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Abstract

Multivalent aptamer refers to a technique that joins two or more identical or different types of aptamer
monomers together, with or without the presence of structural or other functional elements. As a rapid
and easy method for fabricating the multivalent aptamer constructs, rolling circle amplification (RCA)
has attracted great attention in recent decades. The incorporation of properly designed structural
elements, such as intra-molecular spacers, have been shown to greatly enhance the efficiency of the
multivalent aptamer system [1]. The objective of this current study is to systemically investigate the
effect of different lengths of poly thymine spacer designs (polyT, from no spacer/NT, 5T, 10T, and 15T)
on the capturing performance of RCA-generated multivalent system. To achieve this, we designed four
circular probe templates by inserting zero, five, ten, and fifteen adenine bases (polyA). These polyA
domains in the circular probe template are complementary to polyT with respective lengths in between
the adjacent aptamers on the resultant RCA products (RCAPs). We found that the resultant RCAPs with
length shorter than 10T showed a lack or low ability to capture target cells E.Coli O157:H7. When
spacer lengths reach or exceed 10T, the capturing performance of the respective multivalent aptamer
chain is significantly enhanced. This phenomenon can be explained by larger hydrodynamic sizes and
less nonspecific secondary structures observed in RCAP with spacer length no less than 10T. Moreover,
we found that there is also a trade-off that the number of polyA bases added into the circular probe
template can significantly impair the efficiency of RCA reaction in respective to cyclization yield and
amplification rate. The results of this research explain with details how the design of spacer affects RCA
reaction efficiency and RCAPs’ capturing performance, which provides ideas in designing an efficient

RCA-generated multivalent system.



Résumé

L'aptamere multivalent fait référence a I'assemblage de deux ou plusieurs monomeres d'aptamere
identiques ou différents, avec ou sans la présence d'éléments structuraux ou d'autres éléments
fonctionnels. Etant une méthode rapide et facile pour fabriquer les constructions d'aptaméres
multivalents, I'amplification en cercle roulant (ACR) a attiré beaucoup d’attention au cours des dernieres
décennies. L'ajout d'éléments structuraux correctement modelés, tels que des espaceurs intra-
moléculaires, peut grandement améliorer I'efficacité du systéme aptamere multivalent. Cependant, I'effet
de la longueur de I'espaceur intra-moléculaire n'a pas encore été étudié dans un systéeme d'aptamere
multivalent généré par I’ACR. Cette étude a enquété de maniere systémique 1'influence de l'insertion
d'’homo-oligonucléotides (poly thymine, polyT) de différentes longueurs (pas d'espaceur/NT, 5T, 10T et
15T) en tant qu'espaceur intramoléculaire dans un systeéme d'aptamere multivalent généré par I’ACR.
Nous avons concu quatre modeles de sonde circulaire en insérant rien, cing, dix et quinze bases
d'adénine (polyA). Ces domaines polyA dans une matrice de sonde circulaire sont complémentaires de
polyT avec des longueurs respectives dans les produits ACR résultants (PACRs). PACR avec des
espaceurs intra-moléculaires plus courts que 10T a montré une incapabilité ou une faible capacité a
capturer les cellules cibles E.Coli O157:H7. Lorsque la longueur de I'espaceur atteint ou dépassent 10T,
la performance de capture de la chaine d'aptamere multivalent respective sont considérablement
améliorées. Ce phénomene peut s'expliquer par des tailles hydrodynamiques plus grandes et moins de
structures secondaires non spécifique observée dans le PACR avec des espaceurs égaux ou supérieurs a
10T. De plus, nous avons constaté que l'insertion du polyA dans le modele de sonde circulaire
influencait de maniére significative I'efficacité de la réaction ACR sous deux aspects, a savoir le
rendement de cyclisation et ’efficacité d’amplification. Les résultats de cette recherche expliquent en

détail comment la conception de I'entretoise affecte I'efficacité de la réaction ACR et les performances



de capture des PACR, ce qui fournit des idées pour la conception d'un systeme multivalent efficace

géneré par ACR.
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Chapter 1. Introduction

Aptamers are short, single-stranded DNA or RNA molecules that bind to targets via specific structures
[1]. Compared to antibodies, aptamers have advantages such as robust and large-scale production, small
batch-to-batch difference, highly programmable structures, and longer shelf-life. However, not all
aptamers have a desirable affinity toward their target. Taking advantages from multivalence effect,
multivalent aptamer approaches can enhance the overall binding affinity (also known as avidity) of the
aptamer construct. The avidity of multivalent aptamer constructs has been shown to be significantly
enhanced with higher valency [2]. Among different methods for fabricating multivalent aptamer, rolling
circle amplification (RCA) is one of the most used ways for generating surface-tethered aptamer chains.
In an RCA reaction, a linear probe is cyclized to form a circular probe template—with a short
oligonucleotide primer to generate a long single-stranded DNA—under the catalysis of specific
polymerases (e.g., phi29 DNA polymerase). The resultant RCA product (RCAP) contains hundreds to
thousands of repeated aptamers that are covalently linked in a head-to-tail manner, with each repeating
motif complementary to the circular probe template [3]. Based on the promising combination of
multivalent aptamer and RCA, our group developed a multivalent aptamer-based fluorescent
microfluidic sensor for detecting E.Coli O157:H7 using in situ RCA modified PDMS straight
microfluidic channel. Our previous results showed that 3-fold more target cells were captured by the

multivalent aptamer-modified channel compared with the aptamer monomer-modified channel [4].

Despite the advantages of this promising strategy, challenges still exist to be addressed: long DNA
chains such as RCAP can induce inter- or intra-molecular interactions, thereby forming nonspecific
double-stranded structures [5]. Moreover, the long DNA chains can collapse and intertwine into random

micro-coils [6, 7], which reduces the accessibility of aptamer capturing regions [5, 8]. Xie et al. [9]



further clarified the relationship between aptamer-target interaction and the morphology of aptamer
chains: after stretching the nonspecific structures in the aptamer chains by applying high temperature,
significantly enhancement of cell enrichment efficiency was observed on two-dimensional PEG

hydrogel (from 5.29% to 86%).

Here, we hypothesize that the above-mentioned nonspecific structures in multivalent aptamer chains can
be separated and stretched by adding intra-molecular spacers with appropriate length between the
adjacent aptamer capturing regions. Intra-molecular spacers refer to nonspecific elements in between the
covalently linked aptamers. The incorporation of intra-molecular spacers has been shown to greatly
enhance the efficiency of the multivalent aptamer for in vivo application [10]. Zhao et al. [8] also
suggested that for RCA-generated multivalent aptamer chains to efficiently capture their targets, an
intra-molecular spacer between aptamers was required. The spacers are generally made of polymers
such as polyethylene glycol (PEG) or nonspecific DNA motifs (e.g., poly thymine, polyT [11]), while
polyT is the type with the deepest investigations due to its easiness of incorporation, net charge, and
flexibility [12]. In an RCA-generated multivalent aptamer system, incorporating polyT spacers can be
achieved by inserting the corresponding number of adenine bases into the circular probe template [11].
To the best of our knowledge, the optimal polyT spacer length to achieve maximum capturing efficiency
and the mechanism behind this enhanced performance in an RCA-generated multivalent aptamer system

has not been investigated yet.

The overall goal of this work is to systemically study the effect of polyT spacer length on the capturing
performance of resultant RCAPs. Four linear probes with zero to fifteen adenine bases were designed for
the in situ RCA modification of the microfluidic channel inner surface, using our previously established
RCA-generated aptamer-modified PDMS microfluidic channel [4, 5]. The capturing performances of the

RCAP were tested after running RCA for a pre-determined period. Our result demonstrated that the



RCAP with ten thymine bases spacers (i.e., 10T) shows the best capturing performance by extending the
DNA chains outward from the dendrimer surfaces and reducing the level of nonspecific secondary
structures. On the contrary, the corresponding longer linear probe can negatively affect the cyclization
yield of the circular probe template and the amplification speed. Understanding how spacer insertion can
affect the reaction efficiency and capturing performance of surface tethered RCAP has important

meaning in designing other RCA-generated multivalent aptamer systems.



Chapter 2. Literature Review

2.1. Multivalent Aptamer Structures

Based on their structures, multivalent aptamers can be briefly divided into three categories: spherical,
single-layer, and linear, while the variety of other structures are also summarized in Section 2.4 (Figure
1). In general, aptamers of interest are composed of three parts: a headgroup moiety for attachment, a

linker, and an outward-extending aptamer.

Spherical Single-layer Linear

%%%? a Vo) . Nanoparticles
? Q g ? Aptamers
Q | Polymer scaffolds
Molecular imprintin
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Figure 1. Schematic summary of the structures of multivalent aptamers.

2.1.1. Spherical multivalent aptamers

Spherical multivalent aptamers are a subtype of spherical nucleic acids. For spherical multivalent
aptamers, the aptamers are connected onto a hollow or solid core particle by an organized, radial
polyvalent arrangement [8]. The core particles can be gold [9], silver [10], metal oxides [11-13], silica
[14, 15], polymers [16], or DNA self-assembly [17]. By taking advantage of the high loading capacity of
these spherical particles, one can achieve much higher valency using these spherical multivalent

aptamers in comparison with multivalent aptamers in other configurations. In addition, spherical carriers



also allow the greatest directional extension of aptamers into sample solutions, resulting in enhanced
contact surface areas and thus better aptamer-target interactions. Furthermore, the plasmonic, catalytic,
magnetic, or luminescent properties of the particles can also offer additional advantages for applications

such as imaging and detection.

2.1.2. Single-layer multivalent aptamers

After the first ground-breaking study on the two-dimensional (2D) material graphene was published in
2004 [18], a new chapter has started in the history of material science. The atomic thickness of 2D
materials is the origin of their unique physical and chemical properties, which are considerably different
from those of three-dimensional (3D) structures. For example, their unique optical properties make them
a promising tool for photothermal therapy [19], detection, and imaging applications [20]. Moreover, the
large surface-to-volume ratio of 2D materials also allows for increased loading of therapeutic agents [21,
22]. Typical examples of 2D materials are graphene, transition metal dichalcogenides (e.g.,

molybdenum disulfide, MoS,), and phosphorene.

Besides 2D materials, conjugating aptamers onto DNA origami nanosheets can also achieve single-layer
aptamer configuration. This type of aptamer has been used as delivery vehicles for drugs [23, 24],
antisense oligonucleotides [23], antimicrobial lysozymes [25], and RNase A [26]. Besides possessing
high loading capacities and programmable structures, DNA origami-conjugated aptamers have also been
shown to have good biocompatibilities. Additionally, the angstrom level precision of DNA origami
scaffolds, and their excellent spatial addressability, make it possible to use them in the realization of

single-molecule-level biosensing [27, 28].



2.1.3. Linear multivalent aptamers

Conjugating aptamers onto either flexible or rigid linear scaffolds allows aptamers to be arranged into
linear configurations. The linear scaffolds can be made of polymers [29] or nucleic acids such as sSDNA
[7, 30], dsDNA [31-33], DNA nanowires or nanotubes [34, 35]. The physical properties of each scaffold
type confer specific advantages to their resultant linear constructs. For flexible scaffolds such as sSSDNA
and polymers, the scaffold chains can easily adapt to the surface topography of target cells while the
multivalent aptamers work synergistically, thereby enhancing binding avidity [29]. Linear multivalent
aptamers with flexible scaffolds are commonly used for therapeutic [1, 36] or detection purposes [7, 29,
37]. Because of these long and flexible aptamer chains, the linear multivalent aptamers can reach tens of
micrometers into the sample solutions, thus providing sufficient contact opportunities with targets for
more enhanced target captures [7]. In addition, these flexible multivalent aptamer chains have been
shown to wrap around their targets, resulting in even higher target capturing efficacies [6]. In contrast,
rigid scaffolds endow the aptamers with more precise arrangements and orientations. For rigid scaffolds,
dsDNA, DNA nanowires, and nanotubes are the most commonly used scaffolding materials. These
double-stranded nucleotide scaffold structures can also act as drug-loading sites for therapeutic agents

[38, 39].

2.1.4. Other multivalent aptamer structures

Multivalent aptamer strategies can also be found in other configurations. For instance, in an attempt to
increase the avidity of molecularly imprinted polymers (MIPs), multivalent aptamers have been used
[40, 41]. After disassociation of template molecules, the polymers form binding sites and shapes
complementary to the original template molecules. This MIP approach could find wider use in
molecular recognition-based sensing and detection applications, especially if it is combined with

multivalent aptamers to further enhance binding avidity [42, 43]. In addition, DNA origamis, such as



nanoboxes [44, 45], nanorobots [35], and tetrahedral [46, 47] or triangular origamis [48, 49], can also be
used to construct nanostructures that feature multivalent aptamers, as shown in Figure 1.

2.2. Design strategies

The design of multivalent aptamer composites combines multiple identical or different aptamers with
structural and other additional elements. The structural elements can be either a polymer (e.g.,
poly(ethylene glycol) (PEG)) or a non-specific nucleotide sequence (e.g., homo-polymeric
oligonucleotides such as oligo-T with different lengths [7, 30, 36, 50]). These structural elements are
designed to maintain intra- and inter-molecular space that allow for the independent activities of
functional elements. Additional elements include nucleotide sequences such as DNAzyme, small
interfering RNA (siRNA), or signaling probes. In order to achieve optimal performance, other factors in
design are also considered, such as linkers, heterovalent aptamers, and spatial arrangement of the
aptamers, as shown in Figure 2. These factors will be discussed individually in the following sections.
By applying one or a combination of these strategies, the efficiency of multivalent aptamer composites
can be further enhanced. For example, by combining linker designs with the usage of heterovalent
aptamers, Lao and coworkers [51] demonstrated a hundred- to a thousand-fold enhancement of

microarray sensitivity compared to single-type aptamers without any linkers.

Linkers
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Figure 2. Schematic summary of designs that apply to multivalent aptamers. The optimization strategies include adding
different lengths or types of linker motifs, using a mixture of two or more types of aptamers, and applying spatial

arrangement of aptamers according to the geometry of target ligands or binding pockets.



2.2.1. Linkers

Linkers refer to short-strand polymers or oligonucleotides between the recognition domains of aptamers
and the conjugated surface that they are attached to. Although multivalent aptamer strategies can
enhance avidity compared to free aptamer monomers even without added structural elements [52],
avidity can be further improved by employing properly designed linkers or spacers. This is because
these linkers can either prevent adjacent aptamer units from interacting with each other to form
unexpected secondary structures or offer enhanced abilities for surface tethered aptamers to properly

bind to their targets.

In general, surface-tethered aptamers with linkers show better performance when compared with those
without. With properly selected lengths and materials, linkers can increase the avidity of multivalent
constructs by overcoming steric hindrances in adjacent aptamers. The most common linkers are PEG
[53, 54], alkyl [54, 55], oligonucleotides such as oligo-T and oligo-A [54, 56, 57], and dsSDNA [58].
Among different types of linkers, oligo-T linker is perhaps the most commonly used [51]; therefore, in

this section, we will focus on discussing oligo-T linkers.

Linker length is an important consideration in linker design. Linkers with properly designed lengths
should be able to support the aptamer sequence and allow the aptamers to stand out from the conjugated
surface or backfilling molecules [59]. Surface-immobilized aptamers with relatively short linker lengths
experience an impairment in freedom of Brownian motion [60], while relatively long linker lengths can
be too long to ensure correct folding of either the aptamers [57] or the spacers themselves [61] for
appropriate secondary structures. For instance, Qin and coworkers [57] demonstrated the importance of
linker length by conjugating Sgc8 aptamers onto poly(amidoamine) (PAMAM) dendrimers via oligo-Ts
with lengths of 5 to 20 nucleotides for circulating tumor cell (CTC) capturing. They found that

excessively long linkers may lead to unfavorable alterations in aptamer secondary structures and thereby

9



limit the capture performance. In addition, Balamurugan and coworkers [62] further demonstrated the
relationship between linker length and the affinity of surface-tethered aptamers using different linker
lengths. As the length of the linker increased, a decreasing trend in aptamer surface density was
observed. Similar results were also observed by Edwards and coworkers [63]. An increase in oligo-T
spacer length resulted in decreasing number of aptamers immobilized onto the surfaces when compared
with those without spacers. Furthermore, increasing electrostatic repulsion may also result in a charge

barrier that inhibits the binding of additional aptamers to the surface [63].

2.2.2. Heterovalent aptamers

Heterovalent aptamer strategies, also known as aptamer cocktails, use two or more types of aptamers
that target different moieties of the target. In comparison with using only one type of aptamer,
heterovalent aptamer approaches have been shown to result in the cooperative enhancement of overall
aptamer performances. For example, an 18-fold improvement of the limit of detection (LOD) was
observed by using an aptamer cocktail-modified electrode (three different aptamers targeting different
moieties on the surface of E. Coli cells) compared to an electrode modified with single-type aptamers

[64].

The aptamer cocktail strategy also has shown potentials in CTC detections. Challenges for CTC
detection include low CTC occurrence in clinical samples as well as targeting appropriate CTC surface
ligands since presence of surface ligands on CTC surfaces is known to be non-uniform in-between
individual patients [65]. This heterogeneity in target is particularly challenging: some well-studied
ligands on CTC cells can have different expression levels between patients [66], thereby leading to
inconsistent sensitivities. To overcome these obstacles, one can target various motifs to increase avidity
and prevent the off-target effect due to the decrease or loss of certain biomarkers [67]. Lin et al. [65]

developed a dual-aptamer-tethered network system that allowed DNA-triggered reversible isolation and
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release of CTCs by tethering Sgc8c and Sgc4f aptamers onto a sSDNA scaffold. This dual-type aptamer
network system showed significantly higher capturing efficiency compared to a single-type aptamer
network. Zhao et al. [68] demonstrated a combined approach by combining aptamer cocktail strategy
and microfluidic platform to detect CTCs, as shown in Figure 3. The researchers deployed a two-step in
vitro selection of aptamer cocktails without previous knowledge of the binding motif and compared its
effects with single-type aptamers; the selected aptamer cocktail showed a synergetic effect, resulting in

higher overall capturing efficiency compared to the single-type aptamers.
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Figure 3.Schematic description of aptamer cocktail-based CTC microfluidic approach. a) A microfluidic device is composed
of an aptamer-conjugated silicon nanowire and a PDMS chaotic mixer. b) When a single aptamer capture agent is
incorporated, the capturing affinity of the device is relatively weak due to the lack of synergistic binding. ¢) By using an
aptamer cocktail, the synergistic effects among individual aptamers lead to an enhanced capturing affinity. d) Different

aptamer cocktails are expected to have differential capture performance for CTC subpopulation recognition (ref. 68).
Another way of utilizing heterovalent aptamers is multiplex testing, which enables the simultaneous
testing of more than one target. Multiplex testing allows for significant savings in samples, reagents, and
time used, thereby having crucial applications in situations such as point-of-care testing. By combining
aptamer-conjugated gold nanoparticles (AuNPs) with magnetic graphene nanosheets, Dou and
coworkers [69] developed a sensitive electrochemical platform for detecting CTCs in blood samples.

Sgc8 and Td05 aptamers were both incorporated for targeting two types of CTCs: CCRF-CEM cells and
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Ramos cells, respectively. This platform demonstrated successful detection of rare CTCs in clinical
blood samples. In another interesting study, Dai et al. [70] developed an optical multiplex testing system
based on a 3D triangular-shaped DNA nanotube (DNANT), as shown in Figure 4. As a proof-of-
concept, three aptamers for targeting thrombin, ATP, and insulin were conjugated onto three edges of
the nanotube. This work demonstrated the multiplex recognition capability of the aptamer-functionalized
DNA nanotube: the aptamer-conjugated DNA nanotube can achieve multiple binding activities that also
generate discriminative signals for multiple targets in a single system. The authors suggested that by
simply altering the design of the scaffold from triangular to square, pentagonal, and hexagonal

nanotubes, it is possible to simultaneously detect four, five, or even six targets.
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Keys: 3Apt-DNANT

Thrombin-binding aptamer .{ ATP-binding aptamer . Insulin-binding aptamer
Figure 4.The schematic description of construction of 3 aptamer-DNANTS and schematic representation of thrombin-
DNANT, ATP-DNANT and insulin-DNANT (ref. 70).
2.2.3. Spatial arrangement
The spatial arrangement of aptamers, or their positioning relative to binding motif alignments on the
target surface, has become an exciting field in the study of multivalent aptamers. The optimal

arrangement of aptamers—according to the distance and geometry of surface ligands or binding
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pockets—is believed to be more important than high local concentration [1, 71] since placing aptamers

at an optimal distance and position can result in increased avidity [72].

Spatial arrangement can be achieved by either altering the distance between two adjacent aptamers [73,
74] or positioning aptamers in a desired geometry [71, 75]. Distance arrangements can be achieved by

positioning aptamers onto rigid scaffolds (i.e., dSDNA, dsRNA [76], or DNA origami [77]). By

conjugating two different anti-thrombin aptamers onto multi-helix DNA tiles and DNA origami
scaffolds at various distances, Ke et al. demonstrated that placing two different thrombin binding
aptamers at an optimal distance on a rigid DNA tile nanostructure could lead to significant
improvements in binding affinity, with their results indicating an estimated fifty-fold enhancement in
binding affinity compared to aptamer monomer approach [78]. Using rigid scaffolds for spatial
arrangement is particularly effective when the arrangements of binding moieties on the target surface
can be perfectly aligned with those of the aptamers. However, it should also be noted that even minor
structural mismatches could lead to impaired binding due to unfavourable steric interactions in such

cases [79].

Rigid DNA scaffold is also a powerful method for studying the geometric arrangement of aptamers,
owing to its ability of positioning aptamers in very precise locations. By applying geometric positioning
optimization and flexibility, Kwon et al. [71] developed a star-shaped multivalent aptamer-conjugated
DNA architecture using tile-based DNA assembly based on the specific 2D arrangement of envelope
protein domain I11. In this star-shaped DNA nanoconstruct, each dsDNA intra-molecular spacer contains
a hairpin structure, which can be unzipped, stretched, and fine tuned to fit the distance between adjacent
surface ligands. This spatial arrangement of multivalent aptamers enhanced specific binding while
reducing off-target binding through pattern identity. In contrast, linear aptamer complexes led to weaker

affinity. One interesting aspect of this study was that the aptamers with a mismatched geometric
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arrangement displayed an even lower affinity than the linear complex. As shown in Figure 5, a
heptagon-shaped complex instead of a pentagon sterically prevents other complexes from binding
despite correct spacing and a higher level of valency, strongly suggesting the importance of 2D

geometric positioning [71].
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Figure 5. A schematic representing the inhibitory nanostructures for dengue virus with their corresponding mean EC50 (half
maximal effective concentration) values. The hexagonal spacing resulted in reduced detection compared to the star-shaped
spacing despite it being the correct spacing in theory. The schematic for the star and hexagon shows an unzipped hairpin
region because potent pattern matching occurs. Other scaffolds represent the hairpins as stem-loop structures to indicate a

lack of potent pattern matching (ref.71).

2.3. Biomedical and analytical applications

2.3.1. Biosensors

Aptamers are important recognition mechanisms in biosensing applications. In particular, multivalent
aptamers allow elevated local concentrations of aptamers, increased binding avidity between the
capturing motif and the target, and the increased nuclease resistance. As a result, the multivalent strategy
has been widely used in many large-sized target detections, such as human cells [43, 65, 80-82] and
bacterial cells [64, 83-85] assays, due to its increased binding avidity. In addition, the multivalent
strategy has also been used to detect smaller sized targets, such as extracellular vehicles [30, 86] and
small molecules [87]. In comparison with antibodies, aptamers allow readily and reversible release of
their targets for further analysis and characterizations [88] due to externally applied factors such as

complementary DNA strands [65, 89], restriction enzymes [6], temperature [88], or light [90].
14



Linear aptamers and spherical aptamers (see Figure 1) are the most frequently used aptamer forms in
detection applications; to further increase multivalency, the combinations of the two forms have also
been reported [83]. For instance, Chen et al. [13] presented a NanoOctopus to capture CTCs in blood
samples. To achieve this, the researchers conjugated multivalent aptamer chains onto the surfaces of
magnetic nanoparticles (i.e., NanoOctopus), and they showed that the multivalent NanoOctopus
demonstrated significantly increased avidity to their targets. Similarly, DNA nanochains that contain
multiple copies of aptamers are also used [6, 7, 83]. Inspired by climbing plants, Liu et al. [29]
developed a multivalent aptamer nanoclimber (MANC)-functionalized PDMS microfluidic device for
minimal residual disease testing, as shown in Figure 6. This work demonstrated a 57.5-fold increase in
binding affinity when the MANCs was used to capture target cells in human plasma samples than mono-
aptamer approach, suggesting that the MANCSs incorporating multivalent aptamers are clinically

applicable to assay minimal residual disease in the peripheral blood.
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Figure 6.A schematic diagram of the synthetic process of MANC. In brief, under the catalysis of ammonium persulfate (APS)
and N,N,N’,N’,-tetramethylethylenediamine (TEMED), acrylamide co-polymerizes with acrydite-T10-aptamer and acrydite-
T10-TEG-Biotin to for a climbing plants-inspired multivalent structure (ref. 29).
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Spherical multivalent aptamers have also been used in microfluidic devices [37, 82, 91, 92] to increase
detection performance. Inspired by octopus tentacles, Song et al. [37] conjugated SYL3C aptamers onto
AUNPs, which were then attached to the inner surfaces of a micropillar-decorated microfluidic channel.
The researchers showed that this approach allowed approximately 250 SYL3C aptamers to be attached
onto each AuNP and that the detection platform was able to detect CTCs directly in blood samples
without any sample pre-treatment. In addition, the authors further demonstrated that the multivalent
aptamer approach improved the binding efficiency by 100-fold and that the capturing efficiency was
enhanced by more than 300% in blood samples when compared with aptamer monomer modified
microfluidic devices. Alternately, polymeric dendrimers, such as PAMAM, have also been used to
construct spherical multivalent aptamers structures [84]. Jiang and coworkers [83] developed a
microfluidic platform for detecting E. Coli O157:H7 using RCA chain-conjugated PAMAM dendrimers
as an inner-channel surface modification. In this work, the straight PDMS microfluidic channel was
modified with PAMAM dendrimers conjugated with capturing long ssDNA chains containing hundreds
of repeated aptamer units. The resultant channel modified by multivalent aptamer chains captured
approximately 3-fold more target cells compared to a channel modified by aptamer monomers.
Furthermore, this multivalency-driven improvement was observed to be more significant under higher
flow rates, which suggested that this multivalent strategy can be a potential solution for achieving higher
throughput in microfluidic devices. Additionally, PAMAM dendrimers have excellent antifouling

properties that significantly reduce non-specific fouling and enhance the signal-to-noise ratio [93].

2.3.2. In vivo applications
Precisely delivering treatment vehicles requires specific processes between cell surface biomarkers and
recognition elements [94]. This specific recognition process enables accumulation of therapeutic agents

in pathological sites while reducing systemic toxicity [38]. Aptamer-mediated drug delivery systems can
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take advantage of the enhanced avidity to their targets due to multimerization. Besides, DNA
nanoparticles also enable the effective encapsulation of both hydrophilic and hydrophobic compounds
and facilitate an on-demand release [95, 96]. For instance, Wang et al. [96] presented a DNAzyme-
driven DNA nanosponge with multivalent aptamers for targeted drug delivery. After being internalized
by the target cells, the acidic endolysosomal microenvironment triggered conversions from incorporated
ZnO nanoparticles into Zn?* ions, which acted as therapeutic reactive-oxygen-species generators and
cofactors for DNAzyme-catalyzed cleavage of DNA scaffolds. DNAzyme-triggered structure
disassembly was realized with high efficiency in a moderate concentration of Zn?* ions, suggesting the
potential of the nanosponge in practical applications. Likewise, carriers such as aptamer-conjugated
DNA self-assemblies can also enable targeted delivery of gene therapies, such as the delivery of siRNA
[31, 97], DNAzyme [5], and Cas9/sgRNA (small guide RNA) [98, 99]; in addition, co-deliveries of

more than one type of therapeutic agents are also possible [31, 100, 101].

The majority of in vivo multivalent aptamer applications are focused on cancer treatment. Over the past
decades, many aptamers that specifically target cancer cells have been successfully selected, including
AS1411 (nucleolin-targeted) [100, 102], MUC1 (MUC1-targeted) [103], and Sgc8 (protein tyrosine
kinase-7-targeted) [15], among others [16, 50]. However, aptamers have not been widely used in in vivo
cancer treatments. This is likely due to their poor performances under physiological conditions. For
example, aptamers are vulnerable to nuclease degradations [104]; in addition, conditions such as
temperature [1, 105], pH [106], and shear stress [88, 107] have also been shown to affect the abilities of
some aptamers to bind to their targets. As a promising solution to these challenges, multimerizing
aptamers can mitigate aptamer instability in vivo [108]. For example, Li et al. [39] prepared a self-
assembled DNA nanocentipede as a multivalent drug carrier by hybridization chain reaction (HCR).

This drug carrier remained intact after treatment with Exonuclease 111 for 2 hours, thus showing
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significantly increased resistance to degradation. Using aptamers in multivalent forms can also maintain
or enhance the performance of the aptamer device under physiological temperatures. For example,
Mallikaratchy et al. [1] studied the linear molecular assembly of the TD05.1 aptamer, an aptamer
specifically targeting B-cell receptors. This group aimed to develop a multimer suitable for in vivo
applications using as PEG intra-molecular spacers with different lengths. Their findings indicate that the
binding ability of TD05.1 monomers were impaired at physiological temperatures, but when connected
by PEG with an optimized spacer length, TD05.1 multimers were able to restore some degree of

increased avidity.

Another advantage of using multivalent aptamers for in vivo applications is their ability to enhance
endocytosis. Endocytosis is of interest in understanding the mechanisms that guide the entry of
nanomaterials into target cells, which is particularly meaningful for in vivo applications [109]. The
multivalent effect has been shown to enhance cellular uptake via receptor-mediated endocytosis by
improving the local concentration of aptamers [110]. Demonstrating this concept, Kang et al. [111]
immobilized multivalent aptamers onto a DNA or a DNA/RNA hybrid structure to build a targeted drug
delivery system. For comparison, they separately conjugated dual-type aptamers (AS1411 and MUC-1)
and single-type aptamers onto multiple scaffolds of different valency (i.e., monomers, pentamers,
nonamers, or RCA generated multivalent scaffolds). The RCA-generated multivalent dual-type aptamer
system outperformed monomer aptamer systems with a 2.9-fold higher intracellular uptake in serum-

free media.
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2.3.3. Summary of the recent research
Table 1 summarizes the work on multivalent aptamers in recent years. The table content describes
aptamer ingredients, applications, targets, conjugated materials, structures, and advantages of

multivalency.
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Table 1. A summary of recent published multivalent aptamers related papers

Application Aptamer Conjugated Target Functional Linker/ Advantages Ref
material component spacer of
multivalency
Spherical multivalent aptamers
Drug delivery SZTlo RCA generated Prostate Drug loading  pH-sensitive Very stable in [50]
(DNA) spherical DNA cancer sites oligo-T spacer physiological
self-assembly membrane environment;
antigen high
(PCMA)- specificity
positive C4-2
cells (PCMA)
Drug delivery 5TR1 Poly (lactic-co- MCF7 cancer Drug loading  N/A High affinity [16]
(DNA) glycolic acid) cells (MUCL  sites and
(PGLA) receptor) specificity;
dendrimer; good
chitosan internalization
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Drug delivery S2.2 Lipid-capped Cancer cell Drug loading  PEGgaono Linker Significantly [112]
(DNA) polymer sites higher uptake
nanoparticle efficacy;
enhanced cell
targeting
efficiency with
increased
density of the
S2.2 aptamer
Drug delivery AS1411 (DNA)  Chitosan-silica SKOV-3 Drug loading  N/A Higher [113]
nanoparticle ovarian sites internalization
cancer cell efficacy
Detection/ AS1411 (DNA)  AuNPs; Silver Cancer cell Drug loading  Adenine-rich Increased the [102]
Therapeutic nanoclusters sites; linker sequence stability of
(AgNCs) signaling DNA probe;
sequence better

internalization
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Detection and MUCL1 (DNA) Hybrid CTC Signaling N/A Greatly [81]
isolation membrane; component enhanced the
Fe:04@SiO- anti-
magnetic interference
nanoparticle; from
AQ2S background;
improve
binding ability;
good specificity
Single-layer multivalent aptamers
Imaging Sgc8 Manganese CCRF-CEM  N/A N/A Target-specific [114]
(DNA) dioxide cells binding and
nanosheet internalization;

low background
signal; high

sensitivity
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Chemo- AS1411 (DNA)  Black PC3 cells N/A N/A Specific and [115]
photothermal therapy phosphorus high
nanosheet photothermal
cytotoxicity for
target cells
Drug delivery C2NP (DNA) DNA origami K299 cells N/A N/A Increased [24]
system (CD30 internalization;
receptors) significantly
increased
aptamer
bioactivity
Linear multivalent aptamers
Detection AS1411 RCA generated B16 cells Signaling 18-bp dsDNA Enhanced [116]
(DNA) multivalent chain molecular intra-molecular sensitivity;
beacon spacer enhanced
selectivity
Therapeutic LS Aptamer RCA generated Jurkat cells N/A 20 oligo-T intra- High avidity [36]
(DNA) multivalent chain  (L-selectin) molecular spacer  (103-fold higher
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affinity than L-
selectin aptamer
monomers);

high specificity

Detection/cell

manipulation

Split ZY11

(DNA)

RCA generated

DNA chain

Human liver

cancer

SMMC-7721

cells

N/A

41 oligo-T intra-

molecular spacer;

also served as
signaling

compartment by

hybridization with

signaling probe

Improved
performance in
avidity (a ~2.8-
fold increase in
signal-to-
background-
ratio); increased
recognition;
extended the
tolerance range
of temperature
for target

binding

[117]
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Detection CD63 aptamer RCA generated Exosome Signaling 20 oligo-T intra- Quantitatively [30]
(DNA) multivalent (surface enabled molecular spacer  analyses

network protein) hairpin exosomes in the
structure range of 10° to
(binding to 107 particles per
sequences on uL
the AuNP
surface after
structural
change)

Detection SYL3C (DNA) RCA generated CTC N/A 20 oligo-T intra- Greatly [7]

multivalent (EpCAMs) molecular spacer  increased

aptamer network current

electrode response;

interface reduced

detection time
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Drug delivery AS1411 and DNA and DNA-  MCF-7 cells  Drug loading dsDNA or siRNA  Increased [111]
MUC-1 (DNA) RNA hybrid site duplex as intra- intracellular
structures molecular spacer  uptake of dual
aptamer
systems
(increase in
aptamer valency
led to higher
intracellular
uptake)
Detection Zyl HCR generated Human liver  Signaling 10 oligo-T biotin ~ High stability in [118]
(DNA) DNA self- cancer branch linker; HCR the presence of
assembly SMMC-7721 generated nuclease or in
cells backbone spacer human serum;

higher signal-

to-background
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ratio compared
with aptamer
monomers;
reduced
dissociation
constant (1/10)
compared with

Zy1 monomers

Drug/siRNA delivery Mucin-1 BLC2-specific MCF-7 breast BCL2 SiRNA duplex High [31]
(DNA) SiRNA cancer cells siRNA; drug intra-molecular intracellular
loading site.  spacer uptake
efficiency; high
specificity
Others
Drug delivery Sgc8 DNA origami Cancer Drug loading N/A Enhanced drug [49]
(DNA) generated self- cell/HeLa cell sites delivery

assembly

(triangular)

efficiency and

therapeutic
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efficacy;
decrease
systemic
toxicity; high
stability in cell

culture medium

for 24 h
Targeted gene Sgc8 AAV?2 vectors CCRF-CEM  AAV2-Based DNA dendrimer 21-fold [4]
therapy (DNA) cells (PTK7)  Vectors linker enhanced

binding affinity
and enhanced
resistance
against nuclease

degradation

Immunotherapy KK1B10 HCR generated K562 cells N/A HCR generated Greatly [107]
(DNA) DNA self- backbone spacer increased
assembly- binding avidity
functionalized than the
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natural killer

cells

aptamer
monomers;
good stability
under
physiological

shear stress

Detection and

capture

ZY-sls (DNA)

Cell imprinted

hydrogel

SMC-7721

cells

N/A

Trifunctional
cleavable cross-

linker

Enhanced
interaction
between
enhanced sites
and target cells;
high capture
efficiency and
selectivity; 92%
of the captured
cells could be

released

[43]
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2.4. Rolling circle amplification: strategies of design and optimization

In general, three steps are involved in an RCA reaction: synthesis of circular probe template;
hybridization of a primer to the circular probe template; and primer-initiated sSDNA elongation,
as shown in Figure 7. The design of the two nucleotide sequences, namely a linear single-

stranded padlock probe and a primer, are of importance for an efficient RCA reaction.
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RCA product

phi2d DNA polymera e,
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\ — O phi29 DNA polymerase
S—
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Figure 7. The progress of an RCA reaction.

2.4.1. Strategies to enhance the yield of RCA product

2.4.1.1. Factors improving cyclization efficiency

Cyclization yield refers to the production of circular probe template from the initial substrates.
High cyclization yield is ideal for enhancing the yield of RCA products. The most widely applied
enzymatic synthesis of cyclized probes faces issues such as high cost and difficulty of scaling up.
Length of the linear probe is tightly related to the cyclization efficiency. An et al. [119]
suggested in their work that a linear probe of 30 to 45 nt can lead to poor cyclization yield due to
structural constrain resulting from the short length of the probe, while a probe of excessive
length (i.e., more than 72 nt) can result in by-product formation [120]. When the length of a

linear probe exceeds 100 nt, the possible preparation methods are limited, mainly due to the
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difficulties of long linear probe synthesis and the significant formation of by-products due to
inter-molecular hybridization of multiple linear probes and primers [121]. An alternative method
is to join multiple linear probe segments progressively. In this case, relatively large size circular
probe templates can be synthesized from two precursor segments since preparative yields for

dimeric synthesis is greater than those from single precursors [122].

Single-stranded DNA has been reported to form secondary and tertiary structures through base-
pairing or stacking interaction, which can influence the cyclization efficiency either negatively or
positively. For instance, Cui et al. [123] found that cyclization efficiency is poor when the linear
probe has a complicated secondary structure. They solved this problem using Tag DNA ligase at
65-70 °C, which destabilizes secondary structures. In addition, the same group also demonstrated
the relationship between cyclization efficiency and the presence of hairpin structures at the
terminal of the linear probe when treated with T4 DNA ligase [120]. Oligonucleotide terminal
hairpins prefer to cyclize intramolecularly rather than polymerize intermolecularly. The
cyclization of oligonucleotides with a hairpin near either of its 3’ or 5” ends proceeded
predominantly through intramolecular cyclization with high selectivity. The terminal hairpin

strategy also applies to CircLigase.

Other strategies for enhancing cyclization efficiency include adding external components into the
ligation solution. For example, poly(ethylene glycol) (PEG) macromolecules can facilitate DNA-
protein interaction by providing a molecule-crowded environment, thereby improving T4 DNA
ligase/polymerase, T7 polymerase, and Taq polymerase activities [124, 125]. The mechanism of
such an improvement is believed to be due to the enhancement of the cyclization of probes rather

than facilitation of the progression abilities of DNA polymerase [125]. RCA products were
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reduced when PEG was used in RCA product elongation due to the fact that crowding facilitates

hybridization, which suppresses de-hybridization and thus primer extension.

2.4.1.2. Factors effecting amplification efficiency

For RCA-based applications, a constant amplification efficiency without significant bias under
various conditions is important. Joffroy and coworkers [10] found a template length-dependent
amplification efficiency bias of RCA with the same periodicity using two types of DNA
polymerases: phi29 and Bst 2.0. Their results showed that when designing a probe, one should
ensure that the length of the probe should be chosen within the size range of the periodic
maxima, and shorter probes performed better than longer ones in general. The results also
concluded that changing the template size of the linear probe, even by as little as 5 nt can
significantly influence the obtained results. The researchers concluded that the potential
molecular mechanism behind this bias is a changing fraying probability dependent on the

conformation of the DNA-polymerase complex.

2.4.1.3. Exponential RCA

Exponential RCA (E-RCA), in contrast to linear RCA, is exponential amplification initiated by a
single binding event between a primer and a cyclized probe. This is achieved by the introduction
of extra primers and/or nicking enzymes into the RCA system. Incorporation of exponential
components significantly enhances the efficacy of RCA reactions. Various types of exponential
RCA include multi-primed [126], multi-branched (mbRCA) [127], hyper-branched (HRCA)
[128], circle-to-circle (C2C RCA) [129], and primer-generated (PG-RCA) RCA [130], as
summarized in Figure 8. For instance, the amplification can be enhanced a million-fold using
HRCA by incorporating a second reverse primer [131]. Due to its intrinsic rapid nature,

exponential RCA is widely applied as a signal amplification technique for detecting microRNA
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[132], single nucleotide polymorphisms (SNP) [131], and DNA [133]. The detection sensitivity

of E-RCA has been demonstrated to be 100-fold higher than that of PCR [134].
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Figure 8. Principles of linear and exponential RCA. Schematic diagram of (A) Linear RCA. (B) HRCA. (C) PG-
RCA. (D) multiply-primed RCA. (E) C2C RCA. (ref. [135])

Recent studies have combined two types of E-RCA to achieve even greater amplification. For
instance, Zhu et al. [131] developed a netlike RCA by introducing a nicking enzyme into the
hyperbranched RCA system for detecting single nucleotide polymorphism (SNP). This quadratic

amplification technique has much higher efficacy than HRCA, reaching a detection limit of 5.4
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aM of the target molecule. Moreover, DNAzyme feedback amplification mechanisms (DFA)
can also be coupled with RCA to achieve an exponentially enhanced efficacy [136, 137]. In
brief, the presence of the target triggers an RCA reaction, which produces repeated copies of
DNAzyme. These DNAzymes cleave specific sites of an RNA-containing portion of RCA
product, producing additional primers that hybridize with the cyclized probe as new inputs for

RCA.

2.4.2. Structure of the RCA product

The morphology of the RCA product can influence the performance of RCA-based applications.
The morphology of RCA products can be tuned by applying various designs and strategies.
Recent works in nanomaterials take advantage of the rapid nature of RCA to produce long
ssDNA chains containing hundreds or thousands of aptamer repeats (multivalent aptamers) to
achieve higher binding avidity. These applications rely on the RCA product being single-
stranded, with their performance being dependent on RCA product conformation. It is important
to note that multivalent aptamer chains showed decreasing trends in capturing ability when the
RCA reaction time exceeded a certain limit (i.e., 60 min [6]). This observation is suggested to be
caused by the higher inter- and intra-molecular interactions that occur when RCA products of
excessive length or density were produced. As demonstrated by Li et al., with longer RCA
reaction time, tangled morphologies in RCA products could inhibit product-target binding due to
unwanted structures [138]. Xie et al. [139] also showed that RCA products tend to intertwine
into micro-scale coils, decreasing the number of effective binding sites and lowering capture
efficiency. Heat-activation can be used as a solution: using this strategy, multivalent aptamer
chains were stretched into nano-strands, leading to significantly enhanced efficiency (from

5.29% to 86%) [139].
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With respect to template design, incorporating a complementary sequence of homo-
oligonucleotides such as polyT can also be an alternative solution to solve inter- and intra-
molecular structure tangling in RCA products [6]. Resultant RCA products would carry a long
polyT motif disfavoured in DNA hybridization, thereby avoiding the misfolding of adjacent
aptamers and improving the accessibility and probability of association of the aptamer binding
motif to the target [140]. In addition, adding short DNA probes complementary to specific
repeated motifs can stretch the RCA-generated nanochain [141]. Hybridization of the spacer
domain with its complementary oligonucleotide between aptamer domains enables the function
of aptamer-decorated DNA strands, likely by extending the RCA products, thereby minimizing

nonspecific base-pairing with the aptamer domains [6].

In comparison, RCA-based nanomaterials such as DNA nanoflowers require the RCA products
to have condensed morphologies and smaller size for more efficient cellular uptake. Studies
investigating the conformation of RCA-generated nanoflowers using different template probe
sequences also confirmed the previously mentioned principle about polyTs containing
products—compared with polyT containing products, the size of the resultant nanoflower
without polyT showed a significantly smaller hydrodynamic size. This was suggested to be
caused by the secondary structure-forming sequences, which allow long DNA chains to be
folded into a smaller space [142, 143]. More complex structures such as tertiary G-tetrads can

provide additional packing levels for nanoflowers [143]. These researchers also demonstrated

that RCA-generated nanoflower sizes can be tuned by adjusting template sequences as well as by

adding modified nucleotides [143, 144].
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Chapter 3. Experimental

3.1. Materials

Polydimethylsiloxane (PDMS) Sylgard 184 kit was purchased from Dow Corning (Midland,
Michigan). Poly(amidoamine) dendrimer (generation 6.5, PAMAM-COOQOH) was purchased from
Dendritech (Midland, MI). N-Hydroxysuccinimide (NHS), (3-Aminopropyl) triethoxysilane
(APTES), nuclease-free water, and N,N,N',N'-Tetramethylethylenediamine (TEMED) were
purchased from Sigma-Aldrich (Oakville, ON). 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDC) and 2-(N-morpholino) ethanesulfonic acid (MES) were purchased from Alfa Aesar (Ward
Hill, MA). DNA oligonucleotides (sequences shown below) and IDTE (1x TE) buffer were
purchased from Integrated DNA Technologies (Coralville, I1A). phi29 DNA polymerase, 10x
reaction buffer for phi29 polymerase, T4 DNA ligase, 10x T4 ligation buffer, deoxynucleotide
triphosphate (ANTP) solution mix, ammonium persulfate (APS), 10xTBE (Tris/Borate/EDTA)
electrophoresis buffer, acrylamide solution (containing 40% (w/v) of acrylamide (38%) and bis-
acrylamide (2%)), nucleic acid loading buffer (Cat #: LC6678; SM0242), DNA ladders (Cat #:
10597012), SYBR Gold nucleic acid gel stain, Exonuclease | and Il (Exo I and I1), and 10x
exonuclease buffers were purchased from Thermo Fisher Scientific (Burlington, ON). Heat-
killed fluorescein isothiocyanate (FITC) labeled target E. coli O157:H7 cells and nontarget E.
coli ATCC25922 were generous gifts from Canada Food Inspection Agency (Ottawa, ON). All
other chemicals were obtained from VWR International, LLC Canada unless indicated

otherwise. DNA sequences are listed below:
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Table 2. The sequence of DNA oligos that was used in this study

Name Sequence (5°—>3’) Ref.
E17F-72 aptamer ATCCG TCACA CCTGC TCTAT CAAAT GTGCA [145]
GATAT CAAGA CGATT TGTAC AAGAT GGTGT
TGGCT CCCGT AT
NT-primer NH-TTTTT TTTTT TTGGC TCCCG TATAT CCGTC  This
ACACCT work
5T-primer NH-TTTTT TTTTT TGTTG GCTCC CGTAT TTTTT  This
ATCCGT work
10T-primer NHo-TTTTT TTTTT TGTTG GCTCC CGTAT TTTTT  This
TTTTTA work
15T-primer NH-TTTTT TTTTT TGTTG GCTCC CGTATTTTTT  This
TTTTTT work
NT-linear probe Phos-ATACG GGAGC CAACA CCATC TTGTA CAAAT  This
CGTCT TGATA TCTGC ACATT TGATA GAGCA work

GGTGT GACGG AT
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5T-linear probe Phos-ACGGG AGCCA ACACC ATCTT GTACA AATCG  This
TCTTG ATATC TGCAC ATTTG ATAGA GCAGG work
TGTGA CGGAT AAAAA AT

10T-linear probe Phos-ACGGG AGCCA ACACC ATCTT GTACA AATCG  This
TCTTG ATATC TGCAC ATTTG ATAGA GCAGG work
TGTGA CGGAT AAAAA AAAAA AT

15T-linear probe Phos-ACGGG AGCCA ACACC ATCTT GTACA AATCG  This
TCTTG ATATC TGCAC ATTTG ATAGA GCAGG work
TGTGA CGGAT AAAAA AAAAA AAAAA AT

Cy3-fluoresence probe Cy3-TTTTC TTGTA CAAAT CGTCT [138]

Note: The italic portion in the linear probe is complementary to the sequence of aptamer that

binds to the polysaccharide residues on E.Coli O157:H7 surface; the underlined portions in

primer and linear probe are used for probe-primer hybridization. The bold portion in Cy3-

fluoresence probe is partially complementary to the RCAP.

38



3.2. Methods

3.2.1. General approach

This study investigates the effect of polyT spacer length on the capturing performance and
morphology of resultant RCAP. As shown in Figure 9, the inner surface of a PDMS
microchannel is first engrafted with generation 6.5 (G6.5) PAMAM dendrimer using our
previously developed NHS/EDC coupling method [93]. Subsequently, the carboxyl functional
groups of PAMAM dendrimer are activated, followed by the conjugation of 5’ amine-modified
primer. After incubating with the pre-synthesized circular probe template, in situ RCA [138, 146]
is performed by injecting the RCA mixture containing phi29 polymerase, phi29 buffer, and
dNTP. The RCA reactions are performed for a pre-determined period to produce a fixed number
of aptamers on the amplified DNA chains (i.e., RCAPS), that are complementary to the circular
probe template in a head-to-tail manner. The capturing performances of the resultant

microchannels are then tested.
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Figure 9. A schematic diagram for overall experimental procedure for fabricating RCAP-PAMAM dendrimer-
modified PDMS microfluidic device, RCAP morphology, and target cell E.Coli O157:H7 capture.

3.2.2. Circular probe template preparation, characterization of reaction products and

cyclization efficiency

To prepare and purify the circular probe template, different pairs (i.e., NT, 5T, 10T, and 15T) of
linear probe and primers (100 uM, 1.5 pL each) was mixed in 23.4 puL nuclease-free water. The
mixture was first heated to 95°C for 10 min to completely eliminate the intrinsic secondary
structures of the linear probes, quickly ice-cooled for 1 min, and hybridized at 37°C for 30 min
(heat treatment). Subsequently, T4 ligase (10U) and 3 uL ligation buffer were added to the
reaction mixture, and the ligation reaction was carried out for 1 hour before it was deactivated at
65°C for 10 min. To purify the resulting circular probe templates, Exo | (1U/uL) and 111 (1U/pL)
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in 3 UL Exo buffer were added to the cyclized products at 37°C for 2 h in order to remove any
remaining free primers, uncyclized probes, and undesirable linear by-products, after which the
exonucleases activities were deactivated at 85°C for 15 min. Finally, the circular probe templates
were purified by ethanol precipitation [143] and stored in nuclease-free water for future use. To
characterise the cyclization yield, the circular probe templates (i.e., NT, 5T, 10T, and 15T) were
prepared as described above. The amount of each of the resulting circular probe templates were
characterized using 8% poly(acrylamide) gel electrophoresis (PAGE) by a Min-PROTEAN Tetra
System (Bio-Rad Laboratories, Hercules, CA). Subsequently, the gel was stained in 1x TBE
buffer with 1x SYBR Gold nucleic acid dye. The gel images were acquired using ChemiDoc
XRS+ system (Bio-Rad Laboratories, Hercules, CA) and analyzed by ImageLab V6.0.1 (Bio-

Rad Laboratories, Hercules, CA).

3.2.3. Characterization of amplification rate using gel shift assay

To investigate the amplification rate of RCA reactions, a PAGE gel shift assay (i.e., probe
hybridization assay) was used to estimate the rate of amplification (i.e., the number of tandem
aptamers produced) in an RCAP multivalent aptamer chain [147]. Briefly, an RCA mixture
containing 0.01 uM circular probe template, 1x phi29 reaction buffer, 0.1 U/uL of phi29 DNA
polymerase, and 400 uM of dNTPs was carried out at 37°C. At pre-determined RCA reaction
time points (i.e., 10 min, 20 min, 30 min, 40 min, 50 min, and 60 min), single-stranded Cy3-
labeled fluorescent probes with complementary sequence (see Table 2, 5 uM) were added into
the RCAP. The resultant mixture was heated to 95°C and was then incubated at 37°C for 1 h to
maximize probe-RCAP hybridization prior to PAGE analysis; subsequently the fluorescence

intensities of the PAGE bands were measured by ImagelLab V6.0.1.
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3.2.4. Microchannel fabrication and PAMAM dendrimer engraftment

To fabricate the PDMS microchannel, Sylgard 184 elastomer and curing agent were mixed
thoroughly at a 10: 1 ratio (w/w). The mixture was quickly placed on a SU-8 master, degassed
for 1 hour, cured at 85°C for 2 hours, and cooled down to room temperature. Subsequently, the
cured PDMS layer was gently peeled off from the master, punctured with two holes at either side
of the microchannel as the inlet and the outlet, rinsed with 99% ethanol and double-distilled
water (ddH-0), and finally air-dried. The cleaned PDMS surface was treated with oxygen plasma
using a plasma etcher (SP100, Anatech Ltd, Battle Creek, MI) at 100 m Torr, 118 W for 10 s,
and the resultant surface was immediately sealed with a glass slide by applying constant pressure
and temperature (95°C for 5 min) [93]. To conjugate PAMAM dendrimer onto the inner surface
of the microchannel, a previously established silane coupling method was used with minor
modifications [84, 146]. Briefly, 5 wt.% APTES in anhydrous ethanol was used to treat the
microchannel for 20 s in order to animate the inner surface by silanol condensation. This step
was followed by a gradient wash with absolute ethanol, 95% ethanol, 70% ethanol, and ddH-0.
Finally, 5 uM PAMAM dendrimer was pre-activated by 0.1 M NHS and 0.1 M EDC in 0.1 M
MES solution (pH 6.0) for 15 min, and the resultant solution was injected into the aminated
microchannel at room temperature for 1 h to achieve dendrimer engraftment on the inner surface

of the PDMS microchannel.

3.2.5. In situ RCA on microchannel inner surface

The RCA reaction comprises three steps: preparation and purification of circular probe template,
conjugation of primer and circular probe template onto the microchannel surface, and initiation

of in situ RCA reaction inside the microchannel. To conjugate the purified circular probe
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template, the dendrimer-engrafted microchannel was first treated with 0.1 M NHS and 0.1 M
EDC in 0.1 M MES solution (pH 6.0, salt-free) for 30 min to activate the surface carboxyl
groups. Subsequently, 1 uM 5” NHz-capped primer was injected into the channel and allowed to
react for 1 h. Then the purified circular probe template was injected into the microchannel at
37°C and incubated for 1 h. For in situ RCA reaction, the RCA reaction mixture containing 1x
phi29 buffer, 0.4 mM dNTPs, and 10U phi29 polymerase was injected into the microchannel at a
flow rate of 0.05 mL/h. The reaction was allowed to be carried out at 37 °C for a pre-determined
period of time, after which the microchannel was heated to 65 °C for 5 min to deactivate phi29

polymerase, and the microchannel was carefully rinsed with PBS (pH 7.4).

3.2.6. Water contact angle measurement

To confirm layer-by-layer surface modifications, water contact angles of surfaces of interest (i.e.,
PDMS surface, APTES modified surface, PAMAM-immobilized surface, NT, 5T, 10T, and 15T
RCAP-modified surfaces) were measured using a goniometer (AST Products Inc., Billerica,
MA). Three random measurements were taken on each sample surface, on a total of three sample

surfaces, and the average values were reported.

3.2.7. Microchannel capturing performance for target E.Coli O157:H7 cells

To evaluate the capturing performance of RCAP modified microchannels for E. coli O157:H7,
FITC-labeled target cells (1 x 10° cells/mL) were introduced into the capturing microfluidic
channels at a flow rate of 0.05 mL/h, after which the channels were carefully rinsed with PBS
(pH 7.4) at a flow rate of 0.1 mL/h. The captured cells were documented using an Olympus

fluorescence microscope (1X81, Richmond Hill, ON). For each microchannel, sixty continuous
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fluorescent images were collected and the number of captured cells was analyzed by NIH ImageJ

software (NIH, Bethesda, MD).

3.2.8. Fluorescence intensity measurement of RCAP-conjugated surface

To demonstrate the success of the RCA reactions on the PDMS surfaces, in situ RCA reactions
were carried out as outline in Section 3.2.5. The resulted microchannel surfaces were incubated
with 2 uM of Cy3-labeled fluorescent probes that are partially complementary to the aptamer
sequences of the RCAPs. The fluorescence intensity was documented using a high-resolution
camera (QImaging, Surrey, BC) and analyzed using NIH ImageJ. On each sample surface, five
spots were randomly selected, and the fluorescence intensities were measured. The average

fluorescence intensity value from each sample surface was calculated and reported.

3.2.9. Characterization of dendrimer conjugated RCAP by dynamic light scattering

In order to investigate the morphological characteristics of the RCAPs as a result of different
circular probe template designs, different designs of circular probe templates were used to
initiate RCA reactions on the surfaces of free PAMAM dendrimers — as opposed to PAMAM
dendrimers immobilized to PDMS surfaces — to allow characterization by dynamic light
scattering (DLS). For each of the circular probe template, RCA reaction times were controlled so
that the resulting RCAPs would have same number of repeating aptamer units (i.e., same number
of amplifications). In preparing the samples for the DLS characterizations, 60 pL of PAMAM-
conjugated RCAPs were diluted in 600 pL of 1xTE buffer. The DLS measurements were
performed using a Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK), and the acquired data

were processed using Zetasizer Software VV7.12 (Malvern Panalytical, Malvern, UK).
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3.2.10. Fluorescence intensity measurement of RCAP

To test the fluorescence intensity of RCAP, 10 pL of 0.5 uM RCAP was diluted in 40 pL of
nuclease-free water. Afterward, ethidium bromide (EtBr, final concentration 0.5 pug/mL) was
added to the sample and mixed thoroughly. The fluorescence intensities of the resultant samples
were measured in 96-well plates using Synergy H1 microplate reader (BioTek Winooski,
Vermont) with the following parameters: excitation, 285 nm; emission, 605 nm, as suggested
elsewhere [17]. The acquired data were processed by Gen5 Software VV3.09.07 (BioTek,

Winooski, Vermont).

3.2.11. Statistical analysis

To determine whether there are significant differences between the four test groups (NT, 5T,
10T, and 15T), the results in cyclization yield, water contact angle, capturing performance,
surface fluorescence intensity, hydrodynamic size, and RCAP fluorescence intensity of no spacer
test group (NT) and three spacer test groups (5T. 10T, and 15T) were firstly analyzed using One-
way ANOVA test (Brown-Forsythe and Welch ANOVA, without assuming equal standard
deviation). If the result of One-way ANOVA test reveals significant differences, then the above-
mentioned results of each spacer test group was individually grouped and analysed with no
spacer test group (NT) using unpaired t-test with Welch’s correction (without assuming equal
standard deviation) for testing whether a significant difference exists between no spacer test
group (NT) and each of spacer test groups (5T, 10T, and 15T). All data were analyzed using

GraphPad Prism 8.4.2 (GraphPad Software, San Diego, CA).
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Chapter 4. Results and Discussion

4.1. Characterization of circular probe templates and RCAPs

To demonstrate the progression of RCA reaction, the starting materials and the products from
each reaction stage were characterized using 8% PAGE. Figure 10 shows the gel images of the
primers (Lane 1), linear probes (Lane 2), cyclized products before (Lane 3) and after (Lane 4)
Exo | & Il1 purification, circular probe templates hybridized with primers (Lane 5), and RCAPs
based on four different circular probe templates (i.e., NT, 5T, 10T, and 15T) (Lane 6),
respectively. Lane 3 in each gel image shows the cyclized products includes the circular probe
template and various by-products, and Lane 4 shows pure circular probe templates, which is also
confirmed by their resistance to Exo | & 111 digestion [120, 148]. These circular probe templates
are located at lower positions in comparison with their respective linear probes (Lane 2) although
they are of identical lengths. This can be explained by their structural (i.e. circular vs. linear)
differences [149]. Because of the different length of adenine bases in the designed linear probes
(and therefore a difference in probe total lengths), the resultant circular probe templates show an
increasing molecular weight, as demonstrated by gradually higher band positions (indicated by
white arrows in Land 4s). Lane 5s show that after hybridizing the circular probe templates with
the primer, the band shifts up back to the position of the band with highest intensity in Lanes 3s
(indicated by purple arrows). Lane 6s show the RCA products after 30 min, suggesting the
presence of high molecular weight products that were unable to migrate out of the
electrophoresis wells. It should be noted that the DNA ladders used in this experiment are
designed for dsSDNA, and as a result the molecular weights indicated by the ladders are not the

true molecular weights of the sSDNA molecules of interest [146].
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Figure 10. Gel image of primer, linear probe, and resultant products in each step of RCA reaction of NT, 5T, 10T,
and 15T template (A to D), respectively. Samples were resolved in an 8% native PAGE gel. Lane L1: DNA ladder;
Lane 1: primer; Lane 2: linear probe. Lane 3-5: resultant products of probe cyclization. Lane 3 represents the
unpurified cyclization product; Lane 4 shows the circular probe template after exonuclease purification; Lane 5
shows the hybridized product of circular probe and primer. Lane 6 shows the RCAP after 30 min, initial template
concentration = 0.1 M. The white arrows indicate the circular probe template; the blue arrows indicate the presence
of uncyclized linear probe in cyclization products; the purple arrows indicate the hybridized primer and circular

probe template.
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4.2. Calculation of cyclization yield

The production of circular probe templates can vary largely due to the design difference of the
original linear probes. To estimate the yield of circular probe template generated by four
different designs, a DNA hybridization assay was used based on the principle that the circular
probe template and primer hybridized in an 1 : 1 ratio. The process of the hybridization assay is
shown in Figure 11. As shown in Lane 1, after purification, the circular probe template without
primer appears as a single intense band. After hybridizing with primers (Lane 2), this respective
band disappeared, suggesting the complete consumption of circular probe template during the
hybridization process, while a new single band representing the primer + purified circular probe
template complex appeared. This single up-shifted band was expected because we designed our
primer and circular probe template in a way that there is only one hybridization region between
the two probes. The lower band in Lane 2 represents the residual primer after the hybridization
assay. Lane 3 represents the primer before the hybridization assay, which composes a standard

curve for calibration together with diluted premiers in Lanes 4-7.
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Figure 11. A schematic illustration showing the principle of using DNA hybridization assay on PAGE for
cyclization yield calculation.

Due to the 1 : 1 ratio of primer - circular probe template hybridization, the amount of circular
probe template was estimated by the difference (i.e., the up-shifted primer) between primer band

intensity before and after the hybridization assay using the following equation:

C=P=Py-P;,

where C refers to the amount of circular probe template, P refers to the amount of up-shifted
primer, Po and P1 represent the amount of primer before and after hybridization, respectively (Po
- P1equals the difference in band intensities of Lane 3 and Lane 2). As a basis of comparison, the

fluorescence intensities of primers of different known amounts (shown in Lane 3 to Lane 7, e.g.,
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37.5 pmol, 30 pmol, 22.5 pmol, 15 pmol, 7.5 pmol) were analyzed using ImageLab to generate a
calibration curve. Afterwards, Po and P1 were calculated by using the “absolute mode” of
quantity tools in ImagelLab. After obtaining the amount of circular probe template, the

cyclization yield was calculated as:

Cyclization yield (%) = C/L x 100,

where L refers to the corresponding initial amount of linear probe.

The One-way ANOVA test reveals that significant differences exist in cyclization yield among
NT, 5T, 10T and 15T templates (p-value < 0.0001). By incorporating zero to fifteen polyA
bases), a decline in cyclization yield was observed between no spacer test group and each of the
spacer test groups. The cyclization yields are 48.12 + 2.69 %, 31.57 +2.60 %, 24.73 = 2.28 %,
14.38 £ 4.18 % for NT, 5T, 10T, and 15T, respectively (Figure 12). Our results coincide with the
results obtained by Liang’s group [119] that when the length of the linear probe exceeds a certain
range (e.g., over 70 nt), longer probe length can impair the production of circular probe
templates. This observation can be explained by the preferable formation of by-products. Instead
of intra-molecular cyclization, longer linear probes prefer inter-molecular hybridization, which
leads to the joining of several linear probes with primers to form larger polymers [119, 120],
shown as the multiple bands in Lane 3s in Figure 10, especially C and D (indicated with
brackets). In addition, as adding longer polyA into the original linear probe, a visible band with
higher intensity was observed (Figure 10 A to D, Lane 3, indicated by blue arrows), revealing the
presence of unhybridized linear probe in the cyclization products. This observation indicates that
the impairment of cyclization yield can also be caused by the inefficient hybridization of the

primer and the linear probe.
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Figure 12. Hybridization assays of DNA for calculating the cyclization rate of (A) NT, (B) 5T, (C) 10T, and (D)

15T. Lane 1: purified circular probe template. Lane 2: circular probe template hybridized with a known amount of

primer. Lane 3-7: primers with standard amounts. (E) shows the cyclization yields calculated using the equation in

Section 3.2.2. Error bars indicate the standard deviations (n = 3). The white arrows indicate the unhybridized

primer; the blue arrows indicate the hybridized primer + circular probe template.

4.3. Evaluation of RCA amplification rate
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To estimate the quantity of tandem aptamers as the RCA reaction progresses (i.e., the
amplification rate), we applied the method from a previously published study [147]. In brief, a
gel shift assay was performed by adding a Cy3-labeled fluorescent probe to the RCAP (the
existence of RCAP in the samples was proven in Figure S1, a schematic drawing is shown on the
left side of Figure 13 A) after terminating the RCA reaction at different time points. The
fluorescence intensity of the free Cy3-probe band (indicated by the lower black arrow in Figure
13 A to D) gradually decreased as the reaction proceeded, which is consistent with the increase
of upper band intensity caused by the hybridization between upward shifted Cy3-probes and
RCAP. The fluorescence intensities of the Cy3-probe were measured and analyzed using the
“relative mode” of quantity tools of ImageLab. The difference between the original intensity of
Cy3-probe and the intensity after hybridizing with RCAP can be used to represent the quantity of
aptamer produced within a determined time Figure 13 E. The intensity of initial Cy3-probe (i.e.,
at 0 min) was labeled as lo, while the intensities of Cy3-probe after t min was labeled as I+. The
change in relative fluorescence intensity (i.e., consumption of Cy3-probe) can be calculated as lo

- Iy, and the results were plotted against the reaction times, shown in Figure 13 F.

As the results shown, the amplification rate is significantly impaired as the length of inserted
polyA increases from 0 to 10 nt, while this amplification rate stays roughly constant when the
length of polyA further increases to 15 nt. In the following sections, both the morphology
comparison and the capturing performance comparison among RCAPs with different lengths of
spacer should be based on a fixed number of aptamers. While simply terminating RCA reactions
at the same time point for four different circular probe templates is impractical due to this large
amplification rate bias (estimated ~5.5-times amplification rate bias between our fastest and
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slowest circular probe templates). Therefore, individually customized RCA reaction times for
each template design were calculated based on linear regression curves generated from Figure 13
F. For verification, RCA reactions were conducted at pre-determined time points with
corresponding circular probe templates. After incubating with the Cy3-probes (the
concentrations of the Cys-probes were controlled constant across four circular probe templates),
the A relative fluorescent intensities of Cy3-probes were calculated (Figure S2). One-way
ANOVA test shows no significant difference between the four different sequences (ns, p > 0.05),
which confirms the reaction time points chosen for all circular probe templates are reasonably

accurate.
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Figure 13. (A) — (D) Probing the length of amplified product using circular probe template NT (A), 5T (B), 10T (C),
and 15T (D) using a fluorescent probe gel shift assay. The secondary structures of RCAP were opened up by heat
treatment, followed by mixing with a Cy3-labeled complementary probe. The resultant products were resolved by 8%
native PAGE. The gels were imaged under the Cy3 fluorescence channel. The fluorescence intensities of the Cy3-
probe bands were used to calculate the linear regression equation for each circular probe template. The same samples
without adding Cy3-probe were also resolved using SYBR Gold-stained gel to confirm the production of long ssDNA
(Figure S1). (E) and (F) Quantification of RCA amplification rate using Cy3-probe and gel shift assay. Error bars
show standard deviations of the measurements (n=2). (A) A plot of relative fluorescence intensities against reaction
times. We normalized the unit of relative fluorescent intensity to 1 to represent lo. (B) A plot of changes in relative
fluorescence intensity (A relative fluorescence intensity) against reaction times. Assuming one unit in A relative
fluorescence intensity change represents the complete up-shifting of a fixed amount of free Cy3-probes (the number

of circular probe template : Cy3-probe= 1: 500).

4.4. Water contact angle

To confirm each layer of surface modifications, the water contact angle of PDMS (before plasma
treatment), APTES-treated, PAMAM dendrimer engrafted surfaces, and RCAP-modified
surfaces using NT, 5T, 10T, and 15T circular probe templates were tested, as shown in Figure
14. The water contact angle of the PDMS surface was 110.58 + 3.55-. After APTES treatment,
the water contact angle dropped to 45.17 + 5.34¢. The successful engraftment of PAMAM
showed a further decrease in water contact angle to 11.08 £ 1.98°. These results are consistent
with our previously reported data [57, 138]. According to the result from One-way ANOVA test,
the measurements of RCAP-conjugated surfaces do not exhibit template-dependent difference
(p-value = 0.3460, ns). These data also align with our previously reported result [138] by
measuring RCAP-modified surfaces using a different circular probe template, which

demonstrates that the water contact angles of RCAP-modified surfaces are not sequence-specific.
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Figure 14. Water contact angles of surfaces with different steps of modifications. Error bars show standard
deviations of the measurements (n=3).

4.5. Fluorescence probe hybridization assay on RCAP-modified PDMS surface

To further confirm the successful modification of RCAP on the PDMS surface, in situ RCA was
performed onto the PDMS surface using NT, 5T, 10T, and 15T circular probe templates.
Afterwards, Cy3-probes were added directly to the surface without opening the secondary
structures. For each experiment, the concentration of circular probe template was controlled at
0.5 uM, and all reactions were terminated at pre-determined time points to generate a fixed
number of aptamers. As shown in Figure 15, all RCAP-modified PDMS surfaces showed higher

relative fluorescence intensities than the control surface, which proves the successful progression
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of in situ RCA and the generation of multiple aptamers. Significant differences were revealed
among NT, 5T, 10T, and 15T RCAP-modified surfaces. Moreover, 10T and 15T RCAP-
modified surfaces showed significantly higher surface fluorescence intensities compared to NT
(**, p<0.01, and *, p <0.05, respectively, unpaired t-test). One reasonable hypothesis is that this
difference in surface fluorescence intensities is due to the morphology change of conjugated

RCAPs which are discussed in Section 4.7 and 4.8.
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Figure 15. Relative fluorescence intensities of PDMS surfaces modified with NT, 5T, 10T, and 15T RCAP after
hybridizing with Cy3-probes. A to E show the fluorescence images of (A) PAMAM dendrimer + primer modified
surface; (B) NT RCAP-modified surface; (C) 5T RCAP-modified surface; (D) 10T RCAP-modified surface; (E)
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15T RCAP-modified surface. Scale bar = 100 um. (F) A plot of data from all investigated surfaces. Error bars

represent the standard deviations (n = 3).

4.6. Microchannel capturing performance and specificity

The capturing performance of RCAP-modified microchannels with different spacer lengths were
tested by injecting 10° cells/mL of E. coli 0157:H7 spiked PBS solution with a flow rate of 0.05
mL/h. As shown in Figure 16 A, PAMAM dendrimer-modified microchannel (i.e., without
RCAP) showed almost no cell adhered, which proves the excellent anti-fouling property of the
PAMAM dendrimer. Significant differences in captured cell number among four RCAP-
modified microchannels were observed (p-value = 0.0010, One-way ANOVA). NT-RCAP
modified microchannels showed almost no cells captured (Figure 16 B). For 5T RCAP-modified
microchannels, the captured cell numbers slightly increased to 245+ 86 (Figure 16 C). 10T
RCAP-modified microchannels (Figure 16 D) captured significantly more target cells (1994 +
140) compared to NT RCAP-modified microchannels. However, increasing the spacer length to
15T seemed to have no more gain: the number of captured cells on 15T RCAP-modified
microchannels (1770 £+ 294, Figure 16 E) was even slightly less than 10T RCAP-modified
microchannels (ns, p > 0.05, t-test), but still significantly higher than those of NT and 5T (****,

p <0.0001, t-test). The above-mentioned results were summarized in Figure 16 G.

In addition, the specificity of cell capture was also tested by injecting 10° cells/mL of nontarget
E.Coli ATCC25922 cells into the 10T RCAP-modified microchannel. As shown in Figure 16 F
and H, nearly no non-target cell was captured in 10T RCAP-modified microchannels, which
strongly suggests the specific interaction between RCA-generated aptamers and E. coli

O157:H7.
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Figure 16. Target cell capturing performances of microchannels modified with different RCAP. A to F show the
capturing performances of E. coli O157:H7 in microchannels using (A) dendrimer-engrafted surface, (B) NT RCAP-
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dendrimer-modified surface, (C) 5T RCAP-dendrimer-modified surface, (D) 10T RCAP-dendrimer-modified
surface, (E) 15T RCAP-dendrimer modified surface. (F) The capturing performances of 10T RCAP-dendrimer-
modified microchannel after injecting nontarget E.Coli ATCC25922. (G) The number of captured cells. The
significant levels were indicated as following: “****” means p < 0.0001; “ns” means p>0.05, not significant. Error
bars are standard deviations of the measurement (n = 3). (H) The capture specificity was shown by the difference in
captured cell numbers using 10T RCAP-modified microchannels after injecting target E. coli O157:H7 and
nontarget E.Coli ATCC25922 (n = 3).

4.7. Dynamic light scattering of RCAP-conjugated PAMAM dendrimer

It has been suggested that the insertion of spacer between aptamer domains improves the
function of multivalent aptamer chains likely by extending the RCAP and increasing the
accessibility of aptamer capture motifs [6]. Likewise, we hypothesized that this structural
extension can be observed by the difference in the hydrodynamic size (Dn) of RCAP-conjugated
dendrimer in solution. In brief, the Dy of the RCAP-conjugated dendrimers using NT, 5T, 10T,
and 15T templates were measured by DLS. As shown in Figure 17, after conjugating with
primer/circular probe template, the Dy of dendrimer increased slightly from 9.97 + 0.07 nm to
13.13 £ 0.73 nm. After in situ RCA reaction, the Dy of all RCAP-conjugated dendrimers greatly
increased. One-way ANOVA test demonstrates significant difference(s) exist between four
RCAP-conjugated dendrimers. With the number of amplified aptamers controlled in four
RCAPs, the order of the sizes was: NT (239.3 £ 11.72 nm) < 5T (581.6 £ 42.48 nm) < 10T
(723.7 £72.35nm) =~ 15T (722.1 £ 27.92 nm), as shown in Figure 17. The Dy of pure RCAP was
also tested, and a similar trend was observed (Figure S3). NT and 5T RCAP-conjugated
dendrimers showed smaller sizes likely because of their lack of appropriate spacing elements,
which leads to inefficient structural support. 10T and 15T RCAP-conjugated dendrimer showed
a significantly larger size compared with NT (p <0.001 and p <0.0001, respectively, unpaired t-

test).
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Figure 17. DLS analysis showing hydrodynamic sizes (Dy) of the RCAP-conjugated dendrimers. The average Dy of
pure dendrimer (control), dendrimer conjugated with primer/circular probe template (10T, control), and NT, 5T,
10T, and 15T RCAP-conjugated dendrimers. All samples were each compared with “10T RCAP-dendrimer”, the
resulting significant levels were indicated as following: “ns” means p>0.05, not significant; “*” means p < 0.05;

“**” means p<0.01, not significant. Error bars represent the standard deviations (n = 3).

4.8. Testing the level of secondary structures in RCAP

The presence of nonspecific structure has been shown to negatively affect the capturing
performance of RCA-generated multivalent aptamer [138, 139]. Therefore, the levels of
secondary structures of four different RCAPs were tested and compared. Given that the initial
concentration of the circular probe templates and the number of amplification folds were
controlled constant, RCAPs generated by NT, 5T, 10T, and 15T were stained with EtBr, a DNA
intercalator that is used to characterize the secondary structure of sSDNA [153, 154]. EtBr
selectively binds to DNA duplex, while it only weakly binds to the DNA backbone due to the
positive charges of EtBr and negative charges of DNA backbone under extreme situations (e.g.,

when the base-pair duplex binding site are nearly saturated, with at least two orders of magnitude
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less in the binding constants) [155]. The fluorescence intensities of the resultant samples were
measured in 96-well plates using Synergy H1 microplate reader (BioTek Winooski, Vermont).
The acquired data were processed by Gen5 Software VV3.09.07 (Bio-Tek, Winooski, VT). As a
control, the fluorescence intensities of RCAP samples without EtBr stain were also measured to
ensure there is no signal interference caused by autofluorescence of the samples. The results are

shown in Figure 18.
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Figure 18. A plot of average fluorescence intensities of RCAPs. The blue bar chart (left) shows the fluorescence
intensities after stained with EtBr. The grey bar chart (right) shows the fluorescence intensity without EtBr. The
resulting significant levels were indicated as following: “ns” means p>0.05, no significant; “**” means p<0.01. Error

bars represent the standard deviations (n = 3).

Among the four different RCAP samples, NT RCAP shows the highest level of secondary
structures. 5T RCAP shows no significant change in fluorescence intensity compared with NT
(ns, p > 0.05, unpaired t-test). With 10T and 15T RCAP, the change of fluorescence intensity

became significant (**, p < 0.005, unpaired t-test).
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Together with the results in Sections 4.6 and 4.7, it can be concluded that covalently connecting
multiple aptamers without spacer may lead to the formation of densely compacted RCAP chains
that limits the accessibility and disruption of capture motif by forming nonspecific secondary
structures. Short spacer (i.e., 5T) captured fewer target cells in microchannels (Figure 16) and
does not offer sufficient structural support, which was demonstrated by a smaller RCAP-
conjugated dendrimer size (Figure 17) and a higher level of secondary structures in RCAP
(Figure 18). In contrast, the incorporation of an appropriate polyT spacer (i.e., 10T or 15T) can
mitigate these issues and thus enhance the capturing performance of RCAP. As the length of the
spacer reaches 10T or beyond, the size of the RCAP-conjugated dendrimer was enlarged, the
level of secondary structure was reduced, and the capturing performances were largely enhanced.
In addition, we found that 10T and 15T RCAP have similar hydrodynamic sizes (RCAP-
conjugated dendrimers) and levels of secondary structures (Figure 17). This observation may
explain the slightly decreased capturing performance of 15T RCAP: within a similar space, the
excessive length of the spacer may cause unfavorable conformations such as chain tangles [1,

72], which then slightly impaired the capturing performance of 15T RCAP.
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Chapter 5. Conclusion and Future Work

The effect of various lengths of polyT as intra-molecular spacers in an RCA-generated
multivalent aptamer system was investigated. This study was done in three sections: first, to
quantify the generated aptamers by investigating the effect of different template designs in
aspects of cyclization yield and amplification rate; second, to test the effect of spacer length on
the capturing performance of E.Coli O157:H7; third, to to characterize the morphology

difference in resultant RCAP chains.

The incorporation of polyA (from zero to 15A) into the template linear probe resulted in
significantly impaired cyclization yield (from 48% to 14%). This observation can be due to the
length difference in linear probes (total length from 72 nt to 87 nt), as the length is agreed to
have a large influence on both cyclization yield and amplification rate [120, 150]. Another
possible reason is that the polyAs were inserted into the hybridization region of linear probes,
which influences the hybridization between linear probes and primers, and subsequently causes
less intra-molecular cyclization. For future designs, the location of polyA insertion should also
be optimized. Also, we observed a significant amplification rate bias on the four templates.
Besides template length, this amplification rate bias can also be caused by different thermal
stabilities (Tm) of the primer-circular probe template duplexes [157]. We didn’t observe the
similar sinusoidal amplification rate bias with respect to circular probe template length, as
discovered by Joffory’s group [150]. The contrary can be caused by the difference in the
hybridization zone of circular probe templates or the probe length interval we’ve chosen for this
study. Nevertheless, our measured average amplification rate of the templates is similar to results

obtained by other groups (=<0.4 kb/min) [158].
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We also found that directly connecting aptamer without any spacer can lead to poor capturing
performance, demonstrated by almost no cell captured by NT RCAP-dendrimer modified
microchannels. The capturing performance was enhanced after incorporating appropriate intra-
molecular spacers. Specifically, inserting 10T and 15T spacers can greatly enhance the capturing
performance, likely by providing structural support to RCAP and reducing nonspecific secondary
structures. The insertion of polyT dramatically increases the hydrodynamic size of RCAP, which
agrees other groups’ results [142, 143]. Such a structural extension has been suggested enhance
the capturing performance of multivalent aptamer chains [6]. In addition, the secondary structure

level of RCAP is also significantly reduced after incorporating 10T or longer spacers.

In summary, for the aptamer that we have studied, incorporating longer polyT motifs as an intra-
molecular spacer can result in a trade-off between the yield and the capturing performance of the
RCAP. For future studies that apply RCA-generated multivalent aptamer design, an optimization
step of intra-molecular spacer length is recommended since it may significantly influence the
capturing performance of RCAP. On the other hand, in order to maximize the yield of RCAP, the
selection of original aptamer is also crucial: we suggest choosing aptamers that lie between 40 to
60 nt in length. As such, an insertion of a 10 nt spacer will make the total length of the linear
probe lie between 50 to 70 nt, which can ensure a relatively high yield of the circular probe

template.

For future studies, the following topics are suggested:

1. Applying RCA-generated multivalent aptamer chains in microchannels, particularly straight

microchannels, is challenging because the long sSDNA chain has to overcome several obstacles,
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such as shear stress. A thoughtful design of channel structure and more sophisticated surface

modification may be beneficial for overall performance.

2. Heterovalent aptamer design (i.e., using two or more aptamers to target different motif on the
same target cell) can also be a potential strategy for improving the performance of the PAMAM

dendrimer-modified microfluidic system.

3. Flexible-rigid spacer (dsDNA combined with few bases of ssSDNA) with proper length has
been suggested to be an ideal intra-molecular spacer. Applying this design to an RCA-generated

multivalent system is also an interesting topic to study.
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Figure S 1. SYBR Gold-stained RCAP. RCAP was generated by different templates using (A) NT, (B) 5T, (C) 10T,
and (D) 15T. In each figure, Lane 1 shows the DNA marker. The rest of lanes are the RCAPs terminated from 0 to
60 min. The RCA reaction was stopped by inactivating phi29 at 65°C for 10 min. The resultant products were
resolved by 8% native PAGE, as mentioned in Section 4.3.
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Figure S 2. A plot of changes in relative fluorescence intensity (A relative fluorescence intensity) against reaction
times. Assuming one unit in A relative fluorescence intensity change represents the complete up-shifting of a fixed
number of free Cy3-probes. (the number of circular probe template : Cy3-probe= 1: 100). The experiment was

conducted with technical triplex. Error bars represent the standard deviations (n = 3).
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Figure S 3. DLS analysis showing hydrodynamic sizes of pure RCAP generated by NT, 5T, 10T and 15T template.

Error bars represent the standard deviations (n = 3).
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