thermal stabilities by physically blocking DTT from displacing the
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immobilized oligonucleotides and entrapping the Au-S linkage, as discussed in

Chapter 2.
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Figure 3.8. UV-vis spectra of the unmodified and silica-modified oligo—AuNP
conjugates incubated in the isothermal reaction buffer at 37 °C. Insets are

photographs showing the colors of the samples after 1-h incubation.

Another essential aspect is that the color change should only take place upon
the hybridization of the 22-base fragment of the nicked beacon with the
silica-modified oligo—AuNP conjugate. In fact, a 30-base linear probe was originally
used. Similar to the 80-base beacon, a 22-base fragment was generated after

hybridization with the target and nicking reaction. However, when the 30-base linear
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probe (0.5 uM) was added to the silica-modified oligo—AuNP conjugate in the

nicking amplification reaction buffer, the solution color turned purple within 10 min.

Precipitation was observed after 1-h incubation (Figure 3.9). This result indicates

hybridization occurs between the linear probe and the modified conjugate that

facilitates the salt-induced aggregation. Therefore, the 30-base linear probe is not

suitable for closed-tube detection.

In view of this, the 80-base beacon was used to retard hybridization with the

silica-modified oligo—AuNP conjugate. Additional energy was needed to dehybridize

the stem—loop structure prior to hybridization with the modified conjugate. Besides,

approximately 40 bases length is maintained after the formation of beacon. In order

for the beacon to hybridize with the AuNP-bound sequence (22-base), the bulky

non-hybridizing loop portion has to be brought close to the AuNP surface, which

presents huge steric hindrance for hybridization to occur. When the beacon was

incubated with the silica-modified oligo—AuNP conjugate for 1 h, the solution color

remained red (Figure 3.9).
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Figure 3.9. Top: UV-vis spectra of the silica-modified oligo—AuNP conjugate
incubated with the 30-base linear probe or 80-base beacon in the isothermal nicking
amplification reaction buffer at 37 °C for 1 h. Bottom: Photographs showing the

colors of the samples after 1-h incubation.

3.3.2. Selectivity Test

Nicking endonuclease-assisted amplification was first performed without the
silica-modified oligo—AuNP conjugate. Gel electrophoresis result of the no-target
control showed a single band (Figure 3.10, lane 1), while the target-containing

sample had two additional bands of shorter lengths (lane 2). This indicates that the
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nicking endonuclease reaction is working properly. Moreover, the results indicate

that the 80-base beacon can successfully recognize the specific target sequence. The

selectivity of the platform was evaluated with a non-complementary sequence

(non-target). As expected, the gel electrophoresis result showed a single band (lane

3), suggesting that the non-target did not hybridize with the beacon and thus no

nicking reaction took place. When the sample contained both the target and

non-target, three bands were observed (lane 4). With these, the detection platform

was confirmed to be target-specific.

Figure 3.10. Gel electrophoresis results showing the nicking endonuclease-assisted

amplification. Lane M: 100 bp ladder; lane 1: no target; lane 2: target; lane 3:

non-target; and lane 4: both target and non-target.
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Similar experiments were performed with the addition of the silica-modified

oligo—AuNP conjugate (Figure 3.11). Gel electrophoresis results were consistent

with that without the silica-modified oligo—AuNP conjugate. This confirms that the

presence of the silica-modified oligo—AuNP conjugate has negligible influence on

the isothermal nicking endonuclease-assisted amplification reaction.

It should be noted that 2.5 nM of the silica-modified oligo—AuNP conjugate was

applied in this detection platform. Therefore, colorimetric results could be observed

easily. For the samples containing the target (sample 2: target only; sample 4: target

and non-target), the silica-modified oligo—AuNP conjugate aggregated and

precipitated, while for the samples without the target (sample 1: no target; sample3:

non-target), the silica-modified oligo—AuNP conjugate remained monodispersed and

the solution color appeared red. As mentioned earlier, the detection scheme was

based on the non-crosslink mechanism that the hybridization between the

silica-modified oligo—AuNP conjugate and the 22-base complementary sequence

from the nicked beacon lowered the conjugate’s stability against salt-induced

aggregation. It is interesting to note that the precipitate was red in color instead of

grayish purple as in non-enzymatic system (i.e., hybridization with pure target).
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Figure 3.11. Top: Gel electrophoresis results showing the nicking
endonuclease-assisted amplification with the silica-modified oligo—AuNP conjugate.
Lane M: 100 bp ladder; lane 1: no target; lane 2: target; lane 3: non-target; and lane 4:

both target and non-target. Bottom: Colorimetric results of the samples.

3.3.3. Sensitivity Test

The sensitivity of the detection platform was examined by applying various
target concentrations. It was found that the intensity of the cleavage products was
greatly diminished in gel electrophoresis when the target concentration was equal to
or less than 10 nM for samples without and with the silica-modified oligo—AuNP

conjugate (Figure 3.12, lanes 1-3 and 6-8). Aggregation of the silica-modified
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oligo—AuNP conjugate occurred when the target concentration was equal to or
higher than 100 nM, which was consistent with the gel results (lanes 9 and 10).
UV-vis spectra of the samples with high target concentration (i.e., 100 and 500 nM)
exhibited red shift of the SPR absorption peak (542 nm) as compared with that of the

low target concentration samples (520 nm, Figure 3.13).

1 2 3 4 5 6 7 8 9 10

)0 (B

6 7

Figure 3.12. Top: Gel electrophoresis results showing the nicking
endonuclease-assisted amplification with the silica-modified oligo—AuNP conjugate.
Lane M: ladder; lane 1-5: control without conjugate; lanes 6—10: with conjugate; 0,
1, 10, 100, and 500 nM target were added in lanes 1-5 and 6-10, respectively.

Bottom: Colorimetric results of the samples.
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Figure 3.13. UV-vis spectra of the nicking endonuclease-assisted amplification
reaction mixture containing the silica-modified oligo—AuNP conjugate with different

target concentrations (0, 1, 10, 100 and 500 nM).

The absorbance ratio between 520 and 650 nm could be used as a
semi-quantitative indicator to tell whether the concentration of the target in a sample
has reached a certain threshold (Figure 3.14). For the monodispersed samples (i.e.,
10 nM or below) the absorbance ratio (520 nm/650 nm) was about 10, while for the
aggregated samples (i.e., 100 nM or above), the absorbance ratio was about 2. This
enables semi-quantitative DNA analysis in point-of-care and on-site setting using a

simple and portable colorimeter.
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Figure 3.14. Plots of absorbance ratio (520 nm/650 nm) versus target concentration

for the nicking endonuclease-assisted amplification reaction mixture containing the

silica-modified oligo—AuNP conjugate.

It was believed that the low sensitivity of the current platform was probably due

to the inefficient nicking amplification reaction. Therefore, 10 times higher

concentration of nicking endonuclease (1 unit/uL) was applied into the same reaction

mixture to examine the sensitivity of the platform. The detection limit was 100 nM

(Figure 3.15), which did not show significant improvement as compared to the lower

concentration one (0.1 unit/uL, Figure 3.12). It was known that the non-crosslink

approach required higher target concentration [39] than the crosslink approach [37]

to effect aggregation. Indeed, 100-fold improvement in sensitivity could be attained
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by using the crosslink approach. Besides, the sequence design of the beacon can be
further optimized to achieve more efficient hybridization with the target along with

target-induced dehybridization of the stem.

Figure 3.15. Colorimetric results of the nicking endonuclease-assisted amplification
reaction mixture with the silica-modified oligo—AuNP conjugate containing 0, 1, 10,
100 and 500 nM of the target (from left to right). The concentration of the nicking

endonuclease was 1 unit/pL.

3.4. Summary

Closed-tube colorimetric  detection of nicking endonuclease-assisted
amplification reaction was accomplished successfully with the silica-modified
oligo—AuNP conjugate. The unmodified oligo—AuNP conjugate aggregated in the
nicking endonuclease reaction buffer containing 10 mM MgCl, and 5 mM DTT,
while the silica-modified oligo—AuNP conjugate was very stable.

The 80-base beacon hybridized with the specific target and cleaved by the
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nicking endonuclease, generating the 22-base fragment which hybridized with the
silica-modified oligo—AuNP conjugate for visual readout. The sensitivity of the
unoptimized platform was determined to be 100 nM, consistent with the gel
electrophoresis results. Besides, for samples with target concentration equal to or
higher than 100 nM, the absorbance ratio of 520 nm/650 nm after 1-h reaction was
~2, whereas for samples with target concentration equal to or lower than 10 nM, the

ratio was ~10.
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Chapter 4
Closed-Tube Gold Nanoparticle-Based Colorimetric

Polymerase Chain Reaction

The work described in this chapter was done with the aim of achieving
colorimetric detection with high sensitivity by incorporating the silica-modified
oligo—AuNP conjugate into PCR. Section 4.1 describes PCR principle and the
conventional detection methods, key issues associated with the incorporation of
AuUNPs into PCR mixture, as well as the design of the new closed-tube colorimetric
PCR detection platform. Section 4.2 details the experimental methods, Section 4.3

presents the results and discussion, and Section 4.4 gives a brief summary.

4.1. Introduction

PCR is a molecular biology technique for exponential enzymatic amplification
of DNA. The technique is used in medical and biological research laboratories for a
variety of tasks [121]. It is an in vitro method involving a repeated temperature
cycling process. Key reaction components include DNA polymerase, four
deoxyribonucleoside triphosphates (dNTPs), DNA template, and two oligonucleotide

primers that hybridize to the region of interest. The amplification involves three
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temperature steps, namely denaturation, annealing, and extension (Figure 4.1).
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Figure 4.1. PCR method (Adapted from [122]).
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In the denaturation step, double-stranded DNA template/amplicon is separated
into single-stranded counterparts at 94 °C for about 30 s. Then, in the annealing step,
the primers hybridize to the denatured template/amplicon at 5565 °C (depending on
the primers’ melting temperatures) for about 30 s. And in the extension step, the
primers are extended by Taq DNA polymerase at 72 °C (about 1 min per 1,000
bases). Large quantity of the target sequence can be obtained by repeating the
amplification process for 25 to 40 cycles as the double-stranded amplicon from each
cycle becomes new template for amplification in the remaining cycles.

Conventionally, agarose gel electrophoresis with ethidium bromide stain is
conducted to determine the presence of amplified target in the reaction mixture after
PCR. Gel electrophoresis is only a qualitative method for the analysis of target
sequence. Quantitative analysis can be achieved by real-time PCR using fluorescent
DNA binding agent, hydrolysis probe, and hybridization probe (Figure 4.2) [123].
For fluorescent DNA binding agent, fluorescence intensity greatly increases after
binding to dsDNA. As the amount of dsDNA increases tremendously in a positive
sample that contains a specific target sequence, therefore high fluorescence intensity
is observed.

Hydrolysis probe consists of a sSDNA probe with a reporter dye and a quencher
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dye labeled at its two ends. The fluorescence signal emitted from the reporter dye is

absorbed by the quencher dye due to FRET if the ssDNA probe is intact. The probe

hybridizes with the template/amplicon adjacent to the 3’ end of the primer binding

site during the annealing step. Extension of the primer causes the hydrolysis

cleavage of the probe by the 5’ to 3’ exonuclease action of DNA polymerase. The

reporter dye is no longer quenched after the cleavage and thus the fluorescence

signal increases.

Hybridization probe utilizes two sSDNA probes, one is labeled with a donor dye

and the other one is labeled with an acceptor dye. When the two probes hybridize to

the template/amplicon during the annealing step, which brings the donor and

acceptor very close to each other, the emission from the donor can then excite the

acceptor by FRET. Therefore, the fluorescence signal from the acceptor increases

and can be used to monitor the generation of specific amplicon during PCR.

These real-time PCR methods allow simultaneous amplification and detection

without opening the reaction tubes, while gel electrophoresis requires off-tube

analysis of the amplification product. However, one major drawback of real-time

PCR is its high cost when compared with the conventional PCR as a result of the

fluorescent dyes as well as sophisticated fluorescence imaging equipment. In view of
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this, it is highly desirable to develop a PCR method that is cost effective and adopts a

closed-tube analysis format. One attractive platform would be closed-tube

colorimetric PCR using oligo—AuNP conjugate.
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Figure 4.2. Real-time PCR methods (Adapted from [123]).
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4.1.1. Polymerase Chain Reaction with Gold Nanoparticles

The first demonstration of the incorporation of AuNPs into PCR mixture was
not for colorimetric detection but for specificity enhancement [124]. It was reported
that AuNPs could enhance the specificity of PCR by acting as single-strand binding
protein to minimize mismatched binding of primers. Non-specific amplification in a
two-round PCR process was effectively minimized by adding an appropriate
concentration of AuNPs into the reaction mixture (Figure 4.3). Nevertheless, the
PCR efficiency diminished as the concentration was above 0.8 nM. Another issue is
that the concentration is too low for colorimetric detection, if possible at all. It
should be note that the concentration of AuNPs should be above 1 nM (for 15 nm

AUNPs) for visually noticeable color.

2000 bp
1000 bp
500 bp

250 bp
100 bp

Figure 4.3. PCR specificity analysis with 0.6, 0, 0.2, 0.4, 0.8, and 1 nM of AuNPs

(lanes 1-6) (Adapted from [124]).
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PCR efficiency could be improved by adding 0.7 nM of AuNPs, particularly for
fast thermal cycling [125]. With one-sixth of the ordinary PCR cycling time, control
sample (without AuNPs) with 10° copies gave positive result, while sample with
AUNPs required 100-fold less (10’ copies) to give positive result (Figure 4.4). This

phenomenon was contributed to the excellent heat transfer property of AUNPs.

M 0 102 10°10*105 10° 107 10° 10° 1010 107 108 10° 10 M

b

Primer dimer i
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Figure 4.4. PCR efficiency analysis with various target concentrations under reduced

fast PCR cycling (left: control without AuNPs; right: with AuNPs) (Adapted from

[125]).

In a later study, it was discovered that the presence of AuNPs in PCR mixture

favored the formation of smaller amplicons, no matter the primers were specific or

not [126]. The experiments utilized one forward primer and three reverse primers,

which had zero, one, and two mismatches with corresponding binding sites on the
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template (Figure 4.5). This combination would generate three amplicons with three
different lengths. The shortest amplicon had two mismatches while the longest
amplicon was perfectly matched. It was found that the shortest amplicon was
preferentially produced when more and more AuNPs were added. Similar results
were observed with reducing amounts of DNA polymerase. Hence, it is likely that

this phenomenon is due to the non-specific adsorption of enzyme onto AuNP surface.

R R2" K3
Au (0 to 0.56nM)

Figure 4.5. PCR specificity analysis with different concentrations of AuNPs and Taq

DNA polymerase (Adapted from [126]).
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Although high concentration of AuNPs allows easier determination of color
change, PCR inhibition becomes another important issue [127]. It was discovered
that total PCR inhibition happened for various sizes of AuNPs having similar total
surface area (~1.3 x 10" nm?). This indicated that the adsorption of polymerase onto
AUNP surface was responsible for the inhibition.

The high temperature steps in the PCR thermal cycling process, especially the
denaturation step at 94 °C, would trigger the dissociation of chemisorbed
oligonucleotides from oligo—AuNP conjugate and thus irreversible particle
aggregation [96]. It was found that the higher the temperature, the higher the rate of
oligonucleotide desorption from the AuNP surface (Figure 4.6). The dissociation
resulted in the exposure of bare AuNP surface and non-specific adsorption of DNA
polymerase, thereby inhibiting PCR. Moreover, the adsorbed enzyme would affect
the hybridization-induced color change property of the oligo—AuNP conjugate.
Therefore, all the AuNP-based colorimetric PCR detection platforms reported so far
required post-amplification addition of AuUNP probes [89-92]. This open-tube format

poses a serious concern of carryover contamination.
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Figure 4.6. Plots of the amount of oligonucleotides desorbed from oligo—AuNP

conjugates at different temperatures (Adapted from [96]).

4.1.2. Design of Detection Method

Taking advantage of the high thermal stability of the silica-modified
oligo—AuNP conjugate in PCR buffer when subjected to thermal cycling (Section
2.3.4), a closed-tube colorimetric PCR detection platform is developed. The
detection scheme (Figure 4.7) is based on Meade’s non-crosslink approach (detailed
mechanism was described in Section 1.2.2.1) [39]. The capture probe on the
silica-modified oligo—AuNP conjugate is labeled with a phosphate group at its 3’ end
to prevent extension that might affect target amplification and colorimetric detection.
The capture probe is complementary to one of the two primers (termed as Primer 1).
In the absence of the target, Primer 1 remains intact after PCR and hybridizes with

the silica-modified oligo—AuNP conjugate, thereby leading to particle aggregation
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and the solution color turns purple. In the presence of the target, both primers are
extended and give rise to double-stranded amplicon. Hence, Primer 1 is no longer

available to trigger the aggregation and the solution remains red.
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Figure 4.7. Detection scheme of closed-tube AuNP-based colorimetric PCR.
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4.2. Materials and Methods
4.2.1. Materials and Instrumentation

The materials, equipment, and procedures for the synthesis of AUNPs,
oligo—AuNP conjugate, and silica-modified oligo—AuNP conjugate were as
described in Section 2.2, except that both the unmodified and silica-modified
conjugates were prepared with UltraPure™ DNase/RNase-free distilled water
(Invitrogen). Tris(hydroxymethyl)amino-methane (Tris), boric acid,
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), and ethidium
bromide were purchased from Sigma-Aldrich. Bovine serum albumin (BSA) and
amplification targets (¢X174 and pBR322) were purchased from New England
BioLabs. PCR and gel electrophoresis reagents were purchased from Invitrogen.

PCR was done in a GeneAmp® PCR System 9700 (Applied Biosystems).
ChemiGenius® gel imaging system from Syngene was used for gel visualization and

image recording.

4.2.2. Polymerase Chain Reaction

PCR mixture comprised 1x PCR buffer, MgCl, (1.5 or 6.5 mM), dNTPs (0.2 mM

each), Primer 1 (complementary to the capture probe: 5-CTGCTCCTGTTGAGTT
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TATTGC-3', 0.2 uM), Primer 2 (5'-GCGAACAATTCAGCGGCTTTA-3', 0.2 uM),
Taq DNA polymerase (0.025 units/uL), template (¢$X174, 10" copies) or no-template
control, and nanoparticles (AuNPs, oligo—AuNP conjugate, or silica-modified
oligo—AuNP conjugate, 2.5 nM) or no-particle control. Thermal cycling profile used
was: 94 °C for 1 min (initial denaturation); 25 cycles of 94 °C for 5 s (denaturation),
55 °C for 5 s (annealing), and 72 °C for 30 s (extension); and 72 °C for 2 min (final
extension). The samples were cooled to room temperature before being taken out from
the thermal cycler. Colorimetric results and UV-vis spectra were recorded every 10
min for an hour and 40 min after PCR, respectively. To verify the PCR inhibition
effect by the non-specific adsorption of Taqg DNA polymerase, the bare AuNPs or
oligo—AuNP conjugate (0.25 nM) was added to the PCR mixture in the absence or

presence of BSA (3 mg/mL).

4.2.3. Gel Electrophoresis
PCR products (8 pL product with 2 uL BlueJuice™ gel loading buffer) were
loaded into in an agarose gel (3%, w/w) in 0.5x TBE buffer and performed

electrophoresis at 120 V for 1.5 h. Then, the gel was stained with ethidium bromide
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(0.5 pg/mL) for 10 min, followed by visualizing and recording with UV

transillumination in gel imaging system.

4.2.4. Hybridization Test

PCR mixtures containing the silica-modified oligo—AuNP conjugate (2.5 nM)
were prepared with different MgCl, concentrations (1.5, 3.5, 5.5 and 7.5 mM) and
incubated with Primer 1 (complementary sequence, 0.2 uM), or no-sequence control,
or Primer 2 (non-complementary sequence, 0.2 uM), or both primers (0.2 uM each).
Colorimetric results were recorded every 10 min for an hour after mixing. The same
experiment with Primer 1 and different MgCl, concentrations (1.5, 3.5, 5.5, 6, 6.5, 7

and 7.5 mM) was performed with PCR thermal cycling.

4.2.5. Sensitivity and Selectivity Tests

For sensitivity determination, various amounts of the $X174 template (10* to
10’ copies) were used. Colorimetric results and UV—vis spectra were recorded every
10 min for an hour and 40 min after PCR, respectively. The specificity of the
detection scheme was evaluated by a non-specific template (pBR322, 10’ copies).

Colorimetric results were recorded every 10 min for an hour after PCR.
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4.3. Results and Discussion
4.3.1. Inhibition of Polymerase Chain Reaction in the Presence of
Gold Nanoparticles

For colorimetric detection, the concentration of AuNPs needs to be higher than
1 nM for a clear visual readout (Figure 4.8). Unfortunately, total PCR inhibition
occurred when 0.25 nM of bare AuNPs or oligo—AuNP conjugate was added into the
PCR mixtures (Figure 4.9, lanes 4 and 6 versus lane 2). To confirm that the PCR
inhibition was a result of the adsorption of Tag DNA polymerase onto AuNP surface
during thermal cycling process, BSA, which acted as a sacrificial protein to compete
with Tag DNA polymerase for adsorption, was introduced to the reaction mixture. As
expected, PCR was recovered for both the bare AuNPs and oligo—AuNP conjugate
(lanes 5 and 7 versus lane 3). Nevertheless, an abnormally high concentration (3
mg/mL), which was 30 times higher than the typical concentration used in PCR, was
required for just 0.25 nM of AuNPs. The PCR product band intensity of the bare
AuNPs-containing sample was slightly lower than that of the oligo—AuNP
conjugate-containing sample. This can be explained by the fact that the exposed
surface of the bare AuNPs is larger than that of the oligo—AuNP conjugate (certain

amount of the chemisorbed oligonucleotide remains attached on the AuNP surface
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during PCR), therefore, with the same amount of BSA, more enzyme is adsorbed
onto the bare AuNPs surface.

The silica-modified oligo—AuNP conjugate (2.5 nM) prepared with different
AUNP:MPTMS ratios (1:0, 1:10%, 1:10%, 1:10°, and 1:10°) were included in PCR
mixture (Figure 4.10). No observable PCR inhibition was noticed for the conjugates
with 1:10% and 1:10° AuNP:MPTMS ratios, slight inhibition for the conjugate with
1:10° ratio, and complete inhibition for the conjugates with 1:0 and 1:10° ratios.
Considering the higher chemical and thermal stabilities of the conjugate prepared
with AuNP:MPTMS ratio of 1:10° (Section 2.3.2 and Section 2.3.4) than the
conjugate prepared with AUNP:MPTMS ratio of 1:10° the former one is the best

candidate for achieving closed-tube colorimetric PCR.

» w

Figure 4.8. Colors of different concentrations of AuNPs (0.5, 1, 1.5, 2, and 2.5 nM,

from left to right).
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Figure 4.9. Gel electrophoresis results showing the effects of BSA in PCR with bare
AUNPs (lanes 4 and 5) or oligo—AuNP conjugate (lanes 6 and 7). Lane M: 100 bp
ladder; lanes 1-3: control without AuNPs; lane 1: negative sample without BSA,;
lanes 2, 4 and 6: positive samples without BSA; lanes 3, 5 and 7: positive samples

with 3 mg/mL BSA.
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Figure 4.10. Gel electrophoresis results showing the effects of different
silica-modified oligo—AuNP conjugates prepared with different AUNP:MPTMS
ratios on PCR amplification efficiency. Lane M: ladder; lanes 1 and 2: negative and
positive controls without silica-modified oligo—AuNP conjugate, respectively; lanes
3-7: positive samples with the silica-modified oligo—AuNP conjugate prepared with

1:0, 1:10%, 1:10* 1:10°, and 1:10° AUNP:MPTMS ratios.

4.3.2. Hybridization Test
Typical PCR mixture containing 1x PCR buffer and 1.5 mM MgCl, did not
permit the hybridization-induced aggregation of the silica-modified oligo—AuNP

conjugate even after 1-h incubation with 0.2 uM of Primer 1 (Figure 4.11g, first tube
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from the left). In Maeda’s approach, 0.5 M NaCl was employed to facilitate the

aggregation of hybridized conjugates [39]. It is not possible to perform PCR under

such a high NaCl concentration. An alternative way is to increase the concentration

of MgCl, which has a stronger ability to trigger salt-induced aggregation of

oligo—AuNP conjugate than NaCl [64].

Hybridization-induced color change of the silica-modified oligo—AuNP

conjugate occurred readily when the concentration of MgCl, was equal to or higher

than 5.5 mM (Figure 4.11, columns 3 and 4). Red to purple color change was

observed after 20-min incubation and red precipitate was clearly observed at the

bottom of the tube after 1-h incubation. It should be noted that the hybridized

conjugates with 1.5 and 3.5 mM MgCl, remained monodispersed and red after 1-h

incubation. To confirm that the aggregation was indeed caused by the hybridization

of the complementary sequence (Primer 1), three additional experiments were

carried out with Primer 1 substituted by water, Primer 2 (non-complementary), as

well as Primer 1 and Primer 2 (Figure 4.12). As expected, the first two samples

remained red whereas the last sample turned purple after 20-min incubation.
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Figure 4.11. Colorimetric results of the silica-modified oligo—AuNP conjugate
incubated with 0.2 uM of Primer 1 (complementary) and various MgCl,

concentrations (1.5, 3.5, 5.5, and 7.5 mM) for 1 h (recorded at 10-min intervals for

a—q).
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(a)

(b)

(©)

Figure 4.12. Colorimetric results of the silica-modified oligo—AuNP conjugate
incubated with (a) water; (b) 0.2 uM of Primer 2 (non-complementary); (c) 0.2 uM
each of Primer 1 and Primer 2 (both complementary and non-complementary) under

various MgCl; concentrations (1.5, 3.5, 5.5, and 7.5 mM) after 20-min incubation.

The next step was to evaluate the effect of PCR thermal cycling on the
hybridization-induced aggregation property (Figure 4.13). Without PCR thermal
cycling, the hybridized silica-modified oligo—AuNP conjugate aggregated with 5.5
and 7.5 mM MgCl,, while with PCR thermal cycling, aggregation occurred with 7.5
mM MgCI, but not 5.5 mM. It was found that 15% of the oligonucleotides were
desorbed from the silica-modified oligo—AuNP conjugate under PCR thermal
cycling (Figure 2.26). As a result, the silica-modified oligo—AuNP conjugate may

interact with Tag DNA polymerase, thereby stabilizing against hybridization-induced
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aggregation. In other words, higher concentration of MgCl, is needed to effect

aggregation. Another possible reason is the undesirable primer extension due to

primer dimer formation that reduces the amount of intact Primer 1 for hybridization

with the silica-modified oligo—AuNP conjugate. As unhybridized conjugate is more

stable toward MgClI, than hybridized conjugate (Figure 4.12), the less hybridized

conjugate would require higher concentration of MgCl, to effect aggregation.

4!‘

Figure 4.13. Colorimetric results of the silica-modified oligo—AuNP conjugate

subjected to PCR thermal cycling with 0.2 uM of Primer 1 (complementary) and

various MgCl, concentrations (1.5, 3.5, 5.5, and 7.5 mM). Photograph was taken 20

min after PCR.

To locate the aggregation point more precisely, an increment 0.5 mM was used

between 5.5 and 7.5 mM of MgCl,. The results showed that the minimum MgCl,

concentration required to trigger the aggregation was 6.5 mM MgCl, (Figure 4.14).

Regarding the incubation time to obtain an observable color change, the lower the
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MgCl, concentration, the longer the time needed. The time for the 6.5 mM MgCl,

sample to accomplish color change was 40 min, while for the 7.5 mM MgCl, sample

was 20 min.

Figure 4.14. Colorimetric results of the silica-modified oligo—AuNP conjugate
subjected to PCR thermal cycling with 0.2 uM of Primer 1 (complementary) and
various MgCl, concentrations (5.5, 6, 6.5, 7, and 7.5 mM). Photographs were taken

at 10-min intervals (0—60 min) for a—g.
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4.3.3. Closed-Tube Reaction

After optimizing the detection parameters, a closed-tube reaction was
performed. The negative sample (no target) appeared purple and the positive sample
(10’ copies of the target) appeared red at 40 min post-PCR incubation (Figure 4.15).
The results indicate that the detection scheme is functioning well (Section 4.1.2). In
essence, the primers in the positive sample are extended, hence the amount of intact
Primer 1 remained in the mixture at the end of PCR is no longer sufficient to cause
aggregation of the silica-modified oligo—AuNP conjugate and the solution color
appears red.

It should be noted that the colors of the solutions, both negative and positive
samples, were red right after PCR (Figure 4.15a). This is because the hybridization
of Primer 1 with the silica-modified oligo—AuNP conjugate is not favorable during
PCR. In the denaturation and extension steps, the temperatures are much higher than
the melting temperature of the AuNP-bound capture probe—Primer 1 hybrid. In the
annealing step, the time is too short (5 s) for the hybridization between the
AuNP-bound capture probe and Primer 1 to take place.

Consistent with the result presented earlier (Figure 4.10), the PCR product

intensity for the positive sample with the silica-modified oligo—AuNP conjugate was
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similar to that without the conjugate, demonstrating the excellent PCR compatibility

offered by the silica coating.

(a) "

®)

Figure 4.15. Left: Colorimetric PCR results of the silica-modified oligo—AuNP
conjugate (left column) without and (right column) with target. Photographs were
taken 0—60 min post-PCR at 10-min intervals for a—g. Right: Gel electrophoresis
results showing the PCR amplification efficiency. Lane M: ladder; lanes 1 and 2:
controls without silica-modified oligo—AuNP conjugate; lanes 3 and 4:
silica-modified oligo—AuNP conjugate; odd lanes: no target; even lanes: 10’ copies

of the target.
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4.3.4. Sensitivity Test

A 10-fold dilution series of 10* to 10" copies of the target were used to evaluate
the sensitivity of the detection system. Gel electrophoresis result showed an
observable product band for the silica-modified oligo—AuNP conjugate-containing
sample with 107 copies and for the control (without the conjugate) with 10° copies

(lane 10 and lane 4 in Figure 4.16, respectively).

M1 2 3 4 5 6 7 8 9 10

Figure 4.16. Gel electrophoresis results showing the PCR amplification efficiency in
the presence of the silica-modified oligo—AuNP conjugate. Lane M: ladder; lanes
1-5: control without silica-modified oligo—AuNP conjugate; lanes 6-10:
silica-modified oligo—AuNP conjugate, lanes 1-5 and 6-10: 0, 10*, 10°, 10° and 10’

copies of the target.
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In terms of the colorimetric results, the sample with 10° copies was clearly
distinguishable from the negative sample (Figure 4.17). The sensitivity of the
colorimetric approach is comparable to that of the gel electrophoresis technique. For
the samples containing 10° or less copies of the target, the aggregated solutions
exhibited red shift (from 520 nm to 526 nm) and broadening of the SPR absorption

band (Figure 4.17).
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Figure 4.17. Top: Colorimetric results of the silica-modified oligo—AuNP conjugate
in samples containing (from left to right) 0, 10*, 10°, 10° and 10 copies of the target.

Photograph was taken 40 min post-PCR. Bottom: UV-vis spectra of the samples.
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The absorbance ratio between 520 nm and 650 nm could be used to provide a
semi-quantitative analysis of the colorimetric PCR results. For the samples
containing 10° or less copies of the target, the absorbance ratio of 520 nm/650 nm
was ~2, while for the samples containing 10° or more copies of the target, the
absorbance ratio was ~5 (Figure 4.18). The platform’s sensitivity could be further

enhanced by increasing the number of thermal cycle (e.g. from 25 to 35 cycles).
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Figure 4.18. Plots of absorbance ratio (520 nm/650 nm) versus target copy number
for the silica-modified oligo—AuNP conjugate. Measurements were taken 40 min

after PCR.
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4.3.5. Selectivity Test

The selectivity of the detection system was evaluated by 10’ copies of the target
(¢X174) or non-target (pBR322). As expected, the solution color remained red only
for samples containing the target (Figure 4.19, lane 6: target only; and lane 8:
mixture of target and non-target). Gel electrophoresis result revealed that the

silica-modified oligo—AuNP conjugate would not lead to non-specific amplification.

=Y v ¥
Figure 4.19. Top: Gel electrophoresis results showing the PCR amplification of
different targets in the presence of the silica-modified oligo—AuNP conjugate. Lane
M: ladder; lanes 1-4: controls with silica-modified oligo—AuNP conjugate; lanes
5-8: silica-modified oligo—AuNP conjugate; lanes 1 and 5: no target; lanes 2 and 6:

target, lanes 3 and 7: non-target; lanes 4 and 8: both target and non-target. Bottom:

Colorimetric results of the samples. Photograph was taken 40 min post-PCR.
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4.4. Summary

Closed-tube colorimetric PCR using silica-modified oligo—AuNP conjugate was
successfully demonstrated in this chapter. Silica-modified oligo—AuNP conjugate
prepared with AUNP:MPTMS ratio of 1:10* and 1:10° showed negligible PCR
inhibition effect even at particle concentration as high as 2.5 nM. Taking into
account of the thermal stability, silica-modified oligo—AuNP conjugate prepared
with AUNP:MPTMS ratio of 1:10° was chosen for the closed-tube colorimetric PCR
detection platform. Hybridization-induced aggregation/color change of the
silica-modified oligo—AuNP conjugate was achieved with 1x PCR buffer, 6.5 mM
MgCl,, and 0.2 uM complementary target (also served as primer), which was
compatible with the standard PCR protocol. The sensitivity of the current
unoptimized system was 10° copies, comparable to the gel electrophoresis technique
under the same PCR thermal cycling profile. Besides visual readout, a simple
analysis with absorbance ratio of 520 nm/650 nm was demonstrated. For samples
with 10° copies or more, the ratio was ~5 at 40 min post-PCR, while for samples

with 10° copies or less, the ratio was ~2.
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Chapter 5

Extension of the Reinforcement Concept

The work described in this chapter was done with the aim of investigating the
applicability of the developed silica reinforcement method to other
oligonucleotide—nanoparticle conjugates. The main requirement is a strong affinity
between the nanoparticle and silica precursor molecule. In this chapter, results on
two variants are presented, which include AgNP and (3-aminopropyl)triethoxysilane
(APTES). Background information of oligo—AgNP conjugate is given in Section 5.1.
Experimental details are presented in Section 5.2. Results and discussion of the
silica-modified oligo—AgNP conjugate and APTES-reinforced oligo—AuNP
conjugate are delivered in Section 5.3 and Section 5.4, respectively. A brief summary

is given in Section 5.5.

5.1. Introduction

AgNPs exhibit a characteristic SPR absorption peak within 390 and 420 nm and
the solution appears yellow in color. It was reported that the sensitivity of DNA
detection with oligo—AgNP conjugate could be 50 times higher than that with

oligo—AuNP conjugate [128]. This is because AgNP has higher extinction coefficient
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than AuNP. Nevertheless, a vast majority of the reported colorimetric detection

schemes utilized oligo—AuNP conjugates, with a few examples of using oligo—AgNP

conjugates [128-131]. Analogous to Au-S linkage, monothiol-modified

oligonucleotide can be conjugated to AgNP by Ag-S linkage, but with lower binding

affinity. This means the immobilized oligonucleotides on AgNP are easier to be

displaced by thiol-containing small molecules than on AuNP, which limits their

practical application. Therefore, different approaches were developed to enhance the

stability of oligo—AgNP conjugates.

Mirkin et al. utilized AgNP for DNA detection by the crosslink approach [129].

A gold shell was first deposited onto the AgNP, followed by the chemisorption of

monothiol-modified oligonucleotide through Au-S linkage. Although the

hybridization-induced color change was preserved for the

oligonucleotide-conjugated Ag/Au core—shell nanoparticles, the synthesis of the

core—shell nanoparticles required complicated protocol, which made the approach

less favorable.

Graham et al. synthesized thioctic acid-modified oligonucleotide and the

resulting oligo—AgNP conjugate possessed higher stability against DTT-induced

aggregation [99]. The thioctic acid-modified oligo—AgNP conjugate was stable in 10
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mM DTT for 15 min (defined as the mid-point of the completely aggregated state

based on absorbance at 675 nm), while monothiol-modified oligo—AgNP conjugate

was stable for less than 1 min (Figure 5.1).

0.9 4
0.8 1
0.7 4
§ 0.6 4
g 0.5 y
o 041 / N,
3 e
< 0N J
0-2-\‘\\‘ 7

0.1

300 400 500 600 700 800

Wavelength (nm)

Figure 5.1. UV-vis spectra of thioctic acid-modified oligo—AgNP conjugate

incubated with 10 mM DTT and recorded at 10-min intervals (Adapted from [99]).

Triple cyclic disulfide-modified oligonucleotide was successfully employed to
enhance the stability of oligo—AgNP conjugate [130]. This conjugate was stable in 1
M NaCl (as opposed to monothiol-modified oligo—AgNP conjugate that was stable
up to 0.3 M NaCl) and preserved the hybridization-induced color change property
(Figure 5.2). Nonetheless, the low coupling yield for three consecutive cyclic
disulfide molecules resulted in high synthesis cost and thus limited the widespread

use of this method.
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Figure 5.2. Oligo—AgNP conjugate with triple cyclic disulfide linkage and UV-vis

spectra of hybridization test (Adapted from [130]).

Liu et al. demonstrated a technique of synthesizing oligo—AgNP conjugate by

covalently conjugating oligonucleotide onto silica-coated AgNP [132]. A silica layer

was formed on AgNP surface through the hydrolysis and polycondensation of TEOS.

After that, the silica-coated AgNP was functionalized with aldehyde group by

11-triethoxysilylundecanaldehyde, which could covalently conjugate with

amino-modified oligonucleotide. The synthesized oligo—AgNP conjugate had a Ag

core of ~50 nm in diameter and a silica shell of ~40 nm in thickness. The
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hybridization behavior of the conjugate was illustrated by the absorbance change at
fixed wavelength (436 nm). A sharp increase of extinction value was observed when
the incubation temperature was above the melting temperature of the hybridized
conjugate. UV-vis spectra revealed that the SPR absorption peaks of the hybridized
and heat-denatured conjugates were nearly the same (Figure 5.3). This means that
the oligo—AgNP conjugate prepared by this method does not have color change
property upon target hybridization and the readout is based on precipitation, which

takes a longer time.
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Figure 5.3. (a) Melting curve of the hybridized silica-coated oligo—AgNP conjugate

at 436 nm. (b) UV-vis spectra of the hybridized and heat-denatured conjugates

(Adapted from [132]).
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According to the findings on the stabilities and colorimetric detection property
of the silica-modified oligo—AuNP conjugate, the silica reinforcement method
should improve the stability of the monothiol-modified oligo—AgNP conjugate
toward DTT and preserve the characteristic hybridization-induced aggregation/color
change property.

Other than changing the core material, the silica precursor molecule can be
replaced by other molecules having affinity toward the core material. Therefore, the
replacement of MPTMS by APTES was investigated. APTES has similar structure
with APTMS, which was utilized for creating a silica monolayer on AuNP surface

through the Au—N linkage [101].

5.2. Materials and Methods
5.2.1. Materials and Instrumentation

The materials, instruments, and procedures for the synthesis of AUNPs,

oligo—AuNP conjugate, and silica-modified oligo—AuNP conjugate were as

described in Section 2.2. APTES and H,O, were purchased from Sigma-Aldrich.

AgNPs of diameter 30 nm (PELCO® BioPure™ citrate-capped silver colloids) were

purchased from Ted Pella (Redding, CA, USA).

151



Equipment for the chemical stability and reversible hybridization analyses were
mentioned in Section 2.2. UV lamp (EN-280L/FE) with emission wavelength of 365

nm was purchased from Spectronics (Westbury, NY, USA).

5.2.2. Preparation of  Oligonucleotide-Silver Nanoparticle
Conjugates

The preparation of oligo—AgNP conjugate was based on the protocol described
by Graham and co-workers with minor modifications [128]. Oligonucleotide
(5'-HS-(CH,)s-(OCH,CH,)s-GCAATAAACTCAACAGGAGCAG-3') was activated
and purified using the same procedures described in Section 2.2.3. Then, the purified
oligonucleotide (12.5 uM) was mixed with AgNPs (6.25 nM) and incubated for 16 h.
After that, the mixture was progressively brought to 2, 4, 8, 16, 32, 64, 100, 150 and
300 mM of NaCl by adding NaCl/sodium phosphate (0.33 M/11.11 mM, pH 7.4) at
1-h interval. The final mixture was incubated for 24 h. Next, the solution was
centrifuged at 13,200 rpm for 30 min to remove excess capture probe. The supernatant
was discarded and the yellow oily precipitate (i.e., oligp—AgNP conjugate) was
redispersed in sodium phosphate (10 mM, pH 7.4). The solution was centrifuged again

and redispersed in water. UV-vis spectrum of the as-prepared oligonucleotide—AgNP
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conjugate was measured and the particle concentration was determined by the
following equation:
Coligo-AgNP = Cagnp X (Aspr oligo-AgNP/AsPr,AgNP) [Eq. (5.1)]

where cagne and the corresponding Aspr agne Were available from the manufacturer.

5.2.3. Preparation of Silica-Modified Oligonucleotide—Nanoparticle
Conjugates

The oligo—AgNP conjugate (0.25 nM) was mixed with MPTMS (0.1 mM) and

the oligo—AuNP conjugate (1 nM) was mixed with APTES (0.1 mM). The mixtures

were shaken at 1,400 rpm for 24 h, and then supplied with sodium phosphate (10 mM,

pH 7.4). After that, they were centrifuged and redispersed again as above. UV-vis

spectra of the as-prepared silica-modified oligo—AgNP and oligo—AuNP conjugates

were measured and their particle concentrations were determined by the following

equations:
Cmodified oligo—AgNP = CAgNP X (ASPR,modified oligo—AgNP/ASPR,AgNP) [Eq (5'2)]
Cmodified oligo—-AuNP = Caunp X (ASPR,modified oligo—AuNP/ASPR,AuNP) [Eq (53)]
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5.2.4. Chemical Stability Test

Stability tests using DTT and NaCN were investigated using the protocols
described in Section 2.2.6. The concentrations of the oligo—AgNP and
silica-modified oligo—AgNP conjugates used in DTT and NaCN tests were 0.1 nM.
The concentration of the APTES-modified oligo—AuNP conjugate used in DTT test

was 2.5 nM.

5.2.5. Reversible Hybridization Test

Silica-modified oligo—AgNP conjugate (0.1 nM) and complementary target
(5'-CTGCTCC TGTTGAGTTTATTGC-3', 0.5 uM) were added together with DTT
(10 uM), 1xPBS, and NaCl (0.5 M). Hybridization was allowed to proceed for 10
min. Finally, the solution was heated at 94 °C for 1 min. UV-vis spectra and
colorimetric results were recorded before and after hybridization, as well as after

heat denaturation.

5.2.6. Photostability Test
Silica-modified oligo—AgNP conjugate (0.1 nM) and H,O, (1 mM) was

illuminated under UV light (365 nm, 1.533 mW/cm?) in a glass vial. UV-vis spectra
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and colorimetric results were recorded at different time intervals.

5.3. Change of Core Material

This section starts with examining the chemical stabilities of oligo—AgNP and
silica-modified oligo—AgNP, follows by investigating the reversible hybridization
property of the silica-modified conjugate. Finally, the photo-oxidation effects of

these AuNP derivatives are evaluated.

5.3.1. Chemical Stability

The oligo—AgNP conjugate (diameter of 30 nm) displayed an SPR absorption
peak at 410 nm and appears yellow (Figure 5.4). When 10 mM DTT was added,
particle aggregation took place within minutes. The absorbance at 410 nm decreased
dramatically while that at longer wavelengths (> 500 nm) increased and a new
absorption peak at ~700 nm appeared. For the silica-modified oligo—AgNP conjugate,
the displacement reaction was much slower. The SPR absorption peak intensity was
decreased by 20% after 30-min incubation whereas by 77% for the unmodified
conjugate (Figure 5.5). Plots of the SPR absorption peak intensity versus incubation

time illustrate the significant improvement in stability toward DTT displacement
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offered by the silica coating (Figure 5.6). In fact, the stability of the silica-modified
oligo—AgNP conjugate is better than that of the conjugate prepared with bidentate
linkage [99]. Nonetheless, the stability of the silica-modified oligo—AgNP conjugate
is considerably lower than the silica-modified oligo—AuNP conjugate as the lower
binding affinity of the Ag-S linkage would possibly result in a less compact silica

layer.
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Figure 5.4. UV-vis spectra of the oligo—AgNP conjugate incubated in 10 mM DTT.

Insets are photographs showing the colors of the samples at different times.
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Figure 5.5. UV-vis spectra of the silica-modified oligo—AgNP conjugate incubated

in 10 mM DTT. Insets are photographs showing the colors of the samples at different

times.
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Figure 5.6. Plots of absorbance at 410 nm versus time of oligo—AuNP and

silica-modified oligo—AuNP in 10 mM DTT.
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Stability test for AgNP dissolution by NaCN was carried out for the
silica-modified oligo—AgNP conjugate. The unmodified oligo—AgNP conjugate
underwent rapid oxidative dissolution in the cyanide solution (2 mM). The amplitude
of the SPR absorption peak diminished quickly, and the solution color changed from
yellow to colorless within 2 min (Figure 5.7). For the silica-modified oligo—AgNP
conjugate, the amplitude of the SPR absorption peak reduced to 50% after 3-h

incubation in 2 mM NaCN (Figure 5.8).
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Figure 5.7. UV-vis spectra of the oligo—AgNP conjugate incubated in 2 mM NaCN.

Insets are photographs showing the colors of the samples at different times.
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Figure 5.8. UV-vis spectra of the silica-modified oligo—AgNP conjugate incubated
in 2 mM NaCN. Insets are photographs showing the colors of the samples at

different times.

Plots of absorbance at the SPR absorption peak (410 nm) versus incubation
time illustrate the significant enhancement in the stability of the oligo—AgNP
conjugate against oxidative dissolution by NaCN offered by the silica reinforcement
coating (Figure 5.9). This is again attributed to the fact that the silica layer acts as a
physical barrier for the diffusion of CN™ reactant and Ag(CN), product. However, it
should be noted that the stability of the silica-modified oligo—AgNP conjugate was
lower than that of the silica-modified oligo—AuNP conjugate due to the formation of

a less compact silica layer on AgNP surface.
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Figure 5.9. Plots of absorbance at 410 nm versus time of the oligo—AuNP and

silica-modified oligo—AuNP conjugates in 2 mM NaCN.

5.3.2. Reversible Hybridization Property

The hybridization-induced color change property of the silica-modified
oligo—AgNP conjugate was examined by using Maeda’s non-crosslink approach
(detailed mechanism was described in Section 1.2.2.1) [39]. For the unmodified
oligo—AgNP conjugate, the SPR absorption peak was at 410 nm and the solution
appeared yellow. Upon the hybridization of the complementary target in the presence
of DTT (10 uM), 1xPBS, and NaCl (0.5 M), the SPR absorption peak shifted to
~500 nm and the color changed to pale yellowish orange. However, the solution

color did not change back to yellow after heat denaturation (Figure 5.10), implying
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that the earlier color change might not be contributed by hybridization-induced
aggregation, but DTT-induced irreversible aggregation.

For the silica-modified oligo—AgNP conjugate, heat denaturation caused a blue
shift of the SPR absorption peak and the solution color returned to yellow (Figure
5.11). One noteworthy point is that a low DTT concentration (10 uM) was used
because the silica-modified oligo—AgNP conjugate would otherwise undergo

irreversible aggregation under heating at 94 °C in the denaturation step.
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Figure 5.10. UV-vis spectra of the oligo—AgNP conjugate (1) before hybridization,
(2) after hybridization, and (3) after denaturation. The hybridization buffer contained
DTT (10 uM), 1xPBS, and NaCl (0.5 M). Insets are photographs of the samples (1),

(2), and (3).
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Figure 5.11. UV-vis spectra of the silica-modified oligo—AgNP conjugate (1) before
hybridization, (2) after hybridization, and (3) after denaturation. The hybridization
buffer contained DTT (10 uM), 1xPBS, and NaCl (0.5 M). Insets are photographs of

the samples (1), (2), and (3).

5.3.3. Photostability

AgNPs is susceptible to oxidation in the presence of oxidative substances.
When silver oxide (Ag.0) is formed on the AgNP surface, the SPR absorption band
is red-shifted, broadened, and diminished [133]. Hydroxyl radical from UV
photolysis of H,O, was chosen to assess whether the silica reinforcement method
could enhance the photostability of AgNPs.

The SPR absorption band of the unmodified oligo—AgNP conjugate greatly
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diminished under UV in the presence of H,O,, with SPR absorption peak dropped to
10% of the original value after 20 min (Figure 5.12). The silica-modified
oligo—AgNP conjugate was much more resistant to free radical oxidation (Figure
5.13). It took more than 3 h for the SPR absorption peak to reach 50% of the original
value. This suggests that the silica layer could retard the diffusion of hydroxyl

radical to the AgNP surface, resulting in enhanced oxidation resistance.
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Figure 5.12. UV-vis spectra of the oligp—AgNP conjugate incubated with H,0,
under UV. Insets are photographs showing the colors of the samples at different

times.
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Figure 5.13. UV-vis spectra of the silica-modified oligo—AgNP conjugate incubated
with H,O, under UV. Insets are photographs showing the colors of the samples at

different times.

5.4. Change of Reinforcement Material

The silica precursor molecule for the synthesis of the silica-modified
oligo—AuNP conjugate was changed from MPTMS to APTES in order to investigate
whether other silica precursor molecules could be used. APTES is a silane agent
containing an amino group which binds to AuNP surface by Au—N linkage.

In 10 mM DTT, the unmodified oligo—AuNP conjugate aggregated and the
solution color changed from red to purple in several minutes (Figure 5.14). The SPR

absorption peak decreased slightly and a new peak appeared at ~650 nm. After
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modifying the conjugate with APTES, aggregation process was slightly retarded
(Figure 5.15). Shifting of absorption peak, appearance of new absorption peak at
~650 nm, as well as red-to-purple color change were similar to the unmodified
conjugate. Plots of absorbance ratio between 520 and 650 nm illustrate the minor
improvement in stability against DT T-induced aggregation for a very short period of

time (less than 10 min, Figure 5.16).
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Figure 5.14. UV-vis spectra of the oligo—AuNP conjugate incubated in 10 mM DTT.

Insets are photographs showing the colors of the samples at different times.

165



=
N
]

—0 min
—5min
—10 min

Absorbance

© o o

SN » [oe) -
|

o
()

0 0 mip 20 min

400 450 500 550 600 650 700
Wavelength (nm)
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oligo—AuNP and APTES-modified oligo—AuNP conjugates incubated in 10 mM
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The results could be explained by two reasons. First, the affinity of amino group
toward gold is lower than that of thiol group, so the number of APTES molecules
being conjugated to the AuNP surface during the reinforcement process is smaller.
This in turns makes the formed silica layer too loose to properly entrap the
AuUNP-bound oligonucleotides. Another reason is the slower hydrolysis rate of
ethoxysilane than methoxysilane [134], which affects their polycondensation to form
a crosslinked compact silica network. Therefore, the chemical nature of the silica
precursor molecule would have a very significant influence on the conjugate’s

stability.

5.5. Summary

The silica reinforcement method was successfully applied to enhance the
chemical stability of the oligp—AgNP conjugate. The unmodified oligo—AgNP
conjugate was not stable in DTT, NaCN, and H,O,/UV. When coated with a silica
layer using MPTMS, the conjugate’s stability was significantly enhanced. In terms of
the time for a certain degree of change in the SPR absorption peak, the
silica-modified oligo—AgNP conjugate was 6, 1440, and 18 times more stable than

the unmodified oligo—AgNP conjugate in DTT, NaCN, and H,0,/UV, respectively.
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Moreover, the silica-modified oligo-AgNP conjugate exhibited reversible

hybridization-induced aggregation and color change property even in the presence of

DTT. Apart from changing the core material, the original MPTMS silica precursor

molecule was changed to APTES. DTT-induced aggregation results showed that the

APTES-modified oligo—AuNP conjugate had only slightly higher stability than the

unmodified oligo—AuNP conjugate, but had much lower stability than the

MPTMS-modified oligo—AuNP conjugate.
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Chapter 6

Conclusions and Recommendations for Future Work

This chapter summarizes the key findings in this study and suggests potential

directions for further investigation.

6.1. Key Findings and Conclusions

Sensitive AuNP-based colorimetric detection of nucleic acid has received
considerable attention for point-of-care and on-site testing applications. Previous
efforts required the enzymatic amplification step separated from the colorimetric
detection step due to the instability of the AuNP probes under the amplification
reaction conditions as well as the inhibition of the enzymatic amplification reaction
resulting from the non-specific adsorption of enzyme onto the AuNP surface. The
carryover contamination associated with the open-tube format has become a major
concern for the practical application of these methods. This also reflected by limited
choice of AuNP-based detection platforms in the market. Those available systems
are fully automated and integrated in order to minimize contamination. Nevertheless,
the difficulty in customizing recognition target reduces attractiveness toward users.

Therefore, this thesis endeavors to develop a new AuNP probe that allows enzymatic
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amplification reaction and colorimetric detection to be performed in a closed-tube
format, thereby achieving a sensitive and carryover contamination-free nucleic acid
detection with visual readout.

A silica reinforcement method was successfully developed for enhancing the
chemical and thermal stabilities, as well as enzymatic amplification reaction
compatibility of oligo—AuNP conjugate. The method was simple-to-perform by
treating the conventional monothiol-modified oligo—AuNP conjugate with MPTMS.
A thin silica layer was formed on the AuNP surface, thereby entrapping and
reinforcing the Au—S linkage of the chemisorbed oligonucleotides. With an optimum
AuNP:MPTMS ratio of 1:10°, the silica-modified oligo—AuNP conjugate excellent
stability against irreversible aggregation by DTT (stable in 10 mM DTT for at least
24 h; the most stable conjugate reported so far was based on triple Au-S linkages
and was stable for 8 h) and oxidative dissolution by NaCN (remained red in 2 mM
NaCN after 24-h incubation). In fact, the silica layer served as an effective physical
barrier to retard the diffusion of DTT and NaCN to the AuNP surface. Moreover, the
silica layer preserved the hybridization-induced color change property of the
oligo—AuNP conjugate.

Taking advantage of the excellent stability of the silica-modified oligo—AuNP
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conjugate in DTT, a closed-tube colorimetric DNA scheme with isothermal nicking
endonuclease-assisted amplification was achieved. Importantly, the presence of the
silica-modified oligo—AuNP conjugate in the amplification reaction mixture did not
affect the enzymatic reaction. This isothermal platform had a detection limit of 100
nM.

Another highly sensitive closed-tube colorimetric DNA detection platform was
developed by using PCR amplification. Two important issues were addressed
including thermal stability and PCR inhibition. Compared with bare AuNPs and
unmodified oligo—AuNPs that caused complete PCR inhibition at a concentration of
0.25 nM, the silica-modified oligo—AuNP conjugate had no inhibition at a
concentration of 2.5 nM, which enabled clear visual readout. This colorimetric PCR
scheme had a detection limit of 10° copies (i.e., ~100 fM).

Last but not least, this silica reinforcement method was applicable to other
oligonucleotide—nanoparticle conjugates such as oligo—AgNP conjugate. The
silica-modified oligo—AgNP conjugate also exhibited significantly enhanced
chemical stability (DTT and NaCN) as compared to the unmodified oligo—AgNP
conjugate. Analogous to the silica-modified oligo—AuNP conjugate, the

silica-modified oligo—AgNP conjugate demonstrated hybridization-induced color
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change property even in the presence of DTT.

To conclude, closed-tube colorimetric and sensitive nucleic acid detection was
accomplished by performing enzymatic amplification reactions in the presence of the
silica-modified oligo—AuNP conjugate. With the silica reinforcement method
developed in this thesis, the conventional monothiol-modified oligo—AuNP
conjugate was made much more chemically and thermally stable than the
unmodified conjugate, yet preserving the hybridization-induced color change
property. Moreover, the silica coating was successfully applied to the oligo—AgNP
conjugate. Importantly, the reinforcement technique is potentially a general strategy

for enhancing the stability of biomolecule/polymer—nanoparticle conjugates.

6.2. Recommendations for Future Work

Based on the new silica reinforcement method developed in this study, several
immediate and long-term further investigations can be carried out. First, despite the
significantly enhanced thermal stability of the silica-modified oligo—AuNP conjugate
as compared to the unmodified one, zero oligonucleotide desorption at high
temperature (e.g., denaturation step in PCR) is a challenging task. Toward this goal,

new silica precursor molecules or crosslinked polymer networks have to be studied
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systematically.

Second, the sensitivity of the current closed-tube colorimetric platform with

isothermal amplification by nicking endonuclease is quite low. To achieve lower

detection limit (picomolar concentrations as in other open-tube platforms with

oligo—AuNP conjugates), three important aspects have to be considered including the

use of crosslink approach (instead of the non-crosslink approach), optimization of

the beacon design, as well as the use of exponential amplification strategy.

Third, the colorimetric PCR experiments performed in this study involved pure

DNA template. Aiming at point-of-care and on-site testing, efforts have to be made

in evaluating the performance of the platform for raw sample analysis. Besides, it is

highly desirable to further improve the detection limit as PCR can ideally amplify a

single copy of target. This can be achieved by optimizing the PCR protocol and

silica-modified oligo—AuNP conjugate.

Fourth, the silica reinforcement method is potentially broadly applicable to

other biomolecule/polymer—nanoparticle conjugates. In theory, all three key

components (i.e., nanoparticle, immobilized molecule, and reinforcement layer) can

be varied. Different nanoparticles (e.g., AuNP, AgNP, quantum dot, and magnetic

nanoparticle), immobilized molecules (e.g., oligonucleotide, aptamer, peptide, and
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polymer), and reinforcement layer (e.qg., silica and crosslinked polymer) can be used,
provided that strong linkages are established between the nanoparticle and
immobilized molecule as well as between the nanoparticle and reinforcement layer,
and a compact crosslinked reinforcement network is formed. The highly stable
biomolecule/polymer—nanoparticle conjugates thus formed would enable novel

diagnostic and therapeutic applications.
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