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Abstract

Through the integration of metallic nanoparticles with various nucleic acid amplification
systems and other bioanalytical techniques we focused on interfacing biology, chemistry,
nanotechnology, and materials sciences to address both fundamental and application-driven
challenges in the multidisciplinary research space. These exciting frontiers offer unparalleled
opportunities for designing groundbreaking advances in medical diagnostics, optically
responsive materials, and complex self-assemblies. Using nucleic acids as the backbone for our
research allows the exploitation of their well-defined and highly programmable structure to
achieve organization with nanoscale precision. By manipulating these biopolymers, we are
looking for a deeper understanding of the relationship between structure and function and new
avenues to use these processes for the controllable self-assembly of biological components and
other nanomaterials. The combination of these research interests has led to exciting themes
which encompass the broad nature of our research and promote multifaceted expansion and

many opportunities for future interdisciplinary projects.

Capitalizing on the unique properties of colloidal gold nanoparticles, we have developed
creative solutions which employ these to improve existing nucleic acid amplifications. Beginning
with the simple involvement of the particles as directing and concentrating agents to bring the
reaction components of isothermal nucleic acid amplification together to increase their
dynamical interactions, we dramatically improved the specificity and sensitivity of this assay.
Looking deeper into the properties of the particles, we demonstrated that the photothermal
capabilities were tunable and could be optimized to provide an alternative way to heat reaction
mixtures rapidly, accurately, and without compromising the integrity of the reactions. Finally, by

relying on the plasmonic response particles incur when they are brought within close proximity

Xii



to each other, we developed an actuator which uses this plasmonic response as the reporter for
the structural change that results from different environmental conditions. Our studies, which
have direct applications, deepen our fundamental understanding of the optical properties of
various metallic particles and address current opportunities to ultimately improve bioanalytical

techniques.
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Chapter 1 - Introduction

The desire to monitor the world at the molecular level has driven the development of
countless methods of analysis, signal amplification, and creative research protocols. X-ray
crystallography, NMR, and PCR, among many others have been created to help researchers
visualize and understand the relationship between structure and function of a variety of materials.
One of the most influential of the resulting discoveries was the formalization of the double helix
structure of DNA'. This unlocked a deeper understanding of the biological world and was the
foundation for our conception of molecular biology. During the recent three decades, DNA has
found its function as the building material for the construction of nanostructures in the field of
structural DNA nanotechnology, especially on the higher-order structural features of DNA such
as knots, nanoparticle assemblies, and protein-nucleic acid scaffoldings. It is from this basis set
of knowledge that the nucleic acid amplification methods were designed and the field of DNA
nanotechnology grew, as they rely on the precise hybridization and, in the case of the plasmonic
actuator, the 3-D conformation to achieve the predicted results. The combination of the structural
understanding of DNA and the methods related to nucleic acid amplification with the field of

metallic nanoparticles represents the focus of my graduate research

1.1 Nucleic Acid Amplifications

The field of nucleic acid amplifications (NAAS) needs little introduction, as it has continually
proven to be the standard for detection and analysis across many research disciplines and offers
tremendous power for studying molecular interactions in real time. Briefly, however, nucleic acid
amplification techniques are basic tools in molecular biology with widespread applications in biology

and medical research?. Beginning with the discovery of the polymerase chain reaction in 1987, they



have featured unprecedented sensitivity. These amplification techniques generally employ repeated
enzymatic reactions to make numerous copies of a sequence initially present at a low concentration®.
The most widely used NAA technique is the Polymerase Chain Reaction (PCR), which uses a
thermophilic polymerase to make multiple copies of a target sequence through repeated steps of
annealing, polymerizing, and denaturing. This yields exponential amplification and represents the
benchmark for all NAAs. However, this method, though powerful, is not without limitations,
specifically relating to the long assay duration and expensive instrumentation*>. Some isothermal
NAA methods with higher flexibility for bio-diagnostics using strategies distinct from PCR have been
developed®. These methods can reach specificity and sensitivity equivalent to PCR and have no need
for the thermal-cycling protocol. Thus, they simplify some special requirements allowing for a wider
range of applications, such as point-of-care diagnosis’, in situ detection®, on-chip detection,’ and
naked-eye detection'®. Also, some of the isothermal methods are more adaptable to specific
biomolecular targets for which PCR would have to use very sophisticated protocols. For example,
short-length micro-RNA sequences could be directly amplified and detected by the isothermal
exponential amplification reaction (EXPAR) method™, obviating the reverse transcription step
required by PCR. The isothermal NAA methods show attractive potentials and act as the perfect
complement to the PCR technique; however, they suffer the problems common in enzymatic
reactions,'? such as being sensitive to contaminations and intolerance to the inhibitory components
from crude samples, which limit their reliability in clinical applications. In particular, the knowledge
of these isothermal NAA methods, especially in regards to specificity, is still not as comprehensive as
that of PCR, which further impedes their applications for diagnostic clinical practices. Therefore it is
important to continue to deepen our understanding in both classes of these NAAs to strengthen our

arsenal of tools for biological, chemical, and medical analysis.



1.2 Metallic Nanoparticles

Beginning with the Lycurgus Cup from the 4™ century, we can trace the history of metallic
and colloidal nanoparticles as they evolved from purely decorative and artistic materials to a
mainstay in academic and medical research™**. This bridge to understanding these materials on
a chemical and physical level was first reported by Richard Adolf Zsigmondy which began the
process of deriving the differences in the bulk properties of these materials and their behaviors as

colloidal nanoparticles.

Gold nanoparticles (AuNPs) have several unique physical properties which make them
attractive for a variety of applications. Furthermore, the particles have additional properties when
in the colloidal solutions or arrays versus as individual particles. Particularly interesting about
the gold nanoparticles we have used through this research is that different shapes, such as
spheres, rods, or bipyramids, can express the different properties to various extents. It should be
noted that throughout this work | will be referring to various shapes of these nanoparticles such
as spheres, rods, and bipyramids, and that the general term nanoparticle will most often refer to
nanospheres, unless otherwise specified. In recent years, researchers have enthusiastically
applied AuNPs of many shapes and their remarkable properties to achieve drastic far-reaching
results™®?°. Many interesting phenomena, such as surface-plasmon coupling, exciton coupling,
and magnetic coupling, originate from the directed assembly of these particles to promote these
specific interactions®® 2. Unfortunately, the synthesis of discrete nanoparticle self-assemblies has
challenged the nanotechnology field for decades and has limited the study of nanoparticle
interactions and the advance of nanomachinery. The use of various partial polymer encapsulation

techniques has opened the door to eccentrically labeling particles for these purposes®. With this



framework, which will be discussed in more depth in chapter 4, we have applied our own method

to specifically label gold nanospheres and nanorods to begin probing some of these properties.

1.3 Scope of Thesis

My graduate studies have focused mainly on the application of gold nanoparticles to
bioanalytical techniques to provide alternative strategies for improved signal detection
amplification and to eliminate current limitations found in traditional lab protocols. Using gold
nanospheres, nanorods, and nanobipyramids, we have shown several advances in isothermal and
thermocycling protocols. The varying shape of these metallic nanoparticles allowed us to exploit
both their physical properties and optical properties to achieve our research goals, as will be

discussed in the following chapters.

Chapter 2 presents the use simple gold-nanoparticles to improve the sensitivity and
specificity of an isothermal nucleic acid amplification protocol. This addition showed drastic
improvement in the detection of telomerase, especially when using crude cell lysates. We further
investigated the mechanism by which these processes occurred and the overall dynamic

arrangement of the reaction components.

Chapter 3 describes our application of the photothermal properties of gold
nanobipyramids to the polymerase chain reaction as an alternative heating source. This method
was able to achieve rapid and real-time analysis and showed great flexibility in accommodating

other techniques relevant to biology and chemistry.

In Chapter 4, gold nanoparticles, which were labeled with short oligonucleotides, are
employed to detect macroscopic environmental changes, such as pH, through their coupled

plasmonic response. This responsive action was programmed using non-canonical DNA

4



hybridizations, the formations of which are dependent on the stimuli. Furthermore, this study
probed the varying levels of plasmonic coupling as a direct comparison of different nanoparticle

dimers was achieved.

The thesis concludes with Chapter 5, which will discuss these results and the fields of
nucleic acid amplification and metallic nanoparticles in a broader context. Future research

directions and my hopes for this science are also humbly provided.
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Chapter 2 — Enhancing effect of gold-nanoparticles

2.1 Introduction

The isothermal nicking enzyme-mediated strand displacement amplification (NE-SDA) uses a
restriction enzyme to nick at a specific site and a polymerase to initiate a new cycle of replication from
the 3-OH end of the nick, which can exponentially amplify the target sequence at a fixed
temperature™>. Recently, a real-time in vitro detection method of telomerase activity, exponential
isothermal amplification of telomere repeat (EXPIATR),® was developed based upon a programmed
path of NE-SDA reactions (Figure 2.1). Although EXPIATR and some other NAA methods for
telomerase detection, like the PCR-based telomeric repeat amplification protocol (TRAP), can reach
the excellent sensitivity of a single cancer cell, their reliability in clinical diagnosis is still questioned”
3 One potential problem is the risk of generating false-negative results due to the presence of
inhibitors of the amplification reactions in the analysis of total protein cell extracts**. As telomerase
activity appears early in pathogenesis of many cancers, telomerase is especially important for the early
detection of cancer™. The newly developed methods prefer using some minimally-invasive or non-
invasive samples, like biopsy specimens and body-fluid samples for early detections, which could
require the assay to be applied to samples with a minute amount of cancer cells in a background of
hundreds or even thousands of normal cells’®". This reveals more challenges for telomerase
detection; besides the high sensitivity, a good specificity is required to minimize the influences from
the background. The TRAP assay, which has been evaluated in clinical studies, attempted to
overcome the false-negative problem by removing the inhibitors from samples prior to the
amplification process via phenol/chloroform extraction,™® biotin affinity labeling and extraction,'® or

by using an “internal standard” DNA strand as a reference to monitor the efficiency of the specific



amplification®®. However, these methods complicate the simplicity of the assay and increase the risk

of introducing carry-over contaminations.
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Some pioneering work has been done using gold nanoparticles (AuNPs) to improve the PCR
performance in different error-prone systems*°. For example, it was found that AuNPs could
enhance the specificity of the allele-specific PCR for single nucleotide polymorphism (SNP)
genotyping and haplotyping®. Primer-modified AuNPs have also been used to perform the TRAP
assay and observed that such a modification could significantly improve the selectivity and sensitivity
of telomerase activity detection on complex samples®. In this chapter we report the effect of AUNPs on
improving the specificity of isothermal NE-SDA reactions and resolving the issues of the EXPIATR
assay when performed on complex, protein-rich samples. In addition, this chapter will provide more
evidences to validate the role of AuNPs in enhancing the reactions of nucleic acids, as according to
our knowledge, the AuNP effect has not previously been studied in an isothermal amplification

system.

The isothermal NE-SDA reactions under different situations of low-specificity, either caused by
the external interference of cell lysates or caused by the polymerase, were investigated through the
addition of AuNPs. The power of AuNPs in enhancing and reforming the NE-SDA reactions has been
well demonstrated; furthermore, it was revealed that the addition of AuNPs could also inhibit the non-
specific reactions, especially for the restriction-endonuclease-DNA-polymerase (RE-pol) DNA
synthesis. As a ubiquitous non-specific reaction for NE-SDAs, the RE-pol DNA synthesis is the
DNA-independent synthesis which produces new DNA strands from dNTPs using only enzymes
without any templating or priming DNA strands. This kind of non-specific reaction has not been well
understood and lacks efficient suppressing methods, resulting in a major impediment to the practical
applications of the NE-SDA methods®. A report found that the single-stranded DNA binding protein
T4 bacteriophage gene 32 (T4gp32) could inhibit the RE-pol DNA synthesis;*’ our observation

suggests that AuNPs might also be inhibitors to this poorly understood non-specific reaction. Also,
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thanks to the sensitive response of the surface plasmon of AuNPs to the environment, the interaction
between AuNPs and the reaction components was monitored by UV-Vis spectroscopy, which aided in
further understanding the way AuNPs influence the amplification reactions and in tuning the
concentration of AuNPs. Taking advantage of such AuNP effects, the EXPIATR assay could
overcome the inhibitory effect induced by concentrated cellular proteins and, as a result, maintain its
sensitivity on complex, protein-rich samples. For example, for complex samples of various cancer
cells in the presence of 100-fold foreign normal cells, the detection sensitivity achieved by the AuNP-
based assay was significantly improved, an increase by as much as five-fold, as compared with the
traditional assay. Moreover, besides making the EXPIATR assay applicable for complex clinical
samples, this study shows broad significance in understanding the essential role of AuNPs in
enhancing the isothermal nucleic acid amplifications and promoting their clinical applications (the

contents of this chapter are adapted from a published paper®).

2.2 Results and discussion

2.2.1 Capabilities of original EXPIATR assay with complex samples

The EXPIATR assay developed by our group is a sensitive assay for telomerase, and has
been verified with tests on pure cancer cells from established cell lines (Figure 2.2)°. However,
more challenges will be faced before advancing to further clinical practice, as clinical samples
are more complex. The TRAP assay has encountered the problems of the complex matrix of
clinical samples which include inhibitors of the amplification reactions and yield false-negative
results'®. The telomerase activity of a given sample was quantified based on a relative standard
curve method referenced from the TRAP assay”®. Generally, telomerase activity is expressed
relative to a standard sample by this method. In our assay, the HelLa cancer cell (which shows
medium to high telomerase activity) was chosen as a standard.
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Figure 2.2 Detection of telomerase activities in human HelLa cancer cells and in human
LAI-55 neuroblastoma cells by the EXPIATR assay (a) The assay tested on HelLa cell
extracts and (b) the assay tested on LAI-55n cell extracts included: the amplification curves of
TPCS8 positive control (1 x 10™ M) (1), 200 cells, 40 cells, 10 cells and 1 cell equivalent extracts
(2-5), negative control in absence of cell extracts (6), and heat-inactivated extracts (1000 cells
equivalence) (7); (c) Standard curves of the assay for HelLa cell extracts (1) and the assay for
LAI-55n cell extracts; (d) The RTAs of HeLa cells and LAI-55n cells. Error bars indicate
standard error of triplicate tests. The equation is: RTA = 10a RTA: the relative telomerase
activity; Y-int: the Y-intercept of the standard curve of the standard assay based on HeLa cancer
cell; Slope: the slope of the standard curve of the standard assay based on HeLa cancer cell; POI-
sample: the POI value of the amplification curve of an unknown sample; POIIR-standard: the
POI value of the amplification curve of TPC8 positive control in the standard assay; POIIR
sample: the POI value of the amplification curve of TPC8 positive control in the assay of
unknown sample.

The telomerase activity of an unknown sample was evaluated by comparison with the
standard curve of the HeLa cell line and expressed by the number of HelLa cancer cells that can

generate the same level of signal as the unknown sample. In addition, each test was normalized
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by the positive control (10** M TPC8) performed in the same experiment. Different cell lines,
cervical cancer (HeLa), breast cancer (MDA-MB-231 and HCC-38), bladder cancer (UM-UC-3),
neuroblastoma (LAI-55n), and lung fibroblast normal cells (MRC-5) were tested and their
telomerase activities were quantified. MRC-5 was found telomerase-negative; HeLa, MDA-MB-
231, HCC-38 and UM-UC-3 displayed moderate to high telomerase activities, which is in
accordance with the results of other telomerase detection methods’. The neuroblastoma cell line
LAI-55n showed a relatively low RTA, i.e. the extract from 200 LAI-55n cells exhibited
telomerase activity equivalent to the extract from ~ 8 HeLa cancer cells (Figure 2.2d). Although
LAI-55n showed much lower telomerase activity than HelLa, the standard curves for both HelLa
and LAI-55n are linear over the tested cell number range (from 200 to 1 cell), suggesting that

EXPIATR is a specific and sensitive method for telomerase detection.

To further characterize the capability of the EXPIATR assay, it was tested on complex samples
which were enriched with cell lysates of normal cells (Figure 2.3). For the complex samples
containing a certain amount of cancer cell extracts (from HeLa cell line) and the extracts of 1000
foreign cells (from MRC-5 cell line), the real-time amplification curves showed obvious differences
from that of the corresponding pure samples containing the same amount of cancer cell extracts
(Figure 2.3a). When the interferants in the complex samples were further increased to a total protein
extract from 4000 foreign cells, the detections of telomerase activity in such complex, protein-rich
samples were significantly inhibited (Figure 2.3b). The transformation of the real-time results into the
quantitative relative-telomerase-activity (RTA) values revealed that only 20% of the telomerase
activity of the pure HeLa cancer cell extracts was detectable for the complex samples containing 1000
normal cells (Figure 2.3c) and less than 5% of the telomerase activity of cancer cells could be

expressed in the complex samples containing 4000 normal cells. All of these results indicate that the
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sensitivity of the EXPIATR assay was greatly affected by the presence of foreign cell lysates in a
given sample; the more foreign cell lysates included, the more inhibited the assay would be, in
comparison with the assay performed on pure cancer cells. A similar effect was observed with the
TRAP assay in which the addition of 5000 normal cells would almost completely inhibit the

amplification of the elongated telomerase products”.
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Figure 2.3 Real-time EXPIATR assay performed on the extracts of HelLa cancer cells Pure
(solid) and in the presence of a high concentration of foreign normal cell lysates (dashed): 200
cancer cells (black), 40 cancer cells (red), 10 cancer cells (blue), in the presence of extracts of
1000 normal cells (a) and in the presence of extracts of 4000 normal cells (b), and the non-
template controls were also present (solid grey) (duplicate measurements of each concentration);
the real-time results are transformed to quantitative RTA values and summarized (c). Error bars
indicate standard error of triplicate tests.

2.2.2 The enhancing-effect of AUNPs on the DNA strand displacement amplifications
As telomerase detection is carried out on cellular protein extracts, any purification strategy to

diminish the inhibitory effect of interfering cell lysates has to be performed after the telomerization
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step. A pre-amplification step would increase the operation complexity and reduce the reliability of
the results. Alternatively, several studies have revealed that gold colloids improve the performance of
PCR in a wide variety of error-prone systems®?* %; more importantly, several of these AuNP-based
methods are ready-for-use with no need for making significant changes to the original protocols.
Hence, we developed an AuNP-based assay with the addition of 0.4 nM citrate-capped AuNPs to the
traditional EXPIATR assay (Figure 2.4). The optimal concentration of 10 nm citrate-capped
AUNPs for the EXPIATR-AUNP assay was assessed by the amplifications of TPC8 template (1 x
10™ M). As shown in Figure 2.4, the solid curves correspond to amplifications of TPC8
template in the presence (red) and absence of (black) concentrated cell lysates equivalent to 4000

normal cells; while the dashed curves correspond to non-template controls in the presence (red)

and absence of (black) normal cells.

From top to bottom, different concentrations of citrate-capped AuNPs (from 0 to 0.5 nM)
were mixed with the reactions to study the concentration effect of AuNPs. In the absence of
AuNPs, the amplification curve of TPC8 template showed a delayed point of inflection (POI)
value when cell lysates were presented in the reaction, implying the amplification reaction was
inhibited by the cell lysates. Along with the addition of more AuNPs, the inhibitory effect of cell
lysates on the amplification reactions was gradually reduced. Meanwhile, the amplifications of
pure TPC8 template would not be significantly affected until the concentration of AuNPs
reached 0.4 nM; however, the amplification rates (efficiency) started to decrease significantly
when more than 0.4 nM AuNPs were used. This is in accordance with previous studies about
PCR which report an appropriate concentration of nanomaterials may improve PCR, but an

excessive concentration may inhibit the amplification process®'. To make the method compatible
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to the tests of complex samples but also pure samples, Figure 2.4 demonstrates that 0.4 nM

AUNPs should be the optimal concentration for the EXPIATR-AUNP assay.
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Figure 2.4 Concentration effect of 10 nm citrate-capped AuNPs on the assay The
concentration effect was assessed by the amplification reaction of TPC8 template (1 x 10 M)
(solid) and by the corresponding non-template controls (dashed), in the presence (red) and in the
absence of (black) concentrated cell lysates equivalent to 4000 normal cells.

Figure 2.5 shows the real-time results of employing the AuNP-based assay to detect HelLa cancer
cells alone and in presence of foreign matters. In the presence of extracts of 1000 foreign normal cells,
the complex samples produced almost identical amplification signals to the corresponding pure
samples (Figure 2.5a) indicating the inhibitory effect from 1000 foreign cells was almost completely
eliminated by the addition of AuNPs. Even for the complex samples with the presence of 4000 foreign

cells, the performance of the AuNP-based assay was significantly improved compared with that of the
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traditional assay (Figure 2.5b), i.e. > 20% of the telomerase activity of cancer cells can be expressed
in the complex samples (Figure 2.5¢), in contrast to < 5% detectable by the traditional assay. As a
further test, we checked different cancer cell lines in the presence of a 100-fold excess of foreign cell
extracts (i.e. extracts from 40 cancer cells were doped in the extracts of 4000 normal cells) by the
AuUNP-based assays (Figure 2.5c). For all of the cancer cell lines, the addition of AuNPs significantly
improved the sensitivity for telomerase detection in complex samples, over five-fold as compared with

the traditional assays (Figure 2.6).

a b
3 3
s &
0 12 14 8 10 12 14 16
Time (min) Time (min)
200 HelLa
Cc 2254
)
175
1504 I
1254
<
E 10
754 40 HelLa
50 1 10 HeLa
= - e
25
0 = pmo EEE
@ P ® L ¢ ® & NS
FsTs? TFT T
F¥  F &
\Q\ . \Qb" \(\\ ~ .\ob“ .\(\\ by .\<\b‘\

Figure 2.5 Real-time EXPIATR-AuUNP assay performed on the extracts of HelLa cancer
cells Pure (solid) and in the presence of a high concentration of foreign cell lysates (dashed):
200 cancer cells (black), 40 cancer cells (red), 10 cancer cells (blue), in the presence of extracts
of 1000 normal cells (a) and in the presence of extracts of 4000 normal cells (b), and the non-
template controls were also present (grey solid) (duplicate measurements of each concentration);
the real-time results are transformed to quantitative RTA values and summarized (c). Error bars
indicate standard error of triplicate tests.
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Figure 2.6 Comparison of the RTAs of different cell lines as measured by the EXPIATR-
AuNP and EXPIATR assays The EXPIATR-AuUNP assay (green) and the EXPIATR assay
(grey) were performed respectively on cell extracts equivalent to 40 cancer cells of different
cancer cell lines in the presence of a high concentration of foreign cell lysates (equivalent to
4000 normal cells), and the resulting RTAs were quantified. Error bars indicate standard error of
triplicate tests.

As the citrate-capped AuNPs were suspended in a cocktail solution which may contain some
impurities besides gold nanoparticles %, it is necessary to further verify that the AuNPs are the
essential component working for the EXPIATR-AuUNP assay. We used the Nanosep centrifugal
device with Omega membrane MWCO 3 kDa to replace the storing liquid of the gold colloid
solution with pure water. The purchased gold colloid (Figure 2.7a), the purified gold colloid in
water (Figure 2.7b), and the filtrate (storing liquid of the gold colloid) collected from the
Nanosep device (Figure 2.7c) were used as additives to the EXPIATR assay and tested
respectively. In Figure 2.7, the solid cyan curves are the amplifications of cell extracts of 200
HeLa cancer cells; the dashed curves are the amplifications of cell extracts of 200 HeLa cell cells
doped in 4000 MRC-5 normal cells with the presence of the corresponding additives. We
observed that the gold colloids both purchased and purified could suppress the inhibitory effect
caused by the concentrated cell lysates on the amplification reactions, however, the filtrate
collected from the centrifugal device (storing liquid of the gold colloid) could not decrease the
inhibitory effect at all. It indicates that AuUNPs are indeed the essential component working for

the EXPIATR-AUNP assay.
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Figure 2.7 The amplifications of extracts of 200 HeLa cancer cells In the absence of (solid
cyan) and in the presence of (dashed cyan) concentrated cell lysates, as well as the corresponding
non-template controls (solid grey); For the detections on complex cell extracts (dashed cyan),
different additive were present: a) the purchased gold colloid, b) the purified gold colloid, and c)
the storing liquid of the purchased gold colloid collected from the centrifuge device.

To further study of the roles of cell lysates and AuNPs, the amplified products collected from
different assays were visualized by polyacrylamide gel electrophoresis (PAGE) (Figure 2.8). The
assays were monitored by real-time fluorescence, quenched shortly after the non-template controls
started to generate signals, and applied to the PAGE analysis directly. According to the principle of
EXPIATR (Figure 2.1), a ladder of products with 6 bp increments will be produced. Figure 2.8a
shows the assays tested on complex samples containing 1000 normal cell lysates and Figure 2.8b
shows the assays tested on complex samples containing 4000 normal cell lysates. The names of pure
samples and complex samples are differentiated by suffix ‘p’ (for pure samples) and ‘c’ (for complex
samples); the AuNP-based assays are differentiated from the traditional assays by adding primes (') to
the names. Using the gel analysis, two main findings were revealed in regards to the roles of the

normal cell lysates and AuNPs.

First the gel image verified that the abundance of foreign cell lysates in the complex samples
would inhibit the specific amplifications. In the presence of 1000 normal cell lysates, the traditional
assays (Lane 1p vs. 1c and Lane 2p vs. 2¢) show reduced intensities of the specific bands as compared
with the product bands amplified from the pure samples; such inhibition effects were more significant

when the interferant amount was increased to 4000 normal cells (Lane 3p vs. 3c, Lane 4p vs. Lane 4c,
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and Lane 5p vs. 5¢), i.e. the specific amplifications were significantly inhibited, while the non-specific
products (based on the shift of the gel pattern of the negative control in Lane 6p) were increasingly
amplified. This is especially true for the case in which a very small quantity of cancer cell extracts was
present in the protein-rich background. For example in Lane 5c, the amplification products of the
complex sample consisting of the extracts of 10 HeLa cancer cells and a 400-fold excess of foreign
cell lysates were seriously predominated by the non-specific products, which produced much less of
the specific products as compared with the assay directly performed on the same amount of pure

cancer cell extracts (Lane 5p).
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Figure 2.8 Native PAGE analysis of the traditional EXPIATR assay and the AuNP-based
assay Tested on the extracts of HelLa cancer cells, pure and in the presence of a high
concentration of foreign cell lysates: (a) the assays tested on complex samples containing 1000
normal cell lysates; (b) the assays tested on complex samples containing 4000 normal cell

lysates.

Further we found that, whether performed on pure samples or complex samples, the AuNP-based
assays showed improved specificity compared with the corresponding traditional assays®. For the
detections of pure cancer cells, the traditional assays already showed good specificities without
significant non-specific signals (Lanes 3p, 4p, and 5p), but the corresponding AuNP-based assays
(Lanes 3p’, 4p" and 5p") showed even greater specificity, in which the bands amplified from the longer
telomerase extension products become substantially more abundant and extended. For example, in the
presence of AuNPs, the detection of as few as 10 HelLa cancer cells gave a very clean gel image
showing a ladder of specific bands (Lane 5p’) longer than the products of the traditional assay (Lane
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5p). Human telomerase is modestly processive in vitro, and with shorter telomerase products
accumulating, the longer telomerase extension products generally are less in quantity than the shorter
ones by gel analysis®’. As the outcomes of the assay can be influenced by both of the two reaction
stages (the telomerase extension at 30 °C and the nucleic acid amplifications at 55 °C), the enhanced
amplifications of longer telomerase extension products may be the result of two possibilities: the
AuNP-based assays become more sensitive for the detection of template in low quantities or the

telomerase processivity is enhanced by the addition of AuUNPs.

2.2.3 Two-Step EXPIATR-AUNP to determine efficacy of the AUNPs

EXPIATR is a one-pot assay that has two reaction stages: the telomerase extension at 30 °C
and the nucleic acid amplifications at 55 °C, which can run sequentially in a closed-tube and not
affect each other (the one-step protocol). As both stages would affect the final results of the
assay, it is necessary to further study which stage of the assay is actually influenced by the cell
lysates and AuNPs. For this purpose, an independent telomerization step was performed by
incubating the cancer cell extracts with dNTPs and NTS primers at 30 °C, and then heat-
inactivating telomerase from the cell extracts at 85 °C; subsequently the telomerase extension
products were used as targets, directly or doped in a high concentration of foreign cell lysates
(from 4000 normal cells), to run the amplification reactions (the two-step protocol). Figure 2.9b
shows by the two-step protocol the detections on extracts of 200 HeLa cancer cells, pure and in
the presence of concentrated cell lysates (equivalent to 4000 normal cells); although not
associated with the telomerization process, the cell lysates still induced negative effects to the
amplification process, which could also be improved by the addition of AuNPs. All were similar

to the results of using the one-step protocol (Figure 2.9a). It proved that the inhibitory effect of
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cell lysates and the enhancing-effect of AuUNPs were more related to the enzymatic nucleic acid

amplification process rather than the telomerization process.
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Figure 2.9 Comparison of the one-step and two-step protocols of EXPIATR and
EXPIATR-AuUNP assay The EXPIATR assay and the EXPIATR-AuUNP assay tested on extracts
of HelLa cancer cells (equivalent to 200 cells), pure (solid navy) and in presence of a high
concentration of cell lysates (equivalent to 4000 normal cells) (dashed navy), were performed by
the traditional one-step protocol (a) or modified two-step protocol (b) respectively; the
corresponding non-template controls (grey) were also presented.

As a result, it was revealed that the addition of AuNPs could improve the sensitivity of the
amplification reactions in the assay. From the detections of the complex samples containing 1000
normal cells, we found the inhibition effect of cell lysates was fully eliminated in the AuNP-based
assays. In the presence of AuNPs, the amplified products of the complex samples containing 1000

foreign cells (Figure 2.8 Lanes 1¢’ and 2¢") displayed almost identical gel patterns with those of the
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pure cancer cells (Figure 2.8 Lanes 1p’ and 2p"), both of which showed enhanced amplifications of
the longer telomerase extension products as compared with the traditional assays performed on the
same amount of pure cancer cells (Figure 2.8 Lanes 1p and 2p). The combination of these two studies
demonstrate that, more than simply overcoming the inhibition caused by the enriched cell lysates, the
addition of AuNPs enhances the specificity of the assays to a new level. When the detections of
complex samples containing 4000 normal cells were investigated, the EXPIATR-AUNP assays also
showed improved specificity compared with the traditional assay (Figure 2.8 Lane 3c’vs. 3c,
4¢'vs. 4c, and 5S¢’ vs. 5¢), though the AuNP effects became less significant. This is accordant to the
real-time results, i.e. with the addition of AuNPs the sensitivities of the assays performed on complex
samples containing 4000 normal cells were improved but could not reach the same level as the
detections on the pure cancer cells. These results are due to the poor specificity of the assays induced
by concentrated lysates from 4000 normal cells. From the gel images of the negative controls, we
learned that the non-specific reactions that occurred in the presence of and in the absence of 4000
foreign cells (Figure 2.8 Lane 6¢ and Lane 6p) produced different gel shift patterns, indicating that the
outcome of the non-specific reaction would be affected by the enrichment of cell lysates. By the
addition of AuNPs in the case absent of cell lysates, the non-specifically amplified products were
significantly reduced (Figure 2.8 Lane 6p vs. 6p’), which is in agreement with the results of the
detections on pure cancer cells and on the complex samples containing foreign normal cells at
relatively low concentrations; while in the presence of a high concentration of normal cell lysates, the
suppression effect of AUNPs against the non-specific reactions appeared less significant (Figure 2.8

Lane 6¢ vs. 6¢').

Finally for all the assays, we found several faint high molecular-weight bands generated at the

same positions, which cannot be simply explained by the primer-based non-specific products due to
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their high molecular weights. These faint bands were believed to come from the DNA-independent
non-specific synthesis conducted by the polymerase and nicking enzyme, which will be discussed in
detail later. Taken together, the gel analysis revealed that the presence of concentrated cell lysates in
the complex samples inhibited the specific amplifications and caused more non-specific reactions;
while the addition of AuNPs would improve the sensitivity and specificity of the amplification
reactions. These results inspired us to investigate in depth the role of AuNPs in the general process of

the isothermal enzymatic amplifications, rather than limit the study to the EXPIATR assay.

2.2.4 The role of AuNPs in suppressing the non-specific reactions

To study the role of AuNPs in the process of nucleic acid amplifications, their effect on the non-
specific reactions was examined first. The isothermal enzymatic amplification reaction used in the
EXPIATR assay is a typical NE-SDA reaction using two enzymes, the Bst 2.0 Warmstart polymerase
and the Nt.BspQI nicking endonuclease (NEase). According to previous reports, NE-SDA reactions
might be accompanied by non-specific reactions of both the primer artifacts and DNA-independent
synthesis from the enzymes®. The primer artifacts are non-specifically synthesized from the primer
mismatches, which generally exist both in PCR and other NAA methods. The other non-specific
reaction is DNA-independent synthesis, which produces new DNA strands from dNTPs only by
enzymes (the thermophilic polymerase and the NEase) without any templating or priming DNA
strands, also called RE-pol DNA synthesis. Figure 2.10 shows the non-specific reactions occurred at
two extreme conditions, i.e. Lanes 1a and 1b were performed in the NEB3 buffer (the recommended
buffer for the Nt.BspQI NEase), and Lanes 2a—2c were run in the isothermal amplification buffer (1A
buffer, the recommended buffer for the Bst 2.0 polymerase). To study the DNA-independent non-
specific reactions from the enzymes: Lanes 1a and 2a were run only in the presence of two enzymes

and dNTPs (without any DNAS) in respective buffers. From the gel, we observed that the quick DNA-
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independent RE-pol synthesis occurred solely in the 1A buffer (Lane 2a), and none was observed in
the NEB3 buffer (Lane 1a). Second, in the presence of primers but no template, the non-template
reactions were examined. Lane 1b with the NEB3 buffer showed the “primer-dimer” products only.
Lane 2b with the IA buffer also showed the “primer-dimer” products, which had replaced the DNA-
independent RE-pol synthesis, indicating the primer-related non-specific reactions are more favorable;
however, certain faint bands were still produced at the position where the products of RE-pol
synthesis would concentrate, indicating that a very small amount of RE-pol DNA synthesis still
accompanied the primer-related reactions. Similar faint bands were also found in Figure 2.8,
suggesting the ubiquitous presence of the RE-pol DNA synthesis in NE-SDA reactions. When a high
concentration of cell lysates (equivalent to 4000 normal cells) was added to the non-template reaction
in the IA buffer, Lane 2c showed that the RE-pol DNA synthesis became more significant (compared
with the Lane 2b in absence of cell lysates). Finally, the influences of AuNPs on these non-specific
reactions were explored. Lanes 2a’, 2b’, and 2¢’ correspond to reactions of Lanes 2a, 2b, and 2¢ in the
presence of AuNPs. In the absence of concentrated cell lysates, the addition of AuNPs reduced the
non-specific reactions for both the amplified primer artifacts (Lane 2b’) and the RE-pol DNA
synthesis (Lane 2a"); while for the condition enriched with cell lysates, AuNPs only marginally
affected the primer-artifact amplifications but significantly reduced the RE-pol DNA synthesis (Lane
2¢"). These observations were in accordance with the data presented in Figure 2.8, except that the RE-
pol DNA synthesis became more significant in the 1A buffer. Thus, the suppressing effect of AUNPs

on the non-specific reactions, especially on RE-pol DNA synthesis, has been more elucidated.

Furthermore, we used the TPC8 template (the synthetic DNA target with eight telomere repeats
which will produce six laddered main products by the NE-SDA reaction) to examine the influence of

AUNPs on the specific amplification reactions. One reason for using the TPC8 template is to exclude
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the telomerization step and study the AuNP effect on the NE-SDA reaction in a general way.
Additionally, we can run the amplifications over a wider range of target concentrations to collect more

information.

High Conc. Low Conc.
NEB3 Isothermal Amplification Buffer gw_go'ac 1‘;.,5;

J 1 ! 11
L 1a 1b 2a 2a’ 2b 2b’ 2¢ 2¢’ L 1 2 3 4 5

[
N’ S e — — T
a H b C 8,000 -

6,000

4,000

I.(a.u)

2,000

€ Covaus

— -— - - 0 5 10 15 20
Time (min)

AuNPs - - - + - + - + - - e -+
celllysates - - - - - - + + - + - o+ o+

Figure 2.10 Analysis of the influence of AuNPs on the NE-SDA reactions (a) Native-PAGE
analysis of the non-specific reactions happened in NEB3 buffer and in isothermal amplification
buffer: Lane 1a, Lane 2a, and Lane 2a’ were DNA-independent synthesis; Lane 1b, Lane 2b, and
Lane 2b’ were non-template reactions; Lane 2¢ and 2¢’ were non-template reactions happened in
the environment of a high concentration of cell lysates; (b) PAGE analysis of the specific
reactions of the TPC8 template at different concentrations; (c) the real-time amplification curves
corresponding to different concentrations of TPC8, pure (solid) and in the presence of a high
concentration of cell lysates (dashed): 1 x 10 M (black), 1 x 10! M (red), 1 x 107"* M (green),
1 x 107> M (blue), and negative control in the absence of TPC8 (grey).

Figure 2.10b shows PAGE analysis of the specific products amplified from the TPC8 template at
two different concentrations (all run in the 1A buffer), one high concentration of 10~ M and one low
concentration of 107> M. In the case that a massive amount of TPC8 template (1 x 10 M) was
targeted, very specifically amplified products were observed regardless of whether it was in the
presence of cell lysates (Lane 1 and Lane 2); on the contrary, when a low concentration of TPC8
template (1 x 10> M) was amplified, the reaction in the presence of cell lysates (Lane 4) produced
very clear non-specific signals of RE-pol DNA synthesis while the corresponding reaction absent of
cell lysates did not (Lane 3). With the addition of AuNPs, the non-specific bands induced by cell

lysates could be efficiently diminished as shown in Lane 5. This experiment further demonstrated

26



AuNPs could improve the low-specificity of the nucleic-acid-amplification reactions caused by the

presence of concentrated cell lysates.

As revealed by the studies on the real-time amplifications of TPC8, we observed the cell lysates
caused the inhibition of the amplification reactions in a target-concentration-dependent
manner. Figure 2.10c shows the amplifications with the concentrations of TPC8 ranging from 1 x
10°Mto 1 x 107> M, in the absence of (solid lines) and in the presence of a high concentration of
cell lysates (equivalent to 4000 cells in each test) (dashed lines). As the TPC8 template concentration
decreased, the inhibitory effect of the cell lysates to the amplification reactions became more apparent.
The presence of cell lysates hardly affected the amplification of TPC8 when a high concentration was
present, which implies that the main inhibitors from the cell lysates affected the amplification reaction

by impairing the templates more than the enzymes.

2.2.5 Mechanism of low-specificity due to cell lysate interference
As cellular proteins, which are prone to binding with DNA templates and making them unavailable

32-33 are believed to be essential inhibitors to NAA methods, we treated the normal

for polymerases
cell lysates with proteinase K prior to the amplification process. Tan et al. carefully studied the
possible nonspecific reactions for the nicking-enzyme-mediated SDA (NE-SDA) reactions®.
They found that the non-specific reactions included an “early phase” related to primer-dimer like
artifacts and a “late phase” in general agreement with the literature reports of RE-pol (restriction-
endonuclease-polymerase) DNA synthesis. The RE-pol DNA synthesis is a kind of DNA-
independent synthesis, which would produce new DNA strands from dNTPs only by enzymes
(both the thermophilic polymerase and the NEase) in the absence of any templating or priming
DNA strands. The primer/template-independent RE-pol DNA synthesis has been observed in

many isothermal amplifications working upon various combinations of polymerases and NEases.
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To further understand the RE-pol DNA synthesis, we did several control experiments. Based on
the findings presented in Figure 2.11a, the following conclusions were obtained: (1) In the
absence of dNTPs, the Bst polymerase and the Nt.BspQI NEase with (lane 2) or without (lane 3)
heating at 55 °C could not induce RE-pol DNA synthesis. The results are in accordance with the
previous reports for RE-pol DNA synthesis in which the non-specific DNA sequences were
synthesized from dNTPs by the enzymes. (2) Also in the absence of Nt.BspQI NEase (lane 4) or
Bst polymerase (lane 5), no RE-pol DNA synthesis took place. (3) Furthermore, we checked that
if the cell lysates could induce some additional RE-pol DNA synthesis. For itself (lane 6),
combined with Bst polymerase (lane 7) or Nt.BspQIl NEase (lane 8), cell lysates from 4000
normal cells could not synthesize DNA sequences from dNTPs, indicating the cell lysates could

not induce more RE-pol DNA synthesis in the reaction system.

As a further study, we treated the cell lysates in different ways to reveal which component in
the cell lysates would cause the RE-pol DNA synthesis (Figure 2.11b). The non-template
reactions only in presence of primers but no template were run in the un-optimal 1A buffer to
emphasize the non-specific signals. In the presence of un-treated cell extracts equivalent to 4000
normal MRC-5 cells, both non-specific reactions of the primer-dimer like artifacts and the RE-
pol DNA synthesis were observed on the gel (lane 2). Firstly, we pre-incubated the cell extracts
with DNase | at 37 °C for 30 min, inactivated the DNase | at 75 °C for 10 min, and then added
the treated cell extracts to the non-template amplification reaction (lane 6), at which condition
the RE-pol DNA synthesis was still observed as part of the non-specific reactions. The same
result was observed when the cell extracts were pre-incubated with RNase (lane 7). Further, the
cell extracts were pretreated with proteinase K to degrade proteins by cleaving peptide bonds and

catalyzing peptide amide hydrolysis, and then the proteinase K was heat-inactivated at 95 °C
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prior to mixing the treated cell extracts with the non-template reaction. Interestingly, under this
condition (lane 3), the RE-pol DNA synthesis was eliminated from the non-specific reactions,
and only the primer-artifacts non-specific reactions remained. Lane 4 shows a control experiment
in which the cell extracts underwent the same incubation process as lane 3 but without the
addition of proteinase K. In this control condition without the addition of proteinase K, the RE-
pol DNA synthesis occurred again, verifying the function of proteinase K but not the incubation
process was essential to depress the RE-pol DNA synthesis. Due to the truth that proteinase K
cannot be completely inactivated even at 95 °C, proteinase K might cause the inactivation of Bst
polymerase and as a result depress the RE-pol DNA synthesis. Therefore, in another control
experiment (lane 5), a new portion of untreated cell lysates was added to the reaction of lane 3.
Under this condition, the RE-pol DNA synthesis occurred as part of the non-specific reactions,
indicating that the Bst polymerase was not badly affected (not totally inactivated) by the presence

of proteinase K.

As a result, we found that the elimination of cellular proteins from the cell lysates recovered
the specificity of the amplification system. It demonstrated that the cellular proteins were
essential for inhibiting the specific amplification and facilitating the RE-pol DNA synthesis.
Waleed et al. reported that proteins, like on the basis of N-terminal amino acid sequences, were
prone to bind with ssDNAs and acted as inhibitors to PCR by making the DNA templates
unavailable for the polymerase®. Combined with our observations that the inhibition effect
caused by cell lysates was more significant for the amplifications of low-abundant templates, we
assumed that the cellular proteins might bind with sSDNAs and make the templates unavailable
for polymerase. As a result, like a competition, the specific reaction was attenuated and the

DNA-independent RE-pol DNA synthesis would be boosted at the same time.
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Figure 2.11 PAGE analysis to determine different sources of RE-pol synthesis and non-
template reactions (a) The survey of the essentials for producing a RE-pol DNA synthesis:
DNA ladder (lane 1), Bst polymerase + Nt.BspQI without heating (lane 2), Bst polymerase +
Nt.BspQI (lane 3), Bst polymerase + dNTPs (lane 4), Nt.BspQI + dNTPs (lane 5), cell lysates +
dNTPs (lane 6), cell lysates + Bst polymerase + dNTPs (lane 7), and cell lysates + Nt.BspQI +
dNTPs (lane 8); the reactions in Lane 3 — Lane 8 were heated at 55 °C for 15 min prior to the gel
characterizations; (b) The cell lysates with some pretreatments and their influences to the non-
template reactions (in the 1A buffer): DNA ladder (Lane 1), the non-template reactions in
presence of: cell lysates without any treatment (lane 2), cell lysates with proteinase K treatment
(lane 3) and its two control experiments (Lane 4 and Lane 5), cell lysates with DNase treatment
(lane 6), and cell lysates with RNase treatment (lane 7).

As it has been proven that AUNPs could enhance the low-specificity caused by the cell lysates, we
examined whether the AuNPs work by removing the interference of cell lysates and as a result
improve the reaction specificity indirectly, or rather the AuNPs work by enhancing the specificity of
the amplification reaction in a fundamental way. The amplification reactions run using the wild-
type Bst polymerase showed worse specificity than that by Bst 2.0 Warmstart polymerase. As shown
in Figure 2.12a, the amplification reactions using wild-type Bst polymerase intrinsically presented
lower specificity. The amplification curves irregularly correlated with the starting concentrations of
template (100-fold dilution series from 10° M to 10™"> M); also some of the reactions showed poor
reproducibility, i.e. the amplifications of templates at low concentrations were partially or completely
inhibited. Studied by gel electrophoresis, the amplifications of 10°° M TPC8 (Lane 1), 10> M TPC8

(Lane 2) and non-template control (Lane 3) were visualized. The image indicated that the specific
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amplifications were interfered by the non-specific reactions; the amplifications of 107> M TPC8 and
non-template control were especially overwhelmed by the RE-pol DNA synthesis. The fluorescent
probe used in this NE-SDA reaction is also acting as a primer, which is in a hairpin structure and
modified with both a fluorophore and a quencher. This probe-primer would only release fluorescence
signals in the specific reactions and the “primer-dimer” non-specific reactions, but not in the RE-pol
DNA synthesis because it is a DNA-independent reaction. As a result, when the RE-pol DNA
synthesis overwhelmed the specific amplification in the case of low specificity, the fluorescence
signals were inhibited. Accordingly, if probed by the SYBR Green | dye (a non-specific probe that
will bind to any random dsDNA sequences) instead, only the amplifications of 10 ° M and 10'* M
TPC8 could be distinguished from the non-template control, while the other amplification curves fell
together (data not shown), since the products of RE-pol DNA synthesis could also probed by SYBR
Green | dye. With the addition of AuNPs, the specificity of the amplification reactions conducted by

the wild-type Bst polymerase could be significantly improved.
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Figure 2.12 The amplifications run by using the wild type Bst polymerase Different
concentrations of TPC8 in the absence (a) and in the presence (b) of AuNPs: 1 x 10~ M (black),
1 x 107" M (red), 1 x 10 M (blue), 1 x 10""° M (green), and non-template control (gray); the
gel images on the right corresponding to the products of the amplifications that were labelled
with the same number.

As shown in Figure 2.12b, the amplification curves evenly distribute along the concentrations of

template (from 10~° M to 10" M). Furthermore, by the gel characterizations, we could see the non-
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specific RE-pol DNA synthesis had been greatly suppressed by the addition of AuNPs. In this
example, even without cell lysates involved, the AuNPs could also suppress the non-specific
reactions, and as a result, improve the specificity of the reactions, which indicated that the “AuNP
effects” did not simply work only on cellular proteins but fundamentally on improving the
amplification reactions. The NEase enzymes used in the isothermal NE-SDA reaction will accelerate
and intensify the non-specific reaction of the polymerase. As a result, in addition to the enhancing-
effect of AuNPs on the specific amplifications, we further observed the suppressing effect of AUNPs
on the non-specific reactions. Also, by studying the AuNP effect on an intrinsically low-specificity
system caused by the less specific polymerase, we believe that AUNPs have the power to enhance and

reform the NE-SDA reactions in a very fundamental way.

2.2.6 The interactions between AuNPs and the reaction components

As 10nm AuNPs exhibit a characteristic surface plasmon band at ~520 nm, which is sensitive to
the local environment of gold surface, UV-Vis spectroscopy is a powerful means to study the
interaction between AuNPs and other biomolecules®. As seen in Figure 2.13a, the UV-Vis
absorption spectrum of the AuNPs solution dispersed in water displayed the typical plasmon peak at
514 nm (curve 1). If diluted by the reaction buffer (curve 2), the AuNPs themselves showed a red-
shifted absorption at 610 nm, indicating an aggregated state; while in the presence of DNA reactants
(primers, templates and dNTPs), the AuUNPs showed absorption back to 514 nm (curve 3), changing
its status from aggregation to colloidal dispersion state. According to previous studies, citrate-capped
AUNPs are stabilized by electrostatic repulsion. The high salt concentration in the amplification buffer
will screen the repulsive interactions and cause colloid aggregation; while the ssDNAs will adsorb on

the gold surface through favorable interactions between the bases and gold, making the AuNP surface
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more negatively charged and resistant to the bulk ionic strength induced by the buffer, and as a result,

stabilize the particles against aggregation®.
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Figure 2.13 UV-Vis spectroscopic analysis of the interactions between AuNPs and the
reaction components (a) Diluted water solution of AuNPs (curve 1), AuNPs in the reaction
buffer (curve 2), and AuNPs in the reaction buffer mixed with DNA reactants (curve 3); (b) a
reaction mixture without AuNPs (curve 4), a reaction mixture with AuNPs in the absence of
enzymes (curve 3), a reaction mixture with AuNPs in the absence of DNA reactants (curve 5),
and a full reaction mixture with AuNPs (curve 6); (c) a full reaction mixture with AuNPs (curve
6), a full reaction mixture with AuNPs in the presence a high concentration of cell lysates (curve
7), and a reaction mixture in the presence of AuNPs and with the enzymes replaced by a high
concentration of cell lysates (curve 8); (d) schematics illustrating the interactions between
AUNPs and the reaction components.
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The interactions between AuNPs and the reaction components were further studied using the one-
by-one method as shown in Figure 2.13b, i.e. the interactions of AuNPs with the components of the
reaction mixture were studied gradually. (1) When AuNPs were absent in the reaction mixture (curve
4), no significant absorption could be observed. (2) When reactant enzymes (Bst 2.0 WarmStart
polymerase and Nt.BspQI NEase) were eliminated from the reaction mixture (curve 3), as discussed
above, the ssDNAs would stabilize the AuUNPs from aggregation and result in a dispersion state. (3)
Alternatively, when DNA reactants were eliminated from the reaction mixture (curve 5), the
absorption band of AuNPs became broader and showed a peak at 530 nm. The red-shift of the
absorption under this condition was not as pronounced as that corresponding to the aggregation state
and parts of the absorption still came from the un-aggregated state, indicating that the enzymes
probably induced agglomeration of the AuNPs rather than aggregation®**®. When all the reactants
were involved (curve 6), a further red-shifted and broader absorption was observed compared with the
agglomeration state induced by the enzymes alone. It indicated that the enzymes might not remove the
citrate ligands from the gold surface but rather form self-assemblies with the particles through
electrostatic interactions between the positively charged amino groups of proteins and the negatively
charged citrate groups®’. Therefore, in the presence of DNA reactants, a higher charge density would
be generated on the AUNP surface and enhance the electrostatic attraction to the enzymes; thus a more
red-shifted absorption was observed when the reactant DNAs and enzymes coexisted in the system.
Subsequently, the influences of cell lysates on the reaction system were studied as shown in Figure
2.13c. The absorption spectrum of AuNPs in the reaction mixture with cell lysates (curve 7) was very
similar to that without cell lysates, except being a little broader. When the two enzymes were
eliminated from the reaction mixture and replaced by cell lysates (curve 8), the resultant spectrum also

showed a broad absorption band with a red-shifted peak; this indicates that cell lysates had similar
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interactions with AuNPs to the enzymes, which is expected given that both are protein molecules.
However, the red-shift of the absorption that the cell lysates induced was significant compared to that
of the enzymes, suggesting the cell lysates might induce a different agglomeration state of AuNPs.
Furthermore, we found that the absorption band of the reaction mixture in the presence of both the
enzymes and the cell lysates (curve 7) fell between the absorptions of reaction mixtures containing
solely the enzymes or solely the cell lysates (curve 6 and curve 8), but was more similar to that of the
enzymes-only mixture (curve 6). This suggests that when both the enzymes and the cell lysates were
added to the reaction mixture, AUNPs would show a stronger affinity to the enzymes than the cellular
proteins. The proposed interactions of AuNPs with the components of the assay were illustrated

in Figure 2.13d.

According to the results of the UV-Vis spectroscopic studies, we can understand more about the
AUNP effect. First, since AuNPs have a uniform surface and strongly interact with all the reaction
components, the addition of AuNPs could significantly change the distribution of reaction components
in the amplification system, which may help us to understand how such a small amount of AuNPs
could affect the specificity and sensitivity of the amplification reactions. Also, the strong interactions
between AuNPs and the reaction components reveal why the concentration of AuNPs to be very
critical, since a certain amount of AuNPs (< 0.4 nM for this case) can enhance the specificity of the
amplification reactions by raising the probability of dynamical contacts between templates and
enzymes, but too many AuNPs will inhibit the reactions since the excessive binding of the enzymes to
AuNPs would contrarily decrease activities of the enzymes®'. Meanwhile, we found that 0.4 nM
AUNPs also showed negligible quenching effect of the fluorescence probe (Figure 2.14), further

indicating that it is a good concentration for the NE-SDA reactions.
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Figure 2.14 Effect of fluorescent-quenching by AuNPs Thermal denaturation profile of NFRP-
primer fluorescence probe in the absence of AuNPs (black) and in the presence of AuNPs (red).

Last of all, the situation is more complicated for the EXPIATR assay performed on complex samples.
The UV-Vis spectroscopic study revealed that the enzymes showed a stronger affinity to AUNPs
compared with the cellular proteins of the cell lysates; however the presence of a high
concentration of cellular proteins would still affect the effectiveness of AuNPs in enhancing the
amplification reactions as they would occupy parts of the nanoparticle surfaces. Thus, on one
hand, the cell lysates will counteract the effect of AuNPs, i.e. [AuNPs] < 0.4 nM only marginally
suppressed the primer-artifact amplification and showed noticeably less improvement in the specific
amplification (as we discussed in Figure 2.8) in the assays performed on complex samples containing
4000 normal cells; on the other hand, the cell lysates will protect enzymes from excessive binding to
AuNPs. As a result, the addition of more AuNPs (> 0.4 nM) would not immediately inhibit the
specific reactions, but further diminish the influence from cell lysates of complex samples. Therefore,
we examined when cell lysates were abundant in the reaction mixtures, and found that AUNPs
only marginally suppressed the primer-artifact amplification and showed noticeably less
improvements in the specific amplifications.

As shown in Figure 2.15, the non-template control in the absence of cell lysates was

significantly inhibited when more than 0.4 nM AuNPs was added to the amplification system,
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and the assay performed on the normal cell lysates (equivalent to 4000 MRC-5 cells), with a high
abundance of cellular proteins, exhibited a higher amplification rate than the non-template
control, resulting in the false-positive problem. The problem with the use of additional AuNPs is
that the amplification in the presence of cell lysates would be benefited, because more AuNPs
would overcome the influence of the cell lysates and maximize the effectiveness of the AuNPs to
the amplification reactions. Meanwhile the cellular proteins would bind parts of the nanoparticle
surfaces and protect the enzymes from excessive binding; while on the contrary, the
amplification in the absence of cell lysates would be inhibited by the same amount of AuNPs as

the excessive binding of the enzymes to AuNPs would contrarily decrease their activities®.
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Figure 2.15 The concentration effect of 10 nm citrate-capped AuNPs for the EXPIATR-
AUNP assay The non-template control in the absence of cell lysates (black) and the detection on
normal cell lysates (equivalent to 4000 MRC-5 normal cells) (red).

Thus, considering removing the false-negative problem induced by cell lysates as much as
possible and not inducing new false-positive problem, 0.4 nM AuNPs, a concentration showing

negligible effect to the amplification in the absence of cell lysates, is optimized for the modified
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EXPIATR-AUNP assay. Although the assay with 0.4 nM AuNPs could not achieve the maximum
effect of AuNPs on eliminating the inhibition induced by 4000 foreign normal cells, the sensitivity of
the detections of telomerase activity in complex samples was still significantly improved, over five-
fold as compared with the traditional assay; at the same time, detections on normal cells could also

accurately show negative telomerase activity.

2.2.7 Conclusion

We have concluded that that AuUNPs are powerful additives to the isothermal NE-SDA reaction,
which uses a strategy distinct from PCR. Also, regardless of the source of the low-specificity of the
NE-SDA reaction, external (cell lysates in complex samples) or internal (low fidelity of the
polymerase), AuNPs showed a similar power in improving the specificity of the reactions. These
results imply that AUNPs improve the process of nucleic acid amplifications in a very fundamental
way. It has been reported that nanomaterials (such as citrate-capped AuNPs, single-walled carbon
nanotubes, and modified quantum dots) could enhance the structural stability and maintain the
bioactivity of enzymes®***2. According to our observations, this is also the most likely mechanism of
the AuNP effect in this study. There are some other possible mechanisms of the AuNP effects which
may also explain some of our results. For example, it has been believed that the AUNPs may resemble
the function of the single-strand-binding protein in the course of nucleic acid amplification®, which
selectively binds to ssDNA rather than dsDNA* and prevents the amplifications of primer
mismatches. Moreover, by the UV-Vis spectroscopic study, we observed the “concentrating effect” of
AuNPs” | i.e.all the reaction components were attracted towards the charged nanoparticles. The
aggregates of all the necessary components for the amplification reaction surround the AuUNPS,

resulting in many small reaction centers, raising the probability of dynamical contacts between
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templates and enzymes, and thus, enhancing the sensitivity of the amplification of a low template

quantity within a high concentration of background cell lysates.

In conclusion, our investigations demonstrated that AuNPs have powers in enhancing the
specificity of isothermal nucleic acid amplification reactions. Such AuNP effects provide efficient
ways to improve the detection sensitivity of the EXPIATR assay performed on complex samples
containing enriched normal cell lysates; otherwise, enriched cell lysates would impair the specificity
of nucleic acid reactions and cause troubles for the related assays in clinical applications. A proper
concentration is important to appreciate the power of the AuNPs, which has to be carefully optimized
to ensure the amount of AuNPs will not affect the amplification significantly in the absence of cell
lysates. Given the importance of the strategy of using nicking enzymes and DNA polymerases to
develop isothermal NAA methods, this study will be significant by providing an efficient method to

enhance the reliability for related isothermal assays in clinical applications.

2.3 Experimental Section

2.3.1 Materials and instruments

All oligonucleotides were obtained from Integrated DNA Technologies. The deoxynucleotide
solution mix, Bst 2.0 WarmStart DNA polymerase (8,000 units mL™), Bst polymerase large
fragment (8,000 units mL™?), nicking endonuclease Nt.BspQl (10,000 units mL™),
deoxyribonuclease (DNase 1) (RNase free, 2,000 units mL™), proteinase K (20 mg mL™), NEB3
buffer (10x), isothermal amplification buffer (10x), and quick-load low molecular weight DNA
ladder were purchased from New England Biolabs Ltd.. SYBR Green | (10,000%) and SYBR
Gold nucleic acid gel stain (10,000%) were obtained from Molecular Probes, Inc. Ribonuclease

(RNase) (DNase-free) (0.5 pg L") was purchased from Roche Applied Science. Au colloids (10
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nm) were purchased from Ted Pella, Inc. It should be noted that the unit activity of the Nt.BspQI
NEase may vary between different lots; the specificity of the amplifications (especially the
degree of RE-pol DNA synthesis) might vary from lot to lot. Therefore an optimization should
be performed before using a new lot number and, in some bad conditions; an additional 20 mM
NaCl will be required for the reaction buffer. Magnesium chloride (MgCl,) solution (1 M),
TWEEN 20, potassium chloride (KCI), ethylene glycol tetraacetic acid (EGTA),
ethylenediaminetetraacetic acid (EDTA), trizma hydrochloride pH 7.5 and pH 8.3 were obtained
from Sigma-Aldrich. TRAPeze® 1x CHAPS Lysis Buffer and TRAPeze® Telomerase Positive
Control Cell Pellet (HeLa cancer cells) were purchased from Millipore. Cell pellets of MDA-
MB-231, UM-UC-3, HCC-38, LAI-55n, and MRC-5 cell lines were kindly provided by Prof.
Chuan He from The University of Chicago. 30% acrylamide and bis-acrylamide solution (19:1),
ammonium persulfate (APS), tetramethylethylenediamine (TEMED), 5% nucleic acid sample
loading buffer (premixed for non-denaturing TBE gels, pH 8.0) and 10x tris/boric acid/EDTA
(TBE) buffer were purchased from Bio-Rad. Nanosep® centrifugal device with Omega
membrane, MWCO 3kDa, was obtained from Pall Corporation. The water used in this paper was

purified by BarnsteadTM Nanopure® Ultrapure Water Purification System.

All the assays were performed on the CFX96 touch real-time PCR detection system (Bio-
Rad) using 0.2 mL low profile PCR tubes (white). Eppendorf centrifuge model 5430R and
thermomixer® R dry block heating and cooling shaker were used. The polyacrylamide gel
electrophoresis (PAGE) was run on a PROTEIN Il xi cell system (Bio- Rad) using the PowerPac
HV as power supply (Bio-Rad) and the gels were visualized using the Gel Doc XR+ imaging
system (Bio-Rad). The UV-Vis spectra were monitored by using Synergy H4 Hybrid multi-well

Plate Reader (BioTek).
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2.3.2 The assay protocol

A traditional amplification reaction (20 pL) contains variable amounts of cell extract/TPC8
(the synthetic template with eight telomeric repeats used as a positive control), the nicking
telomerase substrate (NTS) primer and the nicking fluorescent reporter probe (NFRP) primer
(100 nM each), Tris-HCI (30 mM, pH 8.3), MgCI2 (1.5 mM), KCI (100 mM), EGTA (1 mM),
Tween 20 (0.05%, vol/vol), dNTPs (200 uM each), Bst 2.0 WarmStart DNA polymerase (0.96
units) and Nt.BspQI NEase (5 units). Typically, the stock solution of NFRP primers (4 uM) in
tris-HCI buffer (pH 7.5, 10 mM) was incubated at 90 °C for 2 min and then allowed to cool
slowly to room temperature to form the hairpin structures. A master mix containing everything
but cell extract/ TPC8 template was assembled first on ice; Aliquoted 19 pL of the master mix
into each PCR tube, added cell extract/TPC8 (1 uL) with different concentrations into
corresponding tubes, and mixed well before the test. The assay was performed with incubations
lasting 10-30 min at 30 °C (for telomerase extension) before initiating the DNA amplifications at
55 °C. The assays were monitored by real-time fluorescence at an interval of 10 s. Following the
amplification reaction, each 20 pL reaction was mixed with 5 pL loading buffer on ice and 10 uL
of the mixture was analyzed by electrophoresis in 0.5x TBE buffer on a 12% polyacrylamide
native gel (1.5 h, 17 VV cm™). After electrophoresis, the gel was stained in 1x SYBR Gold (in TE

buffer) for 30 min, washed by pure water and visualized by the gel imager.

2.3.3 Preparation of cell extracts

All the cells were stored as pellets at -80 °C until extraction. Each cell pellet (containing one
million cells) was suspended in 200 uL. CHAPS lysis buffer, incubated on ice for 30 min and
then centrifuged at 12,000 g for 20 min at 4 °C. After centrifugation, 160 uL of the supernatant

was transferred into a fresh tube and a series of diluted solutions in CHAPS lysis buffer were
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quickly prepared, flash-frozen, and stored at -80 °C before use. The complex, protein-rich
samples comprise cancer cell extracts (various concentrations equivalent to 10 cells pL™ — 200
cells pL™) and a high concentration of cell lysates of foreign normal cells (MRC-5, 4,000 cells
uL? or 1,000 cells pL™), which were prepared by doping certain amounts of cancer cell extracts
into normal cell extracts; the concentrations of cancer cell extracts in the complex sample and its

corresponding pure sample were kept the same.

2.3.4 The traditional EXPIATR assay

The principle of the EXPIATR assay is illustrated in Figure 2.1. It is a method based on a
system of two primers, the NTS primer and the NFRP primer, and three enzymes, Bst 2.0
WarmStart DNA polymerase, Nt.BspQI NEase, and telomerase extracted from crude cancer
cells. The NTS primer contains a non-telomeric sequence (black color) which telomerase can
recognize as a substrate, and the NFRP primer, in a hairpin structure, carries a single-stranded
(ss) DNA tail (brown color) which can bind to the telomeric repeat sequence. Through
incorporation of the Nt.BspQI recognition sequence (red color) in both primers, the DNA
amplification can be performed at a fixed temperature via the activity of the Nt.BspQI NEase to
cut one strand of a double-stranded (ds) DNA at the recognition site, and the ability of the Bst 2.0
polymerase to extend the 3’ end at the nick and displace the downstream strand. In the presence
of telomerase, a minor number of NTS primers are converted to telomerase extension products
(telomeric repeats are synthesized onto the 3° ends of NTS primers), which will act as templates
for the following DNA amplification process. The hybridization between the extended NTS
telomeric template and the NFRP primer initiates polymerization, resulting in the formation of
double-stranded recognition sites for Nt.BspQl NEase. After the NEase cleaves the primer

strands, further polymerization proceeds continually from the nick and displaces the previously
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copied strands. In the first stage, duplex | forms from the telomerase extension products, after
which the DNA reaction is repeated in both directions, continuously releasing strands T1 and T2.
In the next stage, as NTS and NFRP primers are present in excess, strands T1 and T2 can further
hybridize with the free NTS and NFRP primers respectively, forming duplexes Il and Il which
allow the DNA reactions to occur in a single direction. The cycling reaction between Il and 11
finally results in the exponential amplification of telomerase products, in which strands displaced
from duplex Il (same as T1) serve as targets for the NTS primer (to form the new duplex Il1),
while strands displaced from duplex Ill (same as T2) serve as targets for the NFRP primer (to
form the new duplex II). As the NFRP primer can bind multiple positions along the templates,
according to the number of the telomeric repeats extended on the NTS primers, the amplification
reaction yields a series of lengths of duplex Il and duplex Ill (which have the identical lengths).
At the final stage, when the NTS and NFRP primers become limiting, the further nicked duplex
IV (T1+T2) starts to accumulate in the reaction, which will be 18 bps shorter than duplex Il and
duplex Il1. The sequences of the oligomers are as follows:

NFRP: (/51ABKFQ/AGC AGG AAG CGC TCT TCC TGC /iFluorT/CC CTA ACC CTA ACC
C) /51ABKFQ/ = 5' lowa Black® FQ); /iFluorT/ = Int Fluorescein dT.

NTS: (GTG CGT GAG AGC TCT TCC AAT CCG TCG AGC AGA GTT)

TPC8: (GTG CGT GAG AGC TCT TCC AAT CCG TCG AGC AGA GTT AGG GTT AGG

GTT AGG GTT AGG GTT AGG GTT AGG GTT AGG GTT AGG G)
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Chapter 3 — Plasmonic photothermal gold bipyramid nano-reactors for ultrafast real-time

bioassays

3.1 Introduction

Nucleic acid amplifications (NAASs) have shown significant potential as sensitive and reliable
tools for biological and medical research of nucleic acids and other bioanalytes'™. As seen in the
previous chapter these NAAs use enzymatic machinery to drive polymerization, cleavage, and
other operations on the nucleic acids to create detectable signals. Two classes of methods have
emerged as specific enzymes and amplification schemes require different temperature conditions
for optimal performance: thermocycling and isothermal®®. Thermocycling protocols, such as the
polymerase chain reaction (PCR), control the majority of the applications, but some isothermal

methods have shown superior performance and levels of detection®*!,

Several of these
isothermal methods have achieved clinical relevance and have earned FDA approval® ™. Despite
the successful application in many fields, one limitation persists: the sophisticated, but
expensive, time-consuming, heavy, and energetically draining instrumentation (Peltier-devices)

required to achieve the necessary temperatures or thermocycling™®**

. In this chapter, we
introduce a plasmonic photothermal method for quantitative real-time PCR, using gold
bipyramids and light to achieve ultrafast thermocycling. Moreover, we successfully extend our

photothermal system to other biological assays, such as isothermal nucleic acid amplification and

restriction enzyme digestion.

Many strategies have sought to decrease the overall assay time by replacing this
instrumentation with other devices focused on more rapid heating and cooling. Several methods
using microfluidics, nanodroplets, and mechanical manipulation with water baths have

15-16

impressive thermocycling rates and offer rapid analysis = °. Despite a large number of
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advancements in these research directions, there are still several key limitations concerning
sample preparation and device construction, limiting these methods as potential alternatives to
the current PCR approach'” '’. Recently, several groups have combined the field of metallic
nanoparticles and films with NAAs to achieve photothermal-based thermocycling'®?'. These
methods offer low-energy, light-based platforms for precise temperature control and show great
potential for rapid analysis and point-of-care analytics. However, the particles and films
currently used for these systems preclude the possibility of real-time analysis, due to the overlap
of the absorption spectra of these nanostructures with those of widely used fluorescent dyes™” %,
Real-time analysis is integral to the development of mobile, point-of-care, and high-throughput
analytics because it eliminates the need for gel electrophoresis or other post-amplification
processess”. Therefore, there is a critical need to provide new nanotechnologies to address these
clear limitations in the current methodologies and to improve detection time, system mobility,
and the cost- and energy-efficiency of these important biochemical and medical assays while
retaining real-time capabilities. This chapter will summarize our findings of a simple and
universal plasmonic photothermal (PPT) temperature control system using monodisperse gold
bipyramid nanostructures (AuBPs) as individual, IR-light-absorbing, precision-heating nano-

reactors for ultrafast, quantitative, and real-time PCR amplification assays (the contents of this

chapter are reproduced in part with permission from a published paper®).

3.2 Results and Discussion
3.2.1 Plasmonic photothermal thermocycling

Our PPT-NAAs are based on the light-driven photothermal heating of the AuBPs, which are
evenly dispersed in the reaction mixture in a typical PCR tube (Figure 3.1). The device also uses

two light-emitting diodes (LEDs) as light sources: an IR-LED (850 nm peak wavelength) for
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excitation of the localized surface plasmon and a blue-LED (480 nm peak wavelength) to allow

real-time measurements (Figure 3.1B and Figure 3.2)
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Figure 3.1 Schematic representation of the PPT-gPCR system A) PPT-based NAAs schemes
and transmission electron microscopy (TEM) image of the synthesized PEG-Si-AuBPs. B)
Scheme of the LED-assisted photothermal device using PEG-Si-AuBPs for thermocycling and
real-time detection.
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Figure 3.2 Plasmonic photothermal device setup Left: Homebuilt device used for all the
LED-assisted plasmonic photothermal temperature control and real-time detection for PPT-
gPCR, PPT-gRCA, and PPT-multi-enzyme restriction digestion. Right: Inside look of the
reaction setup for a typical 200 uLL PCR tube.
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When the reaction solution containing the DNA target and AuBPs is exposed to the IR-LED,
the AuBPs act as nano-reactors to absorb the photonic energy and convert it to heat energy,

2. 2% I addition, constant and discrete

rapidly increasing the temperature of the solution
temperatures for isothermal or thermocycling amplification can be achieved by pulsation of the
IR-LED. During the annealing or extension phase, the accumulated products were measured as a
function of the fluorescence emitted from intercalating dyes commonly used for PCR, which
were excited by the blue LED and detected via a spectrophotometer. Upon absorbance of a

photon, there are no significant energy-loss pathways other than the photothermal heat

dissipation for gold nanoparticles®.

Even and uniform heating throughout the solution is necessary to achieve homogeneity of the
reaction, therefore, nanoparticles with a low polydispersity in size and shape, narrow absorbance
line width, and a high extinction coefficient would provide optimal photothermal response.
AuBPs, having a highly tunable longitudinal surface plasmon resonance (LSPR) and a
polydispersity of < 2% in both size and shape, correlating to a similarly narrow linewidth, allow

22,24, 26
7 To

specific photo-excitation and thermal-release and ensure precise and uniform heating
our knowledge, AuBPs are the most uniform and monodisperse nanoparticles reported and have
a higher absorbance coefficient than nanorods or nanospheres®’, further demonstrating their
advantages over other well-studied gold nanoparticles. Furthermore, the resonant wavelength of
the AuBPs (LSPR = 846 nm) for photothermal heat conversion is in the near-IR (NIR) spectrum
and far from the excitation wavelengths of the fluorescent dyes routinely used in NAAs, such as
SYBR® Green I dye (SG1, excitation = 497 nm and emission = 520 nm). This eliminates photo-

bleaching of the dyes and makes the AuBPs ideal for real-time assays™. To increase the stability

of the AuBPs and maintain their uniformity in harsh conditions, such as the high temperatures
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and relatively high divalent cation concentrations typical for PCR reactions, the AuBPs were
coated with a silica shell®®?’. It is worth noting that stirring is important for uniform coating of
the silica shell. Faster stirring could result in irregular shape of the shell and tip-exposed
structures (Figure 3.3). After the deposition of the silica shell, the particles were modified by
silanization with methoxy-poly(ethylene glycol)-silane (PEG, MW = 5000) to prevent non-

specific binding of DNA or other bio-reagents (Figure 3.3 and Figure 3.4)*.

Figure 3.3 Effect of different stirring speeds on the synthesis of PEG-Si-AuBPs A) Wide-
field TEM image of the synthesized PEG-Si-AuBPs (5K PEG) in Figure 1A, stirred at 50 rpm.
Scale bar is 400 nm. B) TEM image of the synthesized PEG-Si-AuBPs (5K PEG) at higher speed
stirring (> 50 rpm). Scale bar is 50 nm.

Silica coating of AuBPs offers thermal stability against the reshaping of the nanoparticles by

oxidative etching (Figure 3.4)26’ »

, and also helps improve heat dissipation into the medium
surrounding the nanoparticle surface, resulting in rapid heating of the solution®'. In addition, the
silica shell acts as a spacer to prevent quenching of the fluorescent dyes, which occurs when

plasmonic nanoparticles are in close proximity®>>>.
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Figure 3.4 Thermal stability of PEG-Si-AuBPs A) Normalized absorbance of PEG-Si-AuBPs
at 21.5 OD, before and after IR-LED irradiation for 120 thermocycles. TEM images of PEG-Si-
AuBPs before (B) and after (C) IR-LED irradiation for 120 thermocycles between 72 °C and 95
°C. The PEG-Si-AuBPs showed high thermal stability when exposed to IR-LED. 1.5 A injection
current was used. Scale bars are 50 nm.
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Figure 3.5 Optical density of PEG-Si-AuBPs UV-Vis spectra obtained from the different PEG-
Si-AuBPs concentrations used in the PPT thermocycling experiments. A 10-fold dilution was
used to measure the absorbance and subsequently calculate the optical density.
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Figure 3.6 Optical and photothermal properties of AuBPs, Si-AuBPs, and PEG-Si-AuBPs
A) UV-Vis spectra of AuBPs, Si-AuBPs and 5K PEG-Si-AuBPs. B) Heating and cooling ramp
rate of AuBPs, Si-AuBPs, and 5K PEG-Si-AuBPs. Nanoparticles (18.3 OD at 850 nm) were
measured to obtain heating and cooling rates. The heating and cooling ramp rates were
calculated by dividing the temperature difference between 72 °C to 95 °C with the measured
time interval between the two temperatures. 10 puL of nanoparticle solution and 1.5 A injection
current (15.33 V) was used. Error bars indicate the standard deviation of the quintuplicate
measurements.

The photothermal properties of the PEGylated and silica-coated AuBPs (PEG-Si-AuBPs)
were systematically investigated using a home-built IR-LED device with a thermocouple
inserted into a PCR tube to accurately measure and record the temperature of the bulk solution.
We first demonstrated the thermocycling using different optical densities (ODs) of PEG-Si-
AuBPs (Figure 3.5). There is a slight broadening and red-shift of the absorption peak after the
silica coating, whereas the peak of the PEG-Si-AuBPs blue-shifts back to the original position
but still exhibits a slight broadening compared to that of the AuBPs before the silica coating
Figure 3.6A). These results are consistent with the previous observations in the literature. These
reports suggest that the chief factor causing this phenomenon is the difference of the refractive
indices between the different layers (Si and PEG) in reference to the solution media (water) **>°.

However the heating and cooling rates remained consistent (Figure 3.6B). The representative

temperature profiles (Figure 3.7A) show the rapid thermocycling (30 cycles) between 72 °C and
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95 °C. There were no significant temperature changes in the absence of PEG-Si-AuBPs (Figure

3.7).
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Figure 3.7 PPT thermocycling of PEG-Si-AuBPs A) Thermocycling temperature profiles at
different PEG-Si-AuBPs concentrations of 30 thermocycles between 72 °C and 95 °C with fixed
solution volume of 5 pL and varying optical densities of PEG-Si-AuBPs. From top to bottom:
3.50D, 6.3 0D, 14.1 OD, 18.3 OD and 21.5 OD. B) Heating and cooling ramp rates calculated
from panel A. Error bars indicate the standard deviation of the quintuplicate measurements. C)
Temperature profile for a typical PPT-gPCR reaction mixture without PEG-Si-AuBPs under
constant IR-LED irradiation

The accuracy of the setting temperature was measured as 95.35 = 0.73 °C for 95 °C and
71.57 £ 0.47 °C for 72 °C. The 30-cycle assay time for the 21.5 OD sample was measured at
141.8 = 12.4 sec (Figure 3.7 and Figure 3.8A), corresponding to the remarkable heating and
cooling ramp rates of 16.6 + 2.4 °C s'and 9.4 + 0.8 °C s™. As the OD was increased from 3.5 to
21.5 the system exhibited a decrease in the time necessary to achieve 30 cycles. As the optical
density was increased above 21.5 OD, we observed no significant improvements to the heating
rates (Figure 3.7B). It is reasonable to presume there is restricted depth for the photothermal
heating efficiency considering that the light penetration will decrease with an increase of the

nanoparticle concentration®®>’

. Various sample volumes and injection currents were also
investigated and optimized (Figure 3.8). The results indicate that the heating rate increases with a

decrease of solution volume to 5 pL and an increase of the injection current to 1.5 A.
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Figure 3.8 Analysis of PPT-thermocycling for different optical densities of PEG-Si-AuBPs
A) Average total reaction times for 30 thermocycles with different PEG-Si-AuBPs
concentrations. Averages and standard deviations calculated for quintuplicate measurements. B)
PEG-Si-AuBPs optical densities of 14.1 and 21.5 ODs were measured to obtain heating and
cooling rates depending on the reaction volumes. The heating and cooling ramp rates were
calculated by dividing the temperature difference between 72 °C to 95 °C with the measured
time interval between the two temperatures. C) PEG-Si-AuBPs optical densities of 14.1 and 21.5
ODs were measured to obtain heating and cooling rates depending on the injection currents. The
voltages for different injection currents in panel C were measured as 12.48, 13.04, 13.57, 14.08,
and 15.33 V for 0.4, 0.6, 0.8, 1.0, and 1.5 A, respectively. 1.5 A injection current was used in this
Figure for plasmonic photothermal heating except in panel C. 15 pL of Chill-out™ liquid wax
on top of the PEG-Si-AuBPs solution was added to prevent evaporation during the
thermocycling except in panel B.

3.2.2 PPT-gPCR
Quantitative real-time PCR (qPCR) has been a benchmark technique across many disciplines
due to the ability to monitor the amplification kinetics in real time to quantify nucleic acid

38-39
products

. We, therefore, adapted our system to create a PPT-qPCR for the detection and
amplification of trace nucleic acid samples. Because the fluorescent emission of organic dyes in
proximity to metallic nanoparticle surfaces in colloidal suspension suffers from a significant
quenching™, we first optimized the fluorescent intensity by varying the concentration of the dye,
the optical density of the PEG-Si-AuNPs and the length of the PEG units to increase the signal-
to-noise ratio. The characteristic fluorescence spectrum of SG1 was measured in the PPT-qPCR

mixtures with the PEG-Si-AuNPs (Figure 3.9A). While controlling the temperatures of the

denaturation (95 °C, 0 s) and the annealing/extension (72 °C, 2 s) with the IR-LED (Figure 3.9B
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and Figure 3.9C), the amplification was monitored in real-time by measuring the fluorescence

produced by SG1 upon excitation from a blue-LED (Figure 3.10B and Figure 3.10C).
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Figure 3.9 PPT-gPCR fluorescence, temperature, and real-time execution profiles A)
Measured background (black) and fluorescent emission signal of the SG1 (x7) (red) after 35
thermocycles. B) Representative temperature profile for the PPT-gPCR with the denaturation
step at 95 °C and the annealing/extension step at 72 °C. C) Schematic representation of the PPT-
gPCR approach. Real-time execution profile performed by the photothermal LED device. To
maintain the temperature at 72 °C for 2 s, low injection current (0.17 A) was used. The
fluorescence from the accumulated products was excited during the annealing/extension stage
and the emission was collected for 1 s at 520 nm with the blue-LED to monitor the real-time
amplification.

We performed a series of experiments to optimize the SG1 concentrations with different PEG
lengths and Si-AuNPs concentrations (Figure 3.10). Viral M13 amplicon, derived from the
bacteriophage M13, was amplified with the PEG-Si-AuBPs and SGI1 fluorescent dye (Figure
3.10). The intensities of the fluorescent signals produced within the plateau phase of each sample
were averaged after the background subtractions and compared to determine the optimal reaction
mixture (Figure 3.10). The results indicate that the fluorescence is proportional to the amount of
SG1 and inversely proportional to the optical density of the PEG-Si-AuNPs (Figure 3.11).
Considering that the fluorescence quenching property of noble metal nanoparticles is distance-

dependent, it is reasonable that the fluorescence is higher when using the particles modified with

5K PEG than that with 2K PEG due to their larger hydrodynamic radius.
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Figure 3.10 PPT-gPCR optimization: SG1 and PEG-Si-AuBPs concentrations and PEG
lengths PPT-gPCR amplification curves of M13mp18 DNA template (1 ng pL™) were obtained
to optimize the amount of SG1, PEG length, and nanoparticle concentration. A) Using Si-AuBPs
modified with 5K PEG and different SG1 concentrations; B) Using Si-AuBPs modified with 2K
PEG and different SG1 concentrations. Optical density of each PEG-Si-AuBPs solution was
fixed to 18.3. C) 3% agarose gel electrophoresis of PPT-gPCR assay of panels A and B: lane M,
low molecular weight DNA ladder; lane 1 to 3, 3x and 5x and 7x SG1 with 5K PEG-Si-AuBPs,
respectively; lane 4 to 6, 3x and 5x and 7x SG1 with 2K PEG-Si-AuBPs, respectively. D)
Amplification of M13mp18 DNA template (1 ng pL™) at different optical densities of 5K PEG-
Si-AuBPs with fixed SG1 (x7) concentration. All the experiments were stopped after 35
thermocycles. The background signal was determined with the common approach that uses the
fluorescence during early cycles, such as between cycles 5 and 15, which shows no significant
signal or change before the exponential signal appears.
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Figure 3.11 Optimization of fluorescent signal A) Comparison of the measured fluorescence
after 35 thermocycles depending on the amount of SG1 with the fixed optical density of PEG-Si-
AuBPs, 18.3 OD. Error bars indicate the standard deviation of the quintuplicate measurements.
B) Comparison of the measured fluorescence after 35 thermocycles at different optical densities
of PEG-Si-AuBPs (5K) with the fixed amount of the SG1 (7x). Error bars indicate the standard
deviation of the quintuplicate measurements. To compare the intensities of the fluorescence in
Figure 4.10, the intensities of the fluorescence signals produced within the plateau phase of each
of the samples were averaged after the background subtractions, indicating the consumption of
almost all of the existing dye in the solution.
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Figure 3.12 Inhibition by fluorescent dyes on PPT-qPCR Left: Amplification curves of
M13mp18 DNA template (1 ng uL™) were obtained using conventional PCR machine without
PEG-Si-AuBPs to observe inhibition of the amplification reaction depending on the amount of
SG1 during 35 thermocycles (95 °C for 5 s, 72 °C for 5 s). Right: 3% agarose gel
electrophoresis: lane M, low molecular weight DNA ladder; lane 1, negative control without
M13mp18 DNA template; lane 2 to 4, 3x and 5x and 7x SG1, respectively.

It is known that the amplification reaction can be inhibited in the presence of large

concentrations of SG1*°, however, there was no obvious inhibition of the amplification by SG1
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at x7 (Figure 3.12).Under optimized conditions, the amplification reactions consisting of PEG-
Si-AuNPs (5K PEG, 18.3 OD) and serial dilutions of the M13mp18 amplicon in a final volume
of 10 uL PCR mixture including SG1 (x7) and KAPA2G fast DNA polymerase were monitored

by the PPT-qPCR system (Figure 3.13A).
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Figure 3.13 PPT-gPCR amplification of nucleic acid samples A) PPT-qPCR amplification
curves corresponding to 100 base pairs DNA products obtained from different concentrations of
M13mpl1l8 DNA template. B) Crossing point values plotted against the logarithm of the
M13mp18 DNA template concentrations. Error bars indicate standard deviation of triplicate
measurements. C) 3% agarose gel electrophoresis image of the PPT-gPCR assay: lane M, low
molecular weight DNA ladder; lane 1, positive control corresponding to M13mpl8 DNA
template, 1 ng pl™, amplified in the absence of PEG-Si-AuBPs using the CFX96 PCR system;
lane 2, negative control performed in the presence of PEG-Si-AuBPs, and in the absence of the
M13mp18 DNA template using PPT device, and shows no amplification product band; lanes 3 to
7, corresponding to 1 pg pl™ to 5 ng ul™ of M13mp18 DNA template amplified in the presence
of PEG-Si-AuBPs using PPT device, and show 100 base pairs DNA product bands. Upper
photograph of the gel shows the PEG-Si-AuBPs accumulated in the well after the electrophoretic
process.

Triplicate measurements were recorded and the fluorescent emission at 520 nm was plotted
as a function of cycle number. The results indicated that PPT-qPCR could finish 40 cycles within
7.5 minutes (Figure 3.13A and Figure 3.14A) and detect the target templates over a large
dynamic range from 5 ng pL™' to 1 pg pL™. Plotting the Crossing point values (Figure 3.13B and
Figure 3.14B) against the logarithm of the M13mp18 concentrations (Figure 3.13B) resulted in a
standard curve showing a consistent linear relationship with the correlation equation of CP =

17.98 — 5.30 log [M13mp18] (R? = 0.99643)***2. CP is related to the cycle number at which the
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fluorescence starts to increase drastically above the background signals for the quantification of

the amplified product.
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Figure 3.14 Temperature profile, sigmoidal fitting-curves, and gel electrophoresis analysis
for PPT-gPCR A) Representative photothermal amplification temperature profile used in Figure
3A: 40 thermocycles, 95 °C (0 s) denaturation step and 72 °C (2 s) annealing/extension step. B)
Four-parameter sigmoidal fitting-curves of the measured fluorescence used to determine the
crossing point (CP) in Figure 4.14. C) 3% Agarose gel electrophoresis of PPT-gPCR results
performed with 18.3 OD Si-AuBPs (without PEGylation) and M13mp18 DNA template (1 ng
uL™): lane 1, with 0.5% BSA; lane 2, with 0.3% BSA; lane 3, 0.1% BSA,; lane 4, positive control
with 5K PEG-Si-AuBPs, and 0.5% BSA.

To compare the amplification reaction with the conventional instrumentation in terms of
operating time and conditions, the reaction mixture without PEG-Si-AuBPs was tested with a

commercial PCR instrument (Figure 3.15).
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Figure 3.15 Real-time PCR amplification curves obtained from different concentrations of
M13mp18 DNA template using conventional instrument (CFX96) without PEG-Si-AuBPs
A) 40 thermocycles at 95 °C (1 s) and 72 °C (2 s). B) 40 thermocycles at 95 °C (5 s) and 72 °C
(2 s). C) 40 thermocycles at 95 °C (10 s) and 72 °C (2 s). Because the minimum set-time of the
CFX96 at each step (denaturation, annealing or extension) is 1 s, we used 1 s as a minimum set-
time for denaturation step. Same reaction mixtures as used for Figure 3.14
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The amplified products were further characterized by agarose gel electrophoresis (Figure
3.13C). The positive control showed a single band (100 base pairs) of amplified products using a
commercial PCR protocol without the PEG-Si-AuNPs (95 °C for 5 s, 72 °C for 5 s, 40 cycles).
The results indicate clear changes in band intensities that decrease as the template concentration
decreases. We observed particle aggregation during the thermocycles without PEG-modification.
The gel analysis shows that the amplified DNA products from the Si-AuBPs without PEG
modification could aggregate during the thermocycling and could not be separated from the
silica surface due to the non-specific interaction between DNA and the silica surface in the
solution with high ionic strength®. Intriguingly, the PEG-Si-AuNPs did not pass through the
agarose gel and instead remained in the loading well (Figure 3.12C and Figure 3.13C). This
makes our PPT-qPCR method highly versatile because the amplified products can be used for
further assays or applications without requiring additional purifications to remove the

nanoparticles.

3.2.3 Isothermal NAAs

Isothermal NAAs have been shown to be powerful tools for detection and synthetic
applications and the diversity of these methods mandates an instrument that can accommodate
the various reaction conditions®”°. Having shown the successful application of our PPT-method
for thermocycling, we worked to extend the PPT system to isothermal NAAs. We adapted our
system to perform isothermal bioassays, specifically rolling circle amplifications (RCA), which
involves a polymerase infinitely extending a linear primer along a circular template (Figure

3.16)*.
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Figure 3.16 PPT-gRCA of nucleic acid samples A) PPT-gRCA curves corresponding to
different concentrations of circular DNA template (0 to 50 nM). B) Schematic illustration of the
isothermal RCA reaction. Gel analysis of PPT-qRCA assay. PPT-gRCA products obtained in
panel A were analyzed by 2% agarose gel electrophoresis: lanes 1 to 5, 50 nM to 2.5 nM of
amplified circular DNA templates show broad smears corresponding to different DNA product
lengths; lane 6, negative control was measured using PPT device in the presence of PEG-Si-

AuUBPs and in the absence of circular DNA template, and shows no DNA product; lane M, 1kb
DNA ladder.

We designed a circular template of 60 nucleotides and used a highly processive, strand-
displacing DNA polymerase, Bst 2.0, with a fixed temperature of 55 °C (54.28 + 0.72 °C, Figure
3.17A). The SYBR® Green II fluorescent dye bound to the accumulated products was excited
with the blue-LED, and the emission was collected and monitored every 30 s for 80 min at 520
nm in real time and the intensities were compared to determine the degree of amplification
(Figure 3.17B). The fluorescence of each sample before photothermal heating was measured for
30 s, and the average values were used as the background signals. The assay results showed a
drastic increase of intensity as the template concentration increased (Figure 3.17C for the
positive control). The 2% agarose gel image shows distinct changes in band intensity for the
different initial template-concentrations using our PPT-qRCA method, further supporting the
different amplification rates of the real-time results (Figure 3.16B). , and these were confirmed to

be tandem repeat products Figure 3.18
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Figure 3.17 Temperature profile of PPT-gRCA and positive control with conventional
gPCR machine A) Temperature profile of the isothermal RCA reaction with measured accuracy
of 54.28 £ 0.72 °C. B) Fluorescent signals measured at 40 minutes of the RCA reaction in Figure
4A were plotted against the logarithm of circular template DNA concentrations to compare the
degree of the amplification. C) Left: Isothermal RCA reaction in the absence of PEG-Si-AuBPs
at the fixed temperature of 55 °C using CFX96 Touch™ real-time PCR detection system. The
fluorescent signals were collected every 30 s for 160 cycles, which corresponds to 80 minutes.
Right: Verification of the RCA reaction by 2% agarose gel electrophoresis: lane M, 1kb DNA
ladder; lane 1, circular DNA template (50 nM); lane 2, circular DNA template (25 nM).
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Figure 3.18 Agarose gel analysis of RCA product by PPT-qRCA using Bst 2.0 WarmStart®
polymerase after Kpnl digestion The RCA product containing tandem repeats complementary
to the circular template, lanel, was digested by Kpnl restriction enzyme and analyzed by 3%
Agarose gel-electrophoresis. After digestion, the monomer product (60 nt) and cutter (24 nt)
strands were detected confirming successful RCA amplification, lane 2; lane M, quick-load low
molecular weight DNA ladder.

3.2.4 PPT digestion of a plasmid
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To demonstrate the capabilities of the PPT method in a multi-enzyme procedure with
different temperatures levels, we performed a restriction digestion of a DNA plasmid using
different restriction endonucleases. We selected a pBR322 dsDNA plasmid®, and using the
EcoRI and Sall restriction enzymes that are active at 37 °C and inactivated at 65 °C, we tested

the ability of PPT system to precisely control the temperature for precise enzyme activity (Figure

3.19A and Figure 3.20).
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Figure 3.19 PPT-multi-enzyme digestion of nucleic acid samples A) Temperature profile of
the PPT-multi-enzyme restriction digestion at 37 °C for 20 min (accuracy of 36.90 + 0.16 °C)
and 65 °C for 20 min (accuracy of 65.54 + 0.51 °C) enzymes inactivation process. B) Scheme of
the multi-enzyme restriction digestion assay. 2% gel agarose image of the digested products
obtained by the CFX96 PCR system (lane 1 to 4) and by the PPT method (lane 5 to 8): lane 1
and 5, negative control with neither EcoRI nor Sall enzymes; lane 2 and 6, digestion with EcoRI
only; lane 3 and 7, digestion with Sall only; lane 4 and 8, treating with both enzymes; lane M,
1kb DNA ladder.

The products were validated and compared by gel electrophoresis (Figure 3.19B), and show
identical cleavage activities and band locations for the Peltier device and our PPT method,
indicating no loss of digestion fidelity or enzyme activity. The negative control containing
neither enzyme shows an intact circular pPBR322 dsDNA band (lanes 1 and 5 in Figure 3.19B).

Adding either restriction enzyme shows a band at a slightly higher location than the circular
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pBR322 dsDNA band, indicating a cleavage at only one restriction site that results in a linear

strand product (lanes 2 and 6 for EcoRI, lanes 3 and 7 for Sall in Figure 3.19B and Figure 3.21).
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Figure 3.20 1% agarose gel analysis of pBR322 plasmid digested with Nhe | restriction
enzyme under different temperatures Lane 1, pBR322 plasmid. Lanes 2-4, Nhe | digestion at
25 °C (room temperature) shows partial cleavage to the linear form. The incompleteness of the
cleavage is due to enzyme having only about 25% activity at room temperature. Lanes 5-7, Nhe |
digestion at optimal temperature of 37 °C shows complete cleavage to the linear form. Lane M, 1
kb DNA ladder. Lanes 2, 5, exhibit results obtained by IR-LED, the reaction mixtures with 0.5
OD PEG-Si-AuBPs (5K PEG) in 1% BSA were used while maintaining the same concentrations
for the others reagents. Lanes 3, 6, are related to the results obtained with the CFX96 Touch™,
the reaction mixtures with 0.5 OD PEG-Si-AuBPs (5K PEG) in 1% BSA were used while
maintaining the same concentrations for the others reagents. Lanes 4, 7, show results obtained
with the CFX96 Touch™, the reaction mixtures without nanoparticles were used while
maintaining the same concentrations for the others reagents.
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Figure 3.21 pBR322 plasmid analysis 1% Agarose gel analysis of pBR322 plasmid shows two
bands: upper — nicked form (relaxed) and lower — supercoiled monomers, lanes 1-3. T5
exonuclease digests nicks of linear or circular dsDNA, while the enzyme does not digest
supercoiled dsDNA as shown in lanes 4-6; Lane M, 1 kb DNA ladder. Lanes 1, 4, displays
results obtained by IR-LED, the reaction mixtures with 0.5 OD PEG-Si-AuBPs (5K PEG) in 1%
BSA were used while maintaining the same concentrations for the others reagents. Lanes 2, 5,
are related to the results obtained with the CFX96 Touch™, the reaction mixtures with 0.5 OD
PEG-Si-AuBPs (5K PEG) in 1% BSA were used while maintaining the same concentrations for
the others reagents. Lanes 3, 6, show results obtained with the CFX96 Touch™, the reaction
mixtures without nanoparticles were used while maintaining the same concentrations for the
others reagents.

Treatment with both enzymes shows successful cleavage at both restriction sites and two
distinct bands with different lengths (lanes 4 and 8 in Figure 3.19B). Similar band intensities
from both conventional and PPT methods demonstrate successful separation of the cleaved
products from the mixture including PEG-Si-AuBPs. This again implies the use of the digested
products for further applications, such as DNA cloning, could be performed without additional

treatments.

3.2.5 Conclusions
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Our newly developed strategy has successfully demonstrated an ultrafast, low-energy, and
real-time PCR by using monodisperse PEG-Si-AuBPs as plasmonic photothermal nano-reactors
and an LED as the light source. More importantly, our PPT method is cost-effective (PEG-Si-
AuBPs contribute < $0.01/reaction) and ready-for-use with no need for making significant
changes to the protocols of currently existing PCR assays and manufacturer PCR kits. We have
achieved 30 cycles of temperature cycling (from 72 °C to 95 °C) in < 2.5 minutes. Our studies
concerning the photothermal conversion efficiency, as well as the narrow and discrete absorption
spectrum of our highly monodisperse AuBPs indicate that this approach is effective in providing
precise temperature control. With regards to the photothermal quantitative real-time PCR, a
target sequence can be quantitatively amplified and detected in real-time across a substantial
dynamic range from 5 ng pL" to 1 pg pL"'. Moreover, we have extended our PPT system to
isothermal nucleic acid processes such as RCA and multi-enzyme restriction digestion that
require fixed and constant temperatures for extended periods of time. The diversity of these
temperatures and conditions are shown to be achievable and controllable using our PPT method.
Furthermore, the yields achieved are comparable to traditional protocols, suggesting that our
method does not compromise the fidelity or integrity of the assays. We believe that the PPT-
qPCR method will allow exploitation of the highly developed and sophisticated field of nucleic
acid amplification while eliminating the need for the bulky, time-consuming, and expensive

instrumentation for greater applications across many research fields.

3.3 Experimental Section
3.3.1 Materials and instruments
All chemicals were purchased from commercial suppliers and used without further

purification. Cetyltrimethylammonium bromide (CTAB, Bioxtra, >99.0%),
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benzyldimethylhexadecylammonium chloride (BDAC, cationic detergent), citric acid trisodium
salt dihydrate (>99.5%, BioUltra, for molecular biology), hydrogen tetrachloroaurate trihydrate
(HAUCI4+3H,0), L-ascorbic Acid (Bioxtra, >98.0%), tetracthyl orthosilicate (TEOS, reagent
grade, 98%), and methanol were purchased from Sigma-Aldrich. Silver nitrate (AgNO3, >99.8%)
and sodium borohydride (NaBH,4, >99%) were obtained from Fluka. Hydrochloric acid (HCI, 1
N) was purchased from Fisher scientific. Methoxy-poly(ethylene glycol)-silane (MW = 1,000;
2,000; and 5,000) were acquired from Laysan Bio. Nano-pure water (18.2 MQ, Barnstead
Nanopure, Thermo Scientific, MA, USA) was used in all experiments. The glass vials were
purchased from Kimble Chase (4 and 20 mL, NJ, USA). All glassware was cleaned using freshly
prepared aqua regia (HCI:HNO3 in a 3:1 ratio by volume) followed by rinsing with copious
amounts of water. RCT Basic (IKA, NC, US) was used for magnetic stirring. The
formvar/carbon-coated copper grid (Ted Pella, Inc. Redding, CA, USA) and TEM (Tecnai G2
F30 Super Twin microscope, 300 kV and Tecnai G2 Spirit, 200 kV, FEI, OR, USA) were used
for the TEM analysis. UV-Vis spectra were measured with UV-2401PC (Shimadzu, Kyoto,
Japan) and absorption cuvettes (ultra-micro cell, volume = 50 uL, light path = 10 mm, Mullheim,

Germany).

3.3.2 Synthesis of silica-coated gold bipyramids and PEGylation

The gold bipyramids were synthesized with seed-mediated growth and purified according to
our reported procedure®®. After the purification, the precipitation was redispersed and washed
with 1 mL of 1 mM CTAB solution, and finally, the purified bipyramids were redispersed in 1.5
mL of 1 mM CTAB solution prior to the silica shell coating. For the synthesis of silica-coated
bipyramids, 500 pL of bipyramid solution in 1 mM CTAB was mixed with 500 uL of deionized

water in 4 mL vial. In this solution, 1.3 pL of 0.1 M NaOH was added to adjust the pH between
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10 - 10.4 and then 8 pL of TEOS (20% v/v in methanol) was added at 30 °C, while quickly
stirring for 1 min. After adding TEOS, the solution was gently stirred overnight at 50 rpm. It is
worth noting that stirring is important for uniform coating of the silica shell. Faster stirring could
result in irregular shape of the shell and tip-exposed structures (Figure 3.3B). The solution was
centrifuged at 1,500 g for 15 min and washed with 1 mL of deionized water (repeated twice) and
methanol (repeated twice), then redispersed in 950 puL of methanol. For the PEGylation, 50 uL of
10 mM methoxy-poly(ethylene glycol)-silane in methanol was added and vortexed for 2 h. Only
PEG with molecular weights of 5,000 and 2,000 were used in the real-time assays because the
PEG MW = 1,000 aggregates under the same assay conditions. Finally, the resulting solution
was centrifuged at 1,500 g for 10 min and washed with 1 mL of methanol (repeated twice) and
deionized water (repeated twice) and, then redispersed in deionized water. Sonication for a few
seconds is needed between the washing steps. To determine the optical density of the
nanoparticles, UV-Vis spectra were obtained after the PEGylation. Unless otherwise specified,

PEG MW = 5,000 was used for all experiments.

3.3.3 Plasmonic photothermal cycles of PEG-Si-AuBPs by LED

Infrared-LED (850 nm peak wavelength, mounted on metal core PCB, 700 mA forward
current, 12.4 V forward voltage, LZ4-40R608, LED Engine, CA, USA) was used for plasmonic
heating of PEG-Si-AuBPs, controlled with source meter (Keithley-2636A, Tektronix, Inc., OR,
USA). 20.0 mm focus spot top lens fiber coupling (10356, Carclo Optics, PA, USA) was used to
focus the light on the samples. Blue-LED (5 mm, 480 nm peak wavelength, 3.2 V forward
voltage, 20 mA forward current, 4.1 cd, C503B-BCN-CV020461, CREE, Inc., NC, USA) and
FITC excitation filter (center wavelength = 475 nm, band width = 35 nm, MF475-35, Thorlabs,

Inc., NJ, USA) were used for excitation of SYBR® Green | and Il, and spectrophotometer
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(USB4000, Ocean Optics, Inc., FL, USA) and collimating lens (74-series, Ocean Optics, Inc.,
FL, USA) were used for collection of fluorescent emission signals for real-time measurements.
The temperature was measured and recorded with USB-type thermocouple measurement device
(USB-TCO01, National Instruments, TX, USA) and type-k insulated thermocouple (5SC-TT-K-
40-36, OMEGA Engineering, Inc. CT, USA). Thermal cycling with LED, source meter,
fluorescence measurement, cooling fans, and temperature measurement were controlled with the

LabVIEW program.

PEG-Si-AuBPs with maximum longitudinal peak wavelength of 846 nm in deionized water
were used and 30 thermocycles were performed between 72 °C and 95 °C. 5 pL of nanoparticles
with different optical densities and 12 pL Chill-out™ liquid wax, clear (CHO-1411, Bio-Rad
Laboratories, Inc., CA, USA) were used to determine the cooling and heating rate depending on
the optical density of the nanoparticles (Figure 3.7). 5, 10, and 25 uL of PEG-Si-AuBPs with
optical densities 14.1 and 21.5 in water (12, 15, and 30 pL liquid wax, respectively) were used to
determine the cooling and heating rate depending on the sample volume (Figure 3.8B). 10 uL of
nanoparticles with optical densities of 14.1 and 21.5 (15 pL liquid wax) were used to determine

the cooling and heating rate depending on the injected current (Figure 3.8C).

3.3.4 Preparation of reaction mixtures for PPT-gPCR

Double-stranded circular form of the M13mpl18 RF | DNA was purchased from New
England BioLabs, Inc. and used as a template for the PPT-gPCR experiments. Forward primer
(5°-TCC TCA AAG CCT CTG TAG CCG TTG CT-3", 100 uM) and reverse primer (5'-GCT
TGC AGG GAG TTA AAG GCC GCT T-3", 100 uM) purified by HPLC were purchased from
Integrated DNA Technologies and used without further purification. Forward and reverse

primers were designed to amplify 100-nucleotides from the M13mp18 DNA sequence. KAPA2G
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fast DNA polymerase (5 U puL™), KAPA2G buffer A (5x) and KAPA dNTPs mix (10 mM each)
were purchased from KAPA Biosystems. SYBR® Green I and 11 (10,000x) were purchased from
Molecular Probes, Inc. Quick-Load® purple low molecular weight DNA ladder, Quick-Load®
purple 1 kb DNA ladder and gel loading dye (Purple, 6x) were purchased from New England
BioLabs, Inc. Transparent PCR tube (0.2 mL 8-tube PCR strips without caps, low profile, clear,
TLS0801) and cap (0.2 mL flat PCR tube 8-cap strips, optical, ultraclear, TCS0803) were
purchased from Bio-Rad Laboratories. The reaction mixtures in Figure 3.13 contain 2 pL of 5x
KAPA2G buffer A (1x), 0.2 uL of 10 mM dNTPs (0.2 mM each), 0.5 uL of 10 uM forward
primers (0.5 uM), 0.5 pL of 10 uM reverse primers (0.5 uM), 0.4 uL of 5 U uL™* KAPA2G fast
DNA polymerase (0.2 U pL™), 0.5 pL of 20 ng pL™ M13mp18 DNA template (1 ng uL™), 0.5
uL of 140x SYBR® Green | (7x), 5 uL of 36.6 OD PEG-Si-AuBPs in 2 % BSA (18.3 OD, 1%
BSA). The concentrations in the brackets denote the final concentrations in 10 pL reaction
volume. 0.4 pL of water was added to adjust the reaction volume to 10 puL, and 15 pL of Chill-
out™ liquid wax was added on top of the mixture in conventional PCR tube. In Figure 3.11A,
0.5 uL of 60, 100, and 140x SYBR® Green | (3, 5, and 7x) were used, maintaining other reagents
the same as in Figure 3.10. In Figure 3.11B, 5 pL of 28.2, 36.6 and 43.0 OD PEG-Si-AuBPs in
2% BSA (14.1, 18.3, and 21.5 OD, 1% BSA) were used, maintaining other reagents the same as
in Figure 3.10. In Figure 3.13A, 0.5 pL of 100, 20, 2, 0.2 and 0.02 ng uL'l M13mpl8 DNA
template (5, 1, 0.1, 0.01, and 0.001 ng pL™*) were used, maintaining other reagents the same as in
Figure 3.8. The PPT-gPCR was performed with thermocycling between 95 °C (0 s, denaturation)
and 72 °C (2 s, annealing/extension) for 40 cycles. The reaction was monitored by measuring the
fluorescent emission signals at 520 nm in real-time during the annealing/extension at 72 °C with

1 s of acquisition time. For the positive control (lane 1 in Figure 3.13C), the reaction mixture
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used in Figure 3.10 without nanoparticles was used, and the 40 thermocycles of temperatures
95 °C for 5 s and 72 °C for 5 s were controlled with CFX96 Touch™ real-time PCR detection
system, Bio-Rad Laboratories Inc. After the amplification, the solution was mixed with 3 pL of
6x loading buffer and 5 pL of 0.5x tris/borate/EDTA buffer (TBE buffer), and 5 uL of mixture

was loaded and analyzed by electrophoresis with 3% agarose gel.

3.3.5 Preparation of reaction mixtures for PPT-qRCA

Quick Ligation™ Kit, isothermal amplification buffer (10x) and Bst 2.0 WarmStart® DNA
polymerase (8 U L") were purchased from New England BioLabs, Inc. Phosphorylated linear
RCA Template (5’-/5Phos/CAA GTA GTC GAG ATC ATT AGG ACC ACA GCG AAC AAT
TAA CAC GAC CAA TCA TAC AGG TAC-3’) and RCA splint primer (5’-CTC GAC TAC
TTG GTA CCT GTA TGA-3’) were obtained from Integrated DNA Technologies. For the
preparation of circular DNA template, 0.1 uM 5’-phosphorylated linear RCA template and 0.3
uM RCA splint primer, and 1 puL of Quick T4 DNA ligase were mixed in 1x quick ligation
reaction buffer (20 uL final volume) at 25 °C for 10 min. After ligation, the solution was
incubated at 65 °C for 10 min to inactivate the T4 DNA ligase and then used as a stock solution.
In PPT-qRCA, Figure 3.16, the reaction mixture contains 1 pL of 10x isothermal buffer (1x), 0.5
uL of 10 mM dNTPs (0.5 mM), 0.5 pL of 140x SYBR® Green Il (7x), 1 uL of 8 U pL™ of Bst
2.0 WarmStart® DNA polymerase, 2 pL of 2.5 OD PEG-Si-AuBPs in 5% BSA (0.5 OD, 1%
BSA). The concentrations in the brackets denote the final concentrations in 10 pL reaction
volume. 5, 2.5, 1, 0.5, and 0.25 pL of template stock solution including circular DNA (0.3 uM)
and primer (100 uM) were used. 0, 2.5, 4, 4.5, and 4.75 pL of 0.3 pM primer were added to
adjust the concentration of primer to 0.1 uM in 10 pL final reaction volume. For the PPT-gRCA

assay, the fixed temperature of 55 °C for the isothermal extension was controlled with the IR-
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LED. The SYBR® Green Il intercalating dye was excited with the blue-LED and the fluorescent
emission signals were collected every 30 s for 80 min at 520 nm. The injection current was set to
0.45 A. After the amplification, the product solution was mixed with 3 puL of 6x loading buffer
and 5 uL of 0.5x TBE buffer. Then, 5 puL of the mixture was loaded and analyzed by

electrophoresis in a 2% agarose gel.

3.3.6 Preparation of reaction mixtures for PPT-multi-enzyme restriction digestion
CutSmart® buffer (10x), pBR322 vector (1 mg pL™), EcoRI-HF® (20,000 U uL™), and Sall-
HF® (20,000 U uL™) were purchased from New England BioLabs, Inc. For the restriction digest
in Figure 3.19, the reaction mixture in a total final volume of 25 pL contains 16 pL of water, 2.5
uL of 10x CutSmart® buffer (1x), 0.5 pL of 1 mg pL™* pBR322 Vector (20 pg uL™), 0.5 uL of
20,000 U pL* EcoRI-HF® (400 U pL™), 0.5 uL 20,000 U pL™* of Sall-HF® (400 U uL™), 5 pL of
2.5 OD PEG-Si-AuBPs (5K PEG) in 5% BSA (0.5 OD, 1% BSA). The concentrations in the
brackets denote the final concentrations in a 25 pL reaction volume. For the positive control with
the CFX96 Touch™, the reaction mixture without nanoparticles was used while maintaining the
same concentrations for the others reagents. For the PPT-multi-enzyme restriction digestion, the
constant temperature of 37 °C for the activation of enzymes and 65 °C for the inactivation were
controlled with the IR-LED (Injection current of 0.15 A was applied at 37 °C and 0.5 A for
65 °C). After the amplification, the solution was mixed with 5 pLL of 6x loading buffer, and 10

uL of mixture was loaded and analyzed by electrophoresis in a 2% agarose gel.
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Chapter 4 — Proton-powered plasmonic actuator

4.1 Introduction

Self-assembly of nanoparticles was first reported in 1996 and since then advances in
nanoparticle synthesis regarding shape, monodispersity, and yield, as well as DNA structural
design and synthesis have presented numerous opportunities in the field of programmable self-
assembly through the integration of the metal nanoparticles with DNA ligands'™*%. Unfortunately,
most self-assemblies of metal nanoparticles result in large aggregates or agglomerations as few
methods exist to limit the amount of or location of the surface functionalization, resulting in full
surface coverage and uncontrollable continuation of self-assembly***®. Recently, it has been
shown that the use of very specific DNA assemblies can be used to control how the nanoparticles
are functionalized or assembled'’*®. However, these methods require stoichiometrically large
amounts of DNA relative to the nanoparticles and discrete size-matching of the DNA structure
with the particles, making these methods purely academic. There is still a need for methods of

site-specific functionalization that can lead to discrete nanoparticle self-assembly.

The creation of devices on the nanoscale represents a vastly unexplored potential in the
scientific community. These nanomachines lie within a size-scale between that of molecular and
bulk material and results in greatly different properties than either. Machinery on this size-scale
has the potential for sensing, drug delivery, cargo payload, and much more, all of which could be
done inside of a cell interacting with proteins or organelles. Much like a modern-day factory,
fully autonomous cells could be synthesized entirely out of nanoscale machinery. However, this
future depends on the incorporation of multiple materials into responsive and functional devices.

One of the first steps to take would be in the creation of DNA-nanoparticle hybrid
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nanomachines. Nanoparticles and optical molecules have been incorporated into DNA
nanomachines in the past, but the isotropic nanoparticles typically employed only serve to aid in
visualization through microscopy?®?!. The use of anisotropic nanoparticles and the utilization of

their unique shapes is a hurdle in self-assembly that currently limits most nanomachines.

The use of DNA as a material in nanoparticle self-assembly allows for programmability and
specificity unmatched by other ligands. In fact, DNA has at least seven advantageous features
that make it a suitable candidate as a building block for nanotechnology??®. (1) The well-
defined double helix structure of DNA makes the design predictable with atomic precision. In
solution, dsDNA normally exists in B-form, which is a right-handed helix with a diameter of 2.0
nm, 10.5 base pairs per full turn of helix, 3.4 A per base pair rise (and therefore, one full turn of
double helix is about 3.6 nm). (2) The specific Watson-Crick base pairing interactions (A=T and
G=C) provide invaluable tools for programmable and controllable designs. An N-base DNA
strand has the diversity of 4" different sequences and base pairings also provide the constructing
tools of hairpin, sticky ends and junction structures. (3) The rigidity of dsDNA (with persistence
lengths up to 50 nm) makes it an ideal building block for nanostructures. (4) The solid phase
phosphoramidite-based synthesis of oligonucleotides makes the DNA easily and cheaply
prepared and commercially available. Furthermore, various linkers, modified bases, fluorescent
dyes and other molecules can be conveniently and readily incorporated to give the functionalized
DNA. (5) The enzymatic and experimental tools developed by molecular biology can be directly
used by DNA nanotechnology. Various enzymes (such as diverse restriction enzymes, nicking
enzymes, ligases, exonucleases, polymerases, kinases, etc.) and the technology (for example gel
electrophoresis and foot-printing) can be exploited for the construction, purification and

validation of the structures. (6) A diverse library of DNA-binding molecules such as proteins,
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intercalating dyes, and PNA have been developed and used for assisting DNA-base
nanotechnology. (7) Certain sequences can form non-B-form structures such as left-handed Z-
form double helix, triplex, G-quadruplex, i-motif and other sequences which have been selected
to be folded into DNAzymes and aptamers. All of these structures greatly expand the spectrum
and functionalization of DNA-based nanostructures, including the construction of synthetic DNA
topologies**?’. Due to these unique properties of DNA, materials responsive to external stimuli
can also be created™™ **. The use of stimuli-responsive materials is an important step in creating
nanomachinery, and DNA-nanoparticle hybrid systems represent the most promising prospect
for the future of nanomachinery® 2. Therefore, it remains critical for advances to be made in
creating discrete self-assemblies of nanoparticles, especially those involving stimuli-responsive

materials.

This chapter will summarize a method to functionalize both isotropic and anisotropic gold
nanoparticles in a site-specific manner with different DNA strands, each encoded with part of a
triple helix moiety. The strands contain an additional complementary segment separate from the
triple helix sequences that allows them to hybridize, effectively tethering two nanoparticles into
discrete dimers regardless of pH. When the conditions of the solution are changed between
acidic and basic, the triple helix closes and opens, respectively, which changes the interparticle
distance, and elicits a plasmonic coupling, resulting in a shift of the UV-Vis-NIR absorbance
peak. In the case of the gold nanosphere dimer, the plasmonic coupling shift results in a color
change that is visible by eye. Because the nanoparticle-DNA hybrid building blocks are
universal, both homodimers and heterodimers can be assembled from the nanospheres and
nanorods. We demonstrate that the triple-helix response to pH is fast-acting and completely

reversible for several cycles. This approach presents a method for creating universal building
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blocks for nanoparticle self-assembly capable of creating discrete, novel, and interesting
structures that allow for future study of nanoparticle-nanoparticle interactions and nanoparticle-

DNA hybrid nanomachinery.

4.2 Results and Discussions
4.2.1 Particle encapsulation

Here we describe a method of partial polymer encapsulation and subsequent DNA
functionalization to create discrete homo- and heterodimers from spherical gold nanoparticles
and gold nanorods, which can then be used to create a stimuli-responsive material that elicits a
distance-dependent optical response. The DNA strands include sequences necessary for a triple-
helix motif that responds to solution pH, causing the structures to exhibit a shift in the UV-Vis-
NIR absorption peak caused by the plasmonic coupling of the nanoparticles. The reversible and
consistent shifts in the absorbance peak vary with the make-up of the dimer pair and reach a
maximum peak-shift with the nanorod dimer of 80 to 90 nm with each pH shift. The synthetic
approach to create these functionalized nanoparticles represents a universal approach to site-
specific and anisotropic directionality in self-assembly. This hybrid DNA-nanoparticle system

represents a promising early step in the development of stimuli-responsive nanomachinery.

The gold nanorods were synthesized with dimensions of 49 nm in length and 12 nm in width
with an aspect ratio of ~4.1 (Figure 4.1A)*. The purchased gold nanospheres were measured as
22.1 nm in diameter. The gold nanoparticles and gold nanorods undergo minor spectral changes
upon the partial encapsulation and again with the subsequent DNA functionalization (Figure
4.1B and Figure 4.2). These small shifts can be attributed to changes to the dielectric constant of
the immediate surroundings by the ligands and polymer, and these are similar to other measured
29-30

shifts of ligand exchanges
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Figure 4.1 Bare

AuNPs A) TEM image of the synthesized AuNPs with length: 48.6 + 3.8 nm,

width: 11.8 £ 1.3, and aspect ratio: 4.1 £0.5 nm. B) TEM image of fully encapsulated AUNRS
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Figure 4.2 UV-Vis of the fully encapsulated and DNA-labeled partially encapsulated
AuNPs A) Fully encapsulated AuNPs. B) Fully encapsulated AuNRs. C) Partially encapsulated
AUNPs labeled with DNA strand (1). D) Partially encapsulated AuNPs labeled with DNA strand

(2). For A and

B, blue lines represent bare particles and red lines represent encapsulated

particles. For C and D, blue lines represent partially encapsulated particles and red lines

represent DNA-I

We optimize

abeled particles

d a method of partial polymer encapsulation of gold nanoparticles and nanorods

to limit the amount of exposed area to small patch of surface. The eccentric encapsulation of

gold nanoparticles (eNP) as well as encapsulation of nanorods with both ends exposed (2eNRs)

have been previously reported®*?, The encapsulation of the nanoparticles was optimized to limit
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the amount of area exposed so that hybridization with multiple nanoparticles could not occur, but
enough surface area was still allowed so that there would be no steric hindrance of the triple
helix folding from the polymer. Gold nanorods were eccentrically encapsulated so that only one
end was exposed from the polymer shell (1eNR), through a method that demonstrated by our
group recently for the first time®. This encapsulation ensures that any further surface
modification can only occur at the tip of the nanorod and is limited to the exposed tip (Figure

4.3).
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Figure 4.3 Schematic depicting the partial encapsulation of the AUNPs and AuNRs

Although the specifics of this process are beyond the scope of this work it can be
summarized briefly as follows. The polymer encapsulation works by performing a ligand
exchange with a specific ratio of a hydrophobic ligand (1,2-Dipalmitoyl-sn-glycero-3-
phosphothioethanol, PSH) and a hydrophilic ligand (2-(methylamino)ethanol) in the presence of
the block copolymer (Poly(styrene-b-acrylic acid), 15-b-1.6, PSPAA) in a DMF:H,0 solvent.
When heated to 110 °C, a ligand exchange process occurs, coating the nanoparticle in a ratio of

the two ligands. This ratio is tunable around the ratio of DMF:H,0 in the solution as well as the
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ratio of the two ligands. The PSPAA micelles melt at such extreme temperatures, and then begin
to reform around the nanoparticles, which are partially coated in hydrophobic ligands. The long
hydrophobic polystyrene segments are directed toward the interior of the micelle, placing the
hydrophilic poly-acrylic acid chains on the exterior. Because of the nature of the two ligands on
the surface, only part of the nanoparticle is encapsulated in the polymer®®. The particle size must

be approximately equal to the size of the micelle for good coverage.

Figure 4.4 1-end exposed AuNRs Representative TEM images of the 1eNR building blocks.
Scale bars =50 nm.

4.2.2. Nanoparticle functionalized with triple helix DNA

Once the building blocks were obtained through partial encapsulation, further
functionalization was performed using thiolated DNA strands. The DNA sequences were
designed to include one entirely complementary segment that would remain hybridized
throughout the assembly and pH-switching in addition to multiple segments from both strands
that could form a triple helix at the proper pH. Since the DNA remains at least partially
hybridized at all times, the particles will be permanently tethered to one another, allowing the
triple helix portion of the DNA to rapidly respond to any changes in the solution pH. As seen in

Figure 4.5, in neutral or basic conditions, the triple helix remains in the “open” conformation. In
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this state, the particles remain far enough apart that very little or no plasmonic coupling occurs,

and the absorbance spectrum most closely reflects the spectrum of the monomeric particle.
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Figure 4.5 Scheme depicting the structure of the DNA triple helix and its reversible dsDNA
state Under acidic conditions the triplex region will be in the “closed” position. Under basic
conditions, only the normal dsDNA will be hybridized. DNA strand (1) will have a Thiol cap at
its 3’-end. The DNA strand (2) will be labeled with 5’-amine cap and reacted with SPDP to yield
the amide. DTT then reduces this compound to the thiol.

By lowering the pH of the solution to ~5, the protonation of N-3 position of the cytosines
allows for Hoogsteen base pairing along the entirety of the triple helix sections, thus forming the
“closed” conformation ( ). The additional T*A=T triplexes help stabilize the formation of the
triplex. The ratio of these two sets of (C**G=C and T*A=T) determines the pH range across
which the sequence is responsive™*. When the DNA is in the closed conformation, the particles
are brought within range for plasmonic coupling to occur, causing a spectral shift of the relevant
absorbance peak. These plasmonic peak shifts have been well studied and have become the basis
for plasmonic rulers®. The pH range that the triple helix responds to is tunable through a wide

range™. The pH range for our system was selected to respond close to neutral and biologically
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relevant conditions. In addition, low pH was avoided because the exterior of the polymer shell is
negatively charged, and acidic conditions could neutralize this shell and cause the nanoparticles
to aggregate in solution. The polymer shell was shown to be stable at pH 4.5 and above (Figure

4.7A), meaning the nanoparticle shells will be stable at the pH range that was selected.
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Figure 4.6 Hoogsteen Triple Helix Interactions Left: C**G=C is the pH-responsive triplex
formation. Right: T*A=T triplex does not require protonation.
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Figure 4.7 Stability of fully encapsulated AuNRs A) UV-Vis analysis in solutions at different
pHs. B) UV-Vis analysis in solutions of different concentrations of [Mg?*].

A modified salt aging procedure was performed to load the DNA onto the exposed surfaces
of the gold nanoparticles®. Because a large excess of DNA relative to particle is used in addition

to the salt aging, equilibrium drives the ligand exchange process to favor the thiolated DNA
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strands occupying the surface®. The nanoparticles were purified from the excess DNA and salt
by repeated centrifugation. Hybridization of the surface DNA was performed by heating the
solution to 45 °C for 15 min followed by cooling at a rate of 1 °C min™. The buffer was chosen
to include a high concentration of NaCl to stabilize the compact packing of the folded triple helix
DNA™. Mg?* was found to cause irreversible aggregation of the poly-anionic polymer shells

(Figure 4.7) and was therefore not used in the buffer.

4.2.3 Nanoparticle dimerization and pH-induced switching

Once the DNA is hybridized, discrete dimers of the nanoparticles are easily accessible, as
seen in Figure 4.8. Due to the simplicity and design of the building blocks, eNP-eNP and 1eNR-
1eNR homodimers, as well as eNP-1eNR heterodimers can be assembled with the universal

materials.
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Figure 4.8 Representative TEM images of the nanoparticle dimers A) eNP-eNP
homodimers. B) 1eNR-1eNR homodimers C) eNP-1eNR heterodimers (Scale bar is 50 nm for A
and 100 nm for B and C)

With the nanoparticle dimers functionalized with the triplex-capable DNA, pH switching
experiments were performed and measured by UV-Vis-NIR spectroscopy to observe the induced
plasmonic coupling caused by the change in the inter-particle distance. In acidic conditions, the

triplex folds, bringing the nanoparticles close together and inducing the plasmonic coupling. In
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basic conditions, the triplex unfolds allowing the DNA to open back up. The distance between
the nanoparticles when the DNA is in the open conformation is on the order of the nanoparticle
diameter, large enough to minimize any plasmonic coupling and causing the UV-Vis-NIR

absorbance peak to closely resemble that of the nanoparticle monomers.
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Figure 4.9 eNS-eNS Homodimer A) Schematic illustration of eNS-eNS homodimer actuator.
B) UV-Vis of actuator in cycling environments. Blue represents pH = 9; Red pH = 5. C) Graph
of the peak absorbance from the UV-Vis data of the actuator as it proceeds through the different
cycle steps. The number represents the cycle round; A represents pH = 5; B represents pH = 9.

The gold nanosphere dimers (Figure 4.9) demonstrate reversible and consistent responses to
changes in pH. The dimers are assembled and show to have an initial absorbance peak at 542
nm, which in neutral pH has the DNA in the open conformation. Addition of acid to the solution
results in consistent shifts of the absorbance peak of three to four nanometers as well as

increased absorbance as exemplified by the broadening on the red side of the absorbance peak.
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The changes in the absorbance peak, although small, result in a visible color change. The closed
conformation present in acidic presents as a red-purple color while the open conformation in

basic conditions is a pink color, similar to the bare gold nanoparticles (Figure 4.10)
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Figure 4.10 Photographs of solution containing AuNP dimers cycling through acidic and
basic conditions

The sphere-rod heterodimers (Figure 4.11) show a difference in the peak shift in both size
and location in the absorbance spectrum. Because the gold sphere is localized to the tip of the
gold nanorod, the plasmonic coupling shifts the longitudinal peak of the rod. The initial
longitudinal absorbance peak is located at 837 nm, and the pH switches show consistent peak
shifts between eight and ten nanometers (Figure 4.11C), over double the shift observed in the
sphere dimers. The absorbance peak corresponding to both the gold spheres and transverse peak
of the nanorods exhibits little change resulting from the pH switches, and in fact continues to be
located around 542nm, which is consistent with the previous result. The majority of light waves
passing through the nanosphere are unaffected by the proximity of the nanorod. Only light waves
passing through both the nanosphere and the long axis of the nanorod are affected by the

plasmonic coupling.

The gold nanorod homodimers (Figure 4.12) exhibit the most dramatic shifts in absorbance

peak. The initial longitudinal absorbance peak is located at 854 nm, which shifts to 941 nm upon
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addition of acid the first time. Reversible pH switches result in peak shifts of 70 to 90 nm
consistently (Figure 4.12). Again, only the light waves traveling through the longitudinal axis of
the nanorod are affected by the proximity of the other nanorod, and thus the only absorbance
shifts occur in that region of the spectrum. No observable shift occurs in the transverse peak of
the spectrum, further confirming that all nanorods are linked by the tips and not through the

sides.
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Figure 4.11 eNS-eNR heterodimer A) Schematic illustration of eNS-eNR heterodimer
actuator. B) UV-Vis of actuator in cycling environments. Blue represents pH = 9; Red pH = 5.
C) Graph of the peak absorbance from the UV-Vis data of the actuator as it proceeds through the
different cycle steps. The number represents the cycle round; A represents pH = 5; B represents
pH =9.
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Figure 4.12 eNR-eNR homodimer actuator A) Schematic illustration of eNR-eNR homodimer
actuator. B) UV-Vis of actuator in cycling environments. Blue represents pH = 9; Red pH = 5.
C) Graph of the peak absorbance from the UV-Vis data of the actuator as it proceeds through the
different cycle steps. The number represents the cycle round; A represents pH = 5; B represents
pH=29.

The rate of the triple helix switching was also measured using UV-Vis-NIR absorbance with
the eNR homodimer. The absorbance values at the two longitudinal peak wavelengths were
measured at 5 second intervals following the addition of either acid or base (Figure 4.13). The
absorbance of one peak acts inversely to the absorbance of the other. The rate of the base-to-acid

switch was found to be noticeably faster than the acid-to-base switch, 61 seconds compared to

103 seconds for the latter (Figure 4.13). This discrepancy has been observed with other triple
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helix systems, however our nanoparticle-DNA hybrid system shows a considerably slower rate

than the DNA alone®®,
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Figure 4.13 Rates of Interconversion between closed and open states Left: Real-time UV-
Vis data measuring absorbance after addition of acid or base. Plotted rate kinetics of the
conversion from open to closed (red) and closed to open (blue).

We believe this can attributed to the payload of the nanoparticles tethered to the ends of the
DNA. Rather than simply waiting for the Brownian motion of the DNA strands to move close
enough to form the triple helix, the nanoparticles have to move close enough together to allow
the DNA strands to be in proximity to then form the correct conformation, which can take a
couple orders of magnitude longer in this case'®. However, it should be noted that the rate of the
triple-helix DNA-nanoparticle hybrid system is still much faster than hybrid systems employing

other DNA motifs, such as the i-motif°®,
4.3 Conclusions

We have demonstrated a new synthetic strategy for the creation of discrete nanomachine
dimers, including the localization of spherical gold nanoparticles and gold nanorods to the tip of
another gold nanorod. This was accomplished by a partial encapsulation process using a diblock
copolymer in the presence of both a hydrophobic and a hydrophilic ligand. The exposed surfaces

remaining on the partially encapsulated nanoparticles were then functionalized with DNA
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sequences coded with a pH-responsive triple-helix moiety. With the nanoparticle homo- and
heterodimers, the optical response to the plasmonic coupling, as controlled by the solution pH,
was measured with UV-Vis-NIR spectroscopy. Highly reversible and consistent peak shifts were
observed in the sphere dimers, the rod dimers, and the sphere-rod heterodimer with the largest
peak shifts of 80-90 nm being present in the nanorod homodimer. The partial encapsulation
method enabling site-specific functionalization and discrete self-assembly will allow future
studies of nanoparticle interactions, including field enhancement effects and plasmonic coupling

between different noble metals and quantum dots.

4.3 Experimental Section

4.3.1 Materials and Instruments

All chemicals were purchased from commercial suppliers and used without further
purification. Benzyldimethylhexadecylammonium chloride (BDAC, cationic detergent), cetyl-
trimethylammonium bromide (CTAB, Bioxtra, >99.0%), citric acid trisodium salt dehydrate
(=299.5%, BioUltra, for molecular biology), ethanol (200 proof, ACS reagent, >99.5%), hydrogen
tetrachloroaurate thrihydrate (HAuCl;e3H,0, >99.9%), L-ascorbic acid (Bioxtra, >98.0%),
sodium chloride (NaCl, Bioxtra, >99.5%), sodium dibasic phosphate (Na;HPO,, Bioxtra,
>99.0%), sodium dodecyl sulfate (SDS, Bioxtra, >99.0%), sodium monobasic phosphate
monohydrate (NaH,PO4eH,0, Bioxtra, >99.5%) were purchased from Sigma-Aldrich. Silver
nitrate (AgNO3, >99.8%) and sodium borohydride (NaBH,4, >99%) were purchased from Fluka.
Hydrochloric acid (HCI, 1N) and sodium hydroxide (NaOH, pellets, >97.0%) were purchased
from Fisher Scientific. 30 nm unconjugated gold nanoparticles were purchased from Ted Pella

(CA, USA). N,N-Dimethylformamide (DMF, >99.8%) was purchased from Macron Fine
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Chemicals. DL-1,4-Dithiothreitol (DTT, >99%) and 2-(methylamino)ethanol (>99.0%) was
purchased from Acros. 1,2-Dipalmitoyl-sn-glycero-3-phosphothioethanol (PSH, powder,
>99.0%) was purchased from Avanti Polar Lipids. Succinimidyl 3-(2-pyridyldithio)propionate
(SPDP) was purchased from ThermoFisher Scientific. The polystyrene-polyacrylic acid block
copolymers were purchased from Polymer Source. All DNA sequences were purchased through
Integrated DNA Technologies (1A, USA). Nap-5 DNA purification columns were purchased
from GE Healthcare Life Sciences. MWCO 3 kDa was obtained from Pall Corporation. 50x
Tris/Acetic Acid/EDTA buffer was purchased from Bio-Rad. Nano-pure water (18.2 MQ,
Barnstead Nanopure, Thermo Scientific, MA, USA) was used in all experiments. All glassware
was cleaned before use using freshly prepared aqua regia (HCI:HNO3 in a 3:1 ratio by volume)

followed by rinsing with copious amounts of water.

UV-Vis-NIR spectra were obtained through either a Synergy H4 microplate reader (Biotek,
VT, USA) or a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent, CA, USA).
Formvar/carbon-coated copper grids (Ted Pella, Inc., CA, USA) and *holey carbon grid for

cryo-EM*. Tecnai G2 Spirit (FEI, OR, USA) was used to obtain all TEM images.

4.3.2 Synthesis of gold nanorods

The gold nanorods were synthesized according to previous literature reports*. Briefly, gold
seeds were prepared with 5 mL of 100 mM CTAB, 127 uL of 10 mM HAuCI,, and 300 uL of 10
mM NaBH,. The solution was stirred gently for 10 mins and then allowed to sit at 30 °C for 1 h.
Then, to a 20 mL scintillation vial was added 9.8 mL of 100 mM CTAB, 10 uL of freshly
prepared 100 mM AgNOs, 508 uL of 10 mM HAUCI,, 55 uL of freshly prepared 100 mM

ascorbic acid, and 12 uL of the seed solution. The solution was mixed gently and then stored at
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30 °C overnight. The resulting brown solution was centrifuged twice at 10,0009 for 15 mins and
washed with 1 mM CTAB. The resulting gold nanorods were characterized by UV-Vis-NIR

spectroscopy and TEM.

4.3.3 Encapsulation of gold nanorods

To encapsulate gold nanorods, a stock solution of OD~8 was used. To a 4 mL glass vial, 670
uL of DMF, 80 uL of 8 mg mL™ PSPAA dissolved in DMF, 75 uL of AuNR solution, 100 pl of
nanopure H,0, 7 uL of 1.0 M 2-(methylamino)ethanol in H,O, and 50 pL of 2 mg mL™ solution
of PSH dissolved in ethanol were added sequentially. The DMF/H,0 ratio used is 4.0:1, and the
hydrophilic/hydrophobic ligand ratio used is 95:1. The reagents were added dropwise with a
pipet at a rate of one drop every 2-3 seconds. The contents of the vial were vortexed while
adding. The vial was sealed with Teflon tape to prevent any leaks during heating. The contents of
the vial were then heated in an oil bath at 110 °C for 90 min. The resulting solution was then
removed from the heat and allowed to cool to room temperature. The solution was then

centrifuged twice at 9,000 g for 10 min and rinsed with 0.01% SDS, pH = 9 buffer.

4.3.4 Encapsulation of gold nanoparticles

To encapsulate gold nanoparticles, a purchased stock solution of 30 nm gold nanoparticles
was used. To a 4 mL glass vial, 670 uL DMF, 80 uL of 8 mg mL™ PSPAA dissolved in DMF,
210 pL of gold nanoparticles in H,O, 4.5 uL of 0.1 M 2-(methylamino)ethanol in H,O, and 50
uL of 2 mg mL™ solution of PSH dissolved in ethanol were added sequentially. The reagents
were added at a rate of a drop every couple of seconds and the contents of the vial were vortexed
while adding. The vial was sealed with Teflon tape to prevent any leaks during heating. The

contents of the vial were heated at 110 °C for 90 min. The resulting solution was then removed
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from the oil bath and allowed to cool to room temperature. The solution was then centrifuged

twice at 10,000 g for 15 min and rinsed with 0.01% SDS, pH = 9 buffer.

4.3.5 Synthesis of thiolated DNA

To a 600 puL tube, 50 puL of DMF, 0.312 mg of SPDP was added to form a 20 mM stock
solution. 30 uL of a 100 uM stock solution of the DNA(1) was added 15 uL 20 mM SPDP
solution. The solution was left to sit at room temperature for 30 mins. The thiolated DNA was
then purified with a centrifugal filter tube (3kDa MWCO) and centrifuged at 5000 g for 12
minutes and rinsed with disulfide cleavage buffer, pH = 8. This was repeated two more times.

Newly-thiolated DNA (1) was then immediately used in the subsequent steps.

4.3.6 Reduction of the thiolated DNA

The DNA was purchased with a terminal disulfide modification or was prepared as above. To
30 uL of a 100 uM stock solution of the DNA was added 30 pL of a freshly prepared 100 mM
solution of DTT in nanopure H,O. The solution was wrapped in foil and gently shaken at room
temperature for 1 h. The reduced DNA was then purified in a NAP5 column with the fractions
collected in a 96-well plate. The absorbance measured at 260 nm was used to determine the

fractions containing the DNA.

4.3.7 Functionalization of the nanoparticles with thiolated DNA

To a concentrated solution of the partially encapsulated gold nanoparticles was added an
amount of the reduced thiolated DNA in an amount where the DNA:nanoparticle ratio was
roughly 400:1. The solution was gently shaken at room temperature for 2 h. After 2 h, a modified
salt-aging procedure was used to ensure efficient and complete packing of the DNA onto the

exposed surface®. An amount of 400 mM NaCl, 0.01% SDS, pH = 9 buffer was added to the

97



solution. Six additions were performed, each separated by 15 min, to raise the concentration of
NaCl in solution to about 200 mM total. After the final addition, the solution was left to shake at
room temperature overnight. To remove the excess DNA, the solution was centrifuged 5 times at

9,000 g for 10 min and washed with 0.01% SDS, pH = 9 buffer.

4.3.8 Self-assembly of the DNA-functionalized nanoparticles

UV-Vis was used to determine the relative concentrations of each NP-DNA solution. An
equal molar amount of each solution was mixed in a centrifuge tube. An equal volume of 600
mM NaCl, 0.2x TAE buffer was added to the sample to give a final concentration of 300 mM
NaCl, 0.1x TAE with a pH around 8. The sample was heated to 45 °C for min and then cooled
by 1 °C min™ until the temperature reached 15 °C to allow complete hybridization. pH switching
was performed by adding 0.1 M amounts of HCI and NaOH to reach pH = 5 for the closed state

and pH = 9 for the open state.
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Chapter 5 — Conclusions

In summary, we have developed solutions to provide improved performance of nucleic acid
amplifications, and have demonstrated that the variety of properties exhibit by gold nanoparticles
can be tuned and modulated to serve isothermal and thermocycling protocols. Additionally by
relying on the plasmonic properties specifically, we were able to form discrete dimers and have
them function as pH-responsive nanomachines through the use of the dsDNA to triplexDNA
interconversion. The use of metallic nanoparticles offers creative solutions by exploiting their
properties which are orthogonal to those typically found in the biological materials. We have
specifically used high surface-to-volume charge density, plasmonics, or their photothermal
behavior of various gold nanoparticles but there is a wide array of shapes and materials that can

still be explored.

5.1 Future of nucleic acid amplifications

Nucleic acid amplifications have become so commonplace in the research landscape that they
are now even commercially available for at-home analysis of dog breeds®. It is easy to get lost in
the glamour of “DNA testing” presented in movies and television, but the significance and power
of these assays should not be overlooked. Focusing attention back to PCR, since it is the most
commonly used nucleic acid amplification, there are a few points | would like to address. The
commercial biotechnology area has saturated the market with enzymes that have been
strategically evolved to provide polymerization rates several orders of magnitude faster than their
wild type counterparts. However, there has been a plateau of this development, and therefore,
with the achievement of rapid heating and cooling, such as the method presented above, it
appears we are approaching the lower limit of assay duration. Therefore, further experimentation
down this research path would almost certainly fall victim to the law of diminishing return. This
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should be looked at as a new opportunity to expand our thinking beyond marginal optimizations
and create solutions to better address the other technical limitations associated with bioanalytical
techniques. Particularly, there are issues with sample preparation, reagent stability, and the
general costs both financial and energetic for reagents and devices. This might no longer be a
problem for chemists and biologists to solve in the lab, but one that might require additional

input from end-point users and engineers.

The isothermal nucleic acid amplification field is a large example of the alternative type of
exploration, in that these methods involve strategies distinct from PCR to achieve their
amplification. As mentioned above, they have niche uses now, but creative solutions are
constantly being reported, such as the new “SHERLOCK” method which involves CRISPR, a
recombinase, and polymerase to provide sensitive hand-warmed amplifications?. It is this type of
interplay that should be explore further. Mixing elements of materials, biology, and chemistry

together will yield much more promising results in the future.
5.2 Future projects

This is the final section of my thesis and thus | would like to it to serve as a brief perspective
to some of the future points I think would be worth exploring. The fields of nucleic acid
amplification and nanomaterials are practically limitless in their potential applications, therefore
I will focus this presentation to some future aspects which | believe to be logical extensions from
the research provided in the previous chapters. Hopefully these ideas will inspire future students

to continue this research trajectory.

5.2.1 PPT methods for other biological assays
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The photothermal plasmonic particles provide an interesting material to use for other
applications which have been plagued by issues similar to those found in the nucleic acid
amplifications such as long assay duration and expensive instrumentation. Additionally there are
many biological and medical targets that are not nucleic acids, such as proteins, drugs, chemical
compounds, and the strict design of traditional PCR makes these more difficult to analyze. By
applying this strategy and these particles to other biologically relevant assays, similarly
impressive results might be achievable. In particular, the enzyme-linked immunosorbent assay
(ELSIA) has had variable success at detecting low-abundance antigens and does not yet reach the
sensitivity traditionally associated with PCR®.The antibody recognition system employed by the

ELISA has already been accommodated to NAAs via the immunoPCR system*”.

The power of the immunoPCR (iPCR) technique is it combines the diversity of detection to
multiple kinds of molecules while retaining the excellent sensitivity and associated with PCR. By
replacing the antibody-enzyme complex used in ELISA, for example, with an antibody-DNA
conjugate, a resulting quantification can typically lead to 10- to 1000-fold increases in the limit
of detection®. By exploiting the capabilities of iPCR and combining them with our photothermal
system we can create the PPT-qiPCR. The photothermal particles will be able to provide the
appropriate thermocycling and that the various reagents will remain active to attain exquisite
sensitivity for the detection, using DNA-antibody conjugates to act as the nucleic acid templates
for real-time PCR with our photothermal system. Furthermore, by tethering the DNA template
directly to the detection antibody, we can shorten sample preparation time and drastically reduce
the risk of carry-over contaminations. DNA can be synthesized with various functional groups at
the 5° or 3’ end include azides, amines, and thiols, among many others. These can be bio-

conjugated to the antibody, eliminating several molecular recognition steps. This will not only
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succeed at the rapid and real-time detection through protein-antibody recognition, but also lay a
foundation for the assessment of biomedical samples relating to any diseases which are
identifiable by non-nucleic biomarkers. All these achievements should be a stimulus to continue

the research on photothermal effect and its application in life sciences and technology.

5.2.2. Expansion of the plasmonic actuator

The success of the plasmonic actuator should lay the foundation for the expansion of the
discrete assembly protocol to include other arrangements and other nanoparticles such has gold-
bipyramids, quantum dots, or fluorescent tags. This system will allow for further studies of
nanoparticle interactions with other nanoparticles, quantum dots or fluorescent dyes. Because the
ability to construct large quantities of nanoparticle dimers in high purity and high yield has
remained elusive, there have been limited studies into the interactions of individual
nanoparticles. It would be worthwhile to provide a means to discretely investigate the
phenomena associated with nanoparticles, such as plasmonic coupling and electromagnetic field
enhancement, by exploiting the simplicity and adaptability of our self-assembly method. As
described above, the labeling of the particles is completely modular, as it relates to the sequence
of the synthetic DNA. Therefore more intricate designs can be designed including other
functional sequences such as aptamers or topologically significant or chiral structures®”.
Additionally, the diversity of structures is not restricted to DNA, and could be expanded to

include the wide array of structural motifs found in RNA.

Pushing this farther and applying these systems to probe biological environments is also a
promising research direction. It has been well-studied that noble metal nanoparticles can enter
into cells through a variety of mechanisms, and that the size of the nanoparticles or structures

greatly influences whether uptake occurs and in what manner®®. These nanomechanical systems
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lie within the same size-realm as others reported, giving credence to the belief that they will
enter the cell. Once inside the cell, optical microscopy can be used to study the trafficking of
discrete nanomachines, while the unique absorbance peaks of the nanomachines will provide
real-time information of the pH. For example, we can track the evolution of vesicle pH, like the
ones often used in uptake mechanisms, as it changes spatiotemporally™®. In addition, it has now
been well-studied that the pH within cancer cells is lower than in healthy cells, likely to due to
the higher metabolic rate of cancer cells''. Therefore, our nanomachines could differentiate
between healthy and cancer cells by just measuring the absorbance peak location, a common
feature on these microscopes. Therefore, it will allow us to do rapid screening of cells to
determine whether cancer cells are present as well as other real-time trafficking studies. In
addition, the trafficking mechanism within the cell could likely change based on the size and
shape of the nanoparticle structures, also providing previously unobtainable information. It is
clear that nanotechnology and nanoparticles will allow us to solve many important problems
from different disciplines of science. | humbly hope that this thesis will serve to inspire others to

follow this exciting research.
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