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ABSTRACT

Digital Microfluidics Chips for Execution and Real-Time Monitoring of Multiple

Ribozymatic Cleavage Reactions

Alen Nellikulam Davis

Microfluidics is a technology that facilitates the automation and miniaturization of
biochemical experiments on platforms of small footprints. Among the different types of
microfluidics platforms, digital microfluidics (DMF) devices execute an experiment by
manipulating droplets of small volume (usually between 10 and 10 L) on an array of electrodes
using the principles of electrowetting. These DMF chips provide control over individual droplets
which enables users to perform multi-step or entirely different experiments without the need for
any chip reconfiguration. DMF platforms can also be reused multiple times and can be integrated
with other devices like a plate reader to monitor the progress of reactions in real-time. These
advantages of DMF devices make them an ideal choice to automate end-end biochemical
experiments.

In this work, we describe the design and performance of two digital microfluidics (DMF)
chips capable of executing multiple ribozymatic reactions, with proper controls, in response to
short single-stranded DNA inducers. Since the fluorescence output of a reaction is measurable
directly from the chip, without the need for gel electrophoresis, a complete experiment, involving
up to eight reactions (per chip) can be carried out reliably, relatively quickly and efficiently. The

ribozymes can also be used as biosensors of the concentration of oligonucleotide inputs, with high



sensitivity, low limits of quantification and of detection, and excellent signal-to-noise ratio. The
presented chips are readily usable devices that can be used to automate, speed-up and reduce the

costs of ribozymatic reaction experiments.
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Overview of Chapters

This thesis describes the project that I conducted for the completion of my Master’s in Applied
Science in electrical and computer engineering under the supervision of Dr. Nawwaf Kharma and
Dr. Steve Shih at Concordia University. In this project, we aimed to design and develop a digital
microfluidics chip to conduct and monitor ribozyme cleavage experiments in an automated
fashion. The thesis introduces the structure and activity of ribozymes and also gives an overview
of microfluidics. After reviewing different ways of reporting the cleavage of the ribozyme, in this
thesis, we describe a straightforward experiment to monitor the progress of these cleavage
reactions. Finally, the thesis elaborates the protocols followed in carrying out different stages

within the project and showcase the obtained results.

Chapter 1 introduces ribozymes, their structure and activity to the readers. The chapter also
provides an insight into microfluidic technology and different types of microfluidic platforms.
Additionally, in this chapter, we review different experiments to monitor ribozyme cleavage

experiments on microfluidic devices.

Chapter 2 describes the methodology and protocols followed in the project in order to perform

the reactions both on a lab bench and on digital microfluidics chip.

Chapter 3 demonstrates the results generated from all the experiments conducted as part of the
project. The chapter also describes the data analysis and inferences made from the obtained

results.

Chapter 4 summarizes the results and reiterates the advantages of performing these ribozyme

cleavage experiments on the digital microfluidics platforms.

Vi



Chapter 5 discusses the improvements that can be incorporated into the project for future work.
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Chapter 1: Introduction

1.1 Nucleic acids

Nucleic acids are essential information-carrying macromolecules found in living organisms and
viruses. These molecules determine the inherited characteristics of all living organisms by
directing the process of protein synthesis [1]. They are composed of a series of chain-like
molecules called the nucleotides. Nucleic acids can be classified into two categories,

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).

1.1.1 Deoxyribonucleic acid

Deoxyribonucleic acid (DNA), the hereditary material in all living organisms is a double-helical
structure composed of two anti-parallel strands, each formed by linking nucleotides. These
nucleotides have three main parts; a phosphate group, a deoxyribose sugar and a nitrogenous base,
which is either: A, G, C or T (adenine, guanine, cytosine, thymine) [2]. Adenine and guanine are
purine bases while cytosine and thymine are pyrimidine bases. A single-stranded DNA molecule
(ssDNA) is formed from a sequence of bases joined through a backbone of phosphate and
deoxyribose sugar [3], [4]. Purine bases (A and G) can form hydrogen bonds with pyrimidine bases
(C and T). Guanine can form three hydrogen bonds with cytosine, and adenine can form two
hydrogen bonds with thymine. This complementary base pairing binds one ssDNA to another anti-

parallel ssDNA strand resulting in the formation of a double-helical structure [3] (Figure 1). The



interaction also provides a mechanism for the replication of DNA and the transmission of genetic

information [5].

Adenine —
Sugar
Phosphate
Backbone Uracil —
Base Pair
Adenine Thymine
Guanine

Guanine Cytosine
Cytosine Y

Deoxyribonucleic acid Ribonucleic acid
(DNA) (RNA)

Figure 1: Nucleic acid structure.

An illustration of double helical structure of a DNA molecule (left) and a single stranded RNA
molecule (right). Image adapted from [1].



1.1.2 Ribonucleic acid

Ribonucleic acid (RNA) is a single-stranded molecule formed by linking sequences of nucleotides
with a backbone composed of an alternating ribose sugar and a phosphate group. RNA has all the
bases of DNA except that thymine (T) residues are replaced by uracil (U) (Figure 1). Cells have
different types of RNAs which include messenger RNA (mRNA), ribosomal RNA (rRNA), and
transfer RNA (tRNA) [6]. The single-stranded structure of RNA makes it more flexible compared
to the double-helical DNA, enabling it to form different secondary and tertiary structures [4]
(Figure 1). It has also been observed that two or more such RNA structures can join together and
form complex tertiary structures with different functionalities such as ligation and cleavage, which
in turn can assist in catalytic reactions [7]. Such RNA molecules with catalytic properties are called

ribozymes, and they play vital roles in various cellular reactions.

1.2 Ribozymes

Ribozymes are RNA molecules that can catalyze many biochemical reactions within a cell.
Ribozymes were discovered in the early 1980s and demonstrated the fact that RNA molecules
could act both as genetic material and biological catalysts [8], [9]. The discovery of ribozymes
also provided explanations of many biological processes such as RNA splicing, transfer RNA
biosynthesis and viral replication [10]. Many natural ribozymes are known to catalyze the ligation
or cleavage of RNA strands after the formation of specific base pairing with the substrate along
with other tertiary interactions [11], [12]. This activity of ribozymes has made it possible to use
them for applications such as inactivation of specific gene transcripts leading to gene silencing [9],
[13].

The secondary structure of natural ribozymes defines a catalytic core composed of

conserved nucleotides, which initiate the catalysis of intramolecular reactions (except in the case



of RNAse P) [9]. Ribozymes are classified as trans-acting and cis-acting, based on their activity.
A trans-acting ribozyme binds to a distinct substrate and cuts that substrate after the formation of
a catalytic core. On the other hand, the cis-acting ribozyme folds into a secondary structure with
an active catalytic core and cuts itself. The frans-acting ribozymes can have multiple reactions,
whereas cis-acting ribozymes are single turn-over enzymes [14]. Ribozymes are assigned to one
of three categories: (A) self-splicing molecules, which are further classified into group I and group
IT introns, (B) RNAse P and (C) Small catalytic RNAs of sizes ranging between 50-150
nucleotides. Among the different types of ribozymes, in this study, we focused on the activity of a
cis-acting hammerhead ribozyme, due to its simple structure and ease of manipulation in

laboratories [15].

1.3 Hammerhead ribozymes

Hammerhead ribozymes (HHR) are small catalytic RNAs ranging from 50-150 nucleotides. They
were first identified by a conserved sequence motif responsible for self-cleavage in satellite RNAs
of certain viruses and plant viroids [16]-[18]. A HHR catalyzes a biochemical reaction called
transesterification, leading to the self-scission of the phosphodiester backbone [19], [20]. Studies
suggest that this cleavage reaction requires divalent metal ions, like Mg?", which stabilize the
structure of HHR molecules and thereby assist in the strand scission reaction [21], [22]. An active
HHR is composed of three duplex stems that meet a conserved core of non-helical segments, and
the positions of the stems and core are essential for the activity of the HHR [15], [19], [23] (Figure
2). The small size and robustness of activity of HHRs have made them into preferred ribozymes

for many applications [15].
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Figure 2: Consensus of hammerhead ribozyme

N represents any nucleotides. The most conserved nucleotides for the core are indicated in red,
whereas nucleotides in black has a conservation of 90%. The numbers I, II, and III (in bold)
represent the stem enumeration. The optional loop determines the type of hammerhead ribozyme
(Type I, Il or 111). Figure taken from [15].

After studying the structure of natural HHRs, many synthetic HHRs have been designed to
self-cleave, culminating in the release of a desired RNA strand or to act as a frans-acting ribozyme
to cut a target RNA molecule [24]-[27]. These synthetic HHRs have also been designed to develop
logical circuits, such as digital gates, which can produce outputs depending on inputs [24], [25].
In this study, we utilize a HHR that acts as a YES logic gate. When HHR is bound to an
oligonucleotide (input strand), it refolds into an active state and performs a strand scission reaction,

in a cis manner, to release a small RNA fragment (output strand).

1.4 Review of conventional methods of monitoring ribozyme cleavage
kinetics

Researchers have used ribozymes for a wide variety of applications ranging from biosensing, to
designing logical circuits [24]-[26], [28]. These studies required researchers to analyze and

evaluate the structure and activity of a ribozyme’s cleavage for its characterization. Several
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methods have been developed to carry out such studies in vitro and used different reporting

techniques like radioactivity and fluorescence [15], [29], [30].

1.4.1 Radioactivity

The utilization of radioactivity for the in vitro analysis of RNA molecules is one of the most
established methods [30], [31]. Here, a radioisotope of phosphorous (P32) is incorporated into the
RNA molecule during transcription or post transcriptionally using a kinase enzyme [15], [31],
[32]. Both procedures require the separation and purification of RNA products on polyacrylamide
gels and then subsequent phosphorescence imaging-based autoradiography [15], [31], [32]. The
process also involves sampling for each data point, which makes it even more cumbersome.
Several other disadvantages of the radiolabeling include the short half-life of P32, additional
training to handle hazardous materials, besides the radioactivity itself. Moreover, these limitations
have hindered the automation of such experiments. These led researchers to develop other

reporting techniques such as fluorescence for in vitro analysis of RNA molecules [29], [33]-[35].

1.4.2 Fluorescence

Many prominent methods utilize fluorescence resonance energy transfer (FRET) to analyze the
structure and activity of ribozymes [29], [33], [34]. In these studies, researchers investigated the
dynamics of trans cleaving hammerhead ribozymes (HHR) by attaching fluorophore-quencher
pairs to the ends of the ribozyme or substrate. The cleavage of the ribozyme separates the quencher
from the fluorophore resulting in a change of fluorescence, indicating the progress of the reaction
[29], [33], [34]. Similar to FRET-based experiments, the kinetics of hairpin ribozyme cleavage
have also been monitored using fluorescein based substrates [35]. Here, the 3’ end of the substrate
is labelled with fluorescein, which is quenched upon binding with the ribozyme. The quenching is
induced when the guanosine at the 5° of the ribozyme is closer to the fluorescein. These techniques

6



are often considered an excellent alternative to the complex methods involving radioactivity.
However, these methods modify the RNA molecules by the addition of fluorophore and quencher
molecules. Prior studies suggest that adding these molecules can interfere with the thermodynamic
stability of the nucleic acid, which in turn can impact the secondary structure and functionality of
the RNA [36].

A different approach, described in [37] labels RNA molecules during in vitro transcription
with cyanine AMP at the 5’ end by utilizing a T7 ¢2.5 promoter. The process synthesized two
novel fluorescent cyanine-AMP conjugates to prepare 5’ labelled RNA for its structural and
functional investigation, eliminating the need for (P32) labelling [37]. Additionally, the cyanine
dyes possess excellent molecular extinction coefficients and resistance to photobleaching [38].
However, this method requires the RNA molecule to have an “AG” at its 5” end [37]. Also, in the
experiment, the analysis of RNA products is performed on a gel, which becomes cumbersome for
a large number of RNA samples.

Another group devised fluorescent aptamer-ribozyme architectures that facilitate the real-
time measurement of the ribozyme cis-cleaving activity in vitro [11]. Here, nucleic acid molecules
were engineered to be implemented as a split spinach aptamer sequence. Upon the cleavage of the
ribozyme, the split aptamer sequence is made accessible to a strand displacement reaction, thereby
completing the formation of the fluorescent spinach aptamer. Hence, the change in fluorescence
intensity indicates the progress of the cleavage reaction [11]. However, this experiment also
modifies the RNA sequence by incorporating part of the spinach aptamer into the hammerhead

ribozyme, which may alter its secondary structure in a functionally relevant way.



1.4.3 Toehold mediated strand displacement reaction

In contrast to the previously mentioned reporting techniques, we used a toehold mediated strand
displacement reaction (TMSDR) to report and monitor the cleavage of the ribozyme, as
demonstrated in previous studies [39]. Unlike other techniques, this method links fluorophore and
quencher to two different ssDNA molecules, comprising a probe, and hence has no impact on the
secondary structure of the ribozyme [39]. Here, the ssDNA strand with the quencher at its 5 end
is pre-annealed to the strand with the fluorophore, making up a quenched probe. When the
ribozyme is cleaved, the cleaved-off strand displaces the quencher strand and binds to the probe
allowing it to fluoresce. Therefore, reading fluorescence intensities is a measure of the amount of

cleaved strand that is bound to the probe, which in turn, is an estimation of ribozyme cleavage.

1.4.4 Automation of ribozyme kinetic measurements

In an attempt to automate the process of monitoring the progress of a ribozyme cleavage reaction,
Tracy et al. [40] carried out an experiment that demonstrated the application of chip electrophoresis
with capillary sample introduction. The experiment studied the activity of a cis-acting ribozyme
(leadzyme) that cleaves itself in the presence of Pb*" ions. The ribozyme was also end-labelled
(5°) with fluorescein (FAM), and the progress of the reaction was monitored using laser-induced
fluorescence detection. After mixing the reagents in a vial, samples were introduced automatically
into the channels of a microfabricated chip. On these channels, the samples were continuously
monitored using the laser-induced fluorescence technique, and a charge-coupled device (CCD)
camera collected the signal. The study showed that the kinetics of a ribozyme cleavage reaction
could be monitored automatically at a high sampling rate, without the need for additional sample-
handling steps [40]. However, the experiment required direct labelling of RNA molecules with a

fluorophore, which could impact the structure and functionality of the ribozyme. Moreover, the



experiments were carried out in a vial, and the study only automated the sampling procedure. In
contrast, other automation techniques like microfluidics have provided platforms for end-end

automation of biochemical experiments [41].

1.5 Microfluidics

Microfluidics is the study of the behavior and manipulation of fluids through geometrically small
channels or platforms [42], [43]. It also refers to the designing and fabrication of microdevices to
facilitate the automation of various lab experiments at smaller volumes. The miniaturization of
these experiments on such microfabricated devices can reduce reagent consumption and allow
well-controlled mixing and particle manipulation [42], [44]. Microfluidic systems can be
categorized based on the flow of fluids on these devices. These include channel-based devices,

droplet-in-channel microfluidics, and digital microfluidics (DMF) chips.

1.5.1 Channel-based microfluidics devices

Channel-based microfluidic systems manipulate fluids as streams in enclosed channels fabricated
on a chip [43], [45], [46]. The fluid flow in these channels is generated by pressuring the pneumatic
valves created by the thin membrane between the channels (Figure 3) [47]. The valves can be
opened or closed by pumping air or gas using mechanical pumps, which forces the fluids in the
channels to move. Attempts have also been made to achieve this motion with magnetic or electric
valves [48]-[50]. However, pneumatic valves are used more widely because of their small size,
low cost and robustness [51], [52]. Though these systems use diffusion [45], [46], [53] or complex
structure like three values in a row to operate in a peristaltic sequence to mix the reagents [54],

these devices are the most established microfluidic platforms.



Figure 3: Fluid flow manipulation in channel microfluidics.

Anillustration of a channel in its normal state (left) and deflection on the channel when the channel
membrane is pressurized by pumping air or gas (right). Image taken from [47].

1.5.2 Droplet-in-Channel microfluidics devices

In droplet-in-channel microfluidics, the reagent fluids are handled as small discrete droplets in an
immiscible phase, usually air or oil [55], [56]. The uniform production of droplets is an essential
aspect of these systems and usually generated in the form of emulsion from two immiscible fluids
such as water and oil or using air-liquid droplet systems. Different droplet formation techniques
include T-junction and flow focusing [57] (Figure 4). The droplets are fused by following a passive
or active mechanism. In passive fusion, the geometry of the channel is modulated to slow the
downstream droplet until the upstream droplet meets it, leading to the fusion of the droplets [58]
(Figure 5). At the same time, active fusion is achieved by integrating the channel with an electric
field or using electric-controlled methods [59]. Some of these droplet-based devices use winding
channels to mix the reagent droplets by chaotic advection (Figure 6) [60]. When compared to

channel-based systems, droplet-in-channel microfluidic devices offer greater feasibility of

10



handling fluids at miniature volumes, provides better mixing, encapsulation, sorting and are also

suitable for high throughput experiments [55], [61].

Figure 4: Droplet formation in droplet-in-channel microfluidics.

(4) Droplet production using a flow-focusing device. The two counter-streaming continuous phase
flows squeeze the dispersed phase, forcing it to detach as droplets. (B)Droplet production in a T-
Jjunction, where the dispersed phase meets the continuous phase at a 90-degree T-shaped junction.
(C) An example of droplet production using a co-axial injection device, where a thin round
capillary produces the inner flow, thereby entering a square capillary. All images are taken from

[57].

11



Figure S: Droplet diffusion in droplet-in-channel devices.

The figure is a depiction of merging droplets using decompression created by the change in
geometry of the channels. Here, the change in the channel’s shape delays the downstream flow
droplet and enables the upstream droplet to meet and merge with the downstream droplet. The

image is adapted from [58].

stretch AND fold

REORIENT |/

Figure 6: Mixing reagent droplets is droplet-in-channel microfluidics.

A schematic demonstration of mixing droplets in droplet-in-channel microfluidics devices by
moving through winding channels. Image is taken from [60)].
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1.5.3 Digital microfluidics devices

Digital microfluidics is an emerging liquid handling method that manipulates liquid in discrete
droplets on a microfluidic platform (with an array of electrodes) by following the principles of
electrowetting [62]-[64]. These devices are composed of an open array of electrodes coated with
a hydrophobic insulator. On applying a series of electric potentials on these electrodes, the droplets
can be individually addressed to move, merge, split and dispense from a reservoir [65]. DMF
devices primarily operate in two different configurations; a single-plate (or open) devices [66] and
two-plate (or closed) devices [67]-[69]. In the two-plate configuration, the droplet is sandwiched
between a top-plate and a bottom-plate. Here, the top-plate forms a ground electrode formed by a
transparent and conductive layer of indium tin oxide (ITO). The bottom plate contains the array of
electrodes that are actuated on the application of an electric potential. Whereas, in a one-plate
device, the droplets reside on a substrate which has both actuation and ground electrodes. In both
configurations, the bottom-plate electrodes are insulated with a dielectric layer and then covered
with a hydrophobic coating. Although both these setups operate in the same manner, the one-plate
chips are incapable of splitting and dispensing droplets. However, these open DMF platforms are
well-suited for preparative applications, where the analytes are recovered after droplet actuation
(Figure 7) [65]. As in the droplet-in-channel microfluidics, DMF devices automate the experiments
and facilitate the reduction of reagent volume and costs. Moreover, these DMF platforms also
provide control over individual droplets, which enable users to carry out complex and multi-step
reactions with multiple reconfigurations [65].

In this study, we perform a ribozyme cleavage reaction on closed DMF chips because of
their flexibility, portability, and easy integration with other devices such as plate readers [70]—
[72]. Additionally, the top-plate provides additional protection from contamination and can thus
assist in generating more reliable results.
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Figure 7: Side view and top view of DMF chip with a droplet.

A depiction of both the two-plate and one-plate DMF device setup with both top-view (bottom
figure) and side-siew schematic. The side view of the two-plate DMF device also includes an
overlaid circuit model. Image adapted from [65].
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1.6 Review of enzymatic and ribozymatic experiments on microfluidic
devices

Microfluidic technology has facilitated the automation of many biochemical experiments on
micro-structured platforms [45], [73], [74]. Experiments on these platforms have numerous
advantages including reduction in reagent usage, mitigation of losses due to sampling,
development of ultra-high throughput devices, portability and faster reaction rates [20], [75], [76].
Among the different types of biochemical reactions, some researchers have also deployed

experiments involving enzymes and ribozymes [45], [46], [70], [75].

1.6.1 Enzymatic Assays on Microfluidic Devices

Some of the first enzymatic assays on microfluidic platforms were performed by Hadd et al. [45],
[46]. In the first experiment, a reaction between the enzyme [-galactosidase (5-Gal) and resorufin
p-galactopyranoside (RBG) was performed, which resulted in the formation of a fluorescent
product, resorufin [45]. The second experiment involved the analysis and electrophoretic
separation of acetylcholinesterase (AChE) inhibitors on a microfabricated device. In the
experiment, a reaction between thiocholine and coumarinyl phenyl maleimide, producing thioether
was performed on a microfluidic chip to measure the AChE-catalyzed hydrolysis of
acetylthiocholine [46]. Both the enzyme assays were performed by transporting the reagents
through enclosed microchannels in a continuous flow format and using diffusion for the mixing of
reagents. The experiments also utilized laser-induced fluorescence detection to monitor enzyme
kinetics. A clear advantage was that these experiments exhibited a four-orders of magnitude
reduction in the consumption of enzymes and substrate [45], [46]. However, the experiments had

longer reaction times and often relied on a complex apparatus for fluorescence detection.
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In a different experiment by Burke et al. [53], a channel-based microfabricated device with
a micromixer was used to conduct a stopped-flow enzyme assay of -galactosidase (-Gal). The
experiments proceeded by transporting the reagents through the micro-channels, which were then
merged and passed through the micromixer. As in previous experiments, the progress of the
enzymatic reaction was monitored using a laser-induced fluorescence detection technique. The
new setup reduced the reaction time of the experiment to 60 seconds and also facilitated a reduction
in reagent consumption [53]. However, these channel-based microfluidic platforms often had
expensive and time-consuming fabrication procedures. Moreover, redesigning the devices to suit
a different application requires a significant amount of effort and expense.

Another paradigm of the microfluidic platform, digital microfluidics (DMF), was used to
carry out homogeneous enzyme assays [70]. In this approach, reagents are addressed as droplets
and manipulated on a chip composed of arrays of electrodes by following the principles of
electrowetting. The experiment used alkaline phosphatase as a model enzyme and converted
fluorescein diphosphate to fluorescein. On the DMF chip, droplets of alkaline phosphatase were
merged and mixed with droplets containing fluorescein diphosphate after which fluorescence was
measured using a plate reader. The experiment demonstrated the application of digital
microfluidics to the performance of enzymatic assays and the study of their kinetics. The technique
also indicated that the DMF enzyme assay has a greater sensitivity than other macroscale methods,
without sacrificing dynamic range [70]. A significant disadvantage of the technique is that the
fabrication of such devices is a complicated and time-consuming process. However, a few rapid

prototyping protocols to fabricate DMF chips have been developed by researchers [77], [78].
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1.6.2 Ribozyme on Microfluidic Platforms

A recent experiment exploited a droplet-in-channel microfluidics system to isolate and select
efficient ribozymes from a gene library and studied the catalytic activity of efficient frans-acting
ribozymes under multiple-turnover conditions [79]. The experiment focused on the selection of
effective trans-cleaving x-motif ribozymes and the operations carried out in droplets on a
microfluidic device. After the selection process, additional experiments were performed for the
enzymatic characterization of selected ribozymes. To achieve this, the ribozymes were mixed with
a solution of fluorogenic RNA substrate labelled with a fluorophore (Atto 488) and quencher
(BHQ 1) at its 5” and 3’ ends, respectively. Upon binding with the ribozyme, the RNA substrate
cleaves and releases either the fluorophore or the quencher strand, which in turn increases the
fluorescence. The progress of the reaction is observed using a laser-induced fluorescence
technique. The results from this study demonstrated the potential of microfluidic platforms to
perform high throughput experiments [79]. However, this study used a complex optical setup for
monitoring the kinetics of the ribozyme. Moreover, the system also lack independent control over
droplets which can limit the device from performing a ribozymatic experiment with multiple steps

[26] on the device.

1.7 Purpose of the Research

All the previously mentioned techniques are most often carried out on the bench and require large
volumes of reagents, various consumables (plates, pipettes, and tips) and a fair bit of labor. Some
experiments are performed in multiple steps and require additional pipetting. This makes the
reactions prone to contamination and pipetting errors. Moreover, these techniques lack tools for

automated testing and real-time monitoring of ribozyme cleavage assays.
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Therefore, we propose the realization of ribozyme cleavage assays on digital microfluidics
(DMF) chips, which miniaturize these experiments and facilitate their automation. On DMF chips,
an experiment can be carried out in microdroplets and using small quantities of reagents. These
reactions on DMF devices can potentially have faster reaction rates and increased sensitivity as
shown in previous studies [70], [80]. Additionally, DMF platforms are highly flexible and portable

and can readily be integrated with machines like plate readers to automate entire experiments.

The objectives of this thesis are:

e Objective 1: To design a DMF chip (or more) that can be utilized to conduct a cleavage
assay of an RNA/DNA-inducible cis-acting hammerhead ribozyme.

e Objective 2: To monitor the progress of this reaction using a toehold mediated strand
displacement reaction on the same DMF chip and in an automated fashion.

e Objective 3: To compare the results of ribozyme reactions on the DMF chip to that on a
well-plate. Thereby to study how efficiently the ribozyme cleaves in the experiments on

DMEF chips when compared to well-plate experiments.

The remainder of the thesis will demonstrate that we were successful in achieving all the
objectives. The results from the study indicate that there are significant potential and actual
advantages in applying DMF technology to the performance of ribozymatic experiments, opening

the door for possible synthetic biology and computational biology applications.
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Chapter 2: Experimentation and Methodology

2.1 Benchtop experiments

2.1.1 Ribozyme assembly and transcription

Ribozymes were transcribed from a DNA template (Figure 8) produced by carrying out an
assembly PCR of overlapping primers. The primers F1, F2, R1 and R2 (Table 1) for the ribozyme
were generated using the tool Primerize [81]. A PCR reaction mixture composed of primers F1 (2
uM), R1 (0.2 uM), F2 (0.2 uM), R2 (2 uM), Taq polymerase (hotStar Taq Plus from QIAGEN)
with its reaction buffer at 1x, Q-solution (Ix from QIAGEN), 0.2 mM of dNTPs (DGel
electrosystem) and milli-Q water, was prepared at a fixed volume of 100 uL. The reaction mixture
was denatured at 95°C for 15 min and subjected to 15 cycles of 30 sec denaturation at 95°C, 30
sec annealing at 50°C, and 30 sec extension at 72°C. Finally, the PCR product was ethanol

precipitated.

F1

<

Figure 8: Schematic representation of Primerize assembly design.
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Primer
Name Primer Sequence

R1 5 CGTCCGAAGGGTGAGAAATCGCAGAGCCTACATGTCGGACTCAT 3’

F1 5’ TTCTAATACGACTCACTATAGGAAATCCCTGATGAGTCCGACATGTAGGCT 3’

R2 5" ACAGGGTCGGACCTGGAAATCCTACGCAGGCGTGCGTT 3’

F2 5’ TCTCACCCTTCGGACGAAACGCACGCCTGCGTAGGATTTCCA 3°

Table 1: Primers are generated by the tool Primerize for the assembly of the ribozyme.

For 1 mL in vitro RNA synthesis reaction, 10 PCR reactions (100 uL each) were mixed,
precipitated, and resuspended in 150 uL milli-Q water. The reaction mixture for in vitro RNA
synthesis contained 80 mM HEPES (pH 7.5), 24 mM MgCl,, 40 mM dithiothreitol, 2 mM
spermidine, 6 pug/mL T7 polymerase, the 150 uL of resuspended PCR product (10 reactions), 2
mM rNTPs, 1x pyrophosphatase (Roche diagnostics) and 200 U (40 uL) RiboLock (Thermo Fisher
Scientific). The mixture was incubated for 30 min at 37°C. Immediately after, the mixture was
treated with 10 U of DNase (New England Biolabs) and left for incubation at 37°C for 30 min.
After extracting the RNA using phenol-chloroform, the aqueous phase was ethanol precipitated.
Purification of the RNA was done in 10% denaturing (8 M urea) polyacrylamide gel and UV-
shadowing was used to visualize bands. The larges band on the gel (as there was some level of
cleavage during transcription) was cut out and eluted in 0.3 M NaCl overnight at 4°C. The eluent

was ethanol precipitated and resuspended in nuclease-free water.

2.1.2 Preparation of probe

A probe for detecting ribozyme self-cleavage consisted of two single-stranded DNA (ssDNA)

molecules, namely an F-strand and a Q-strand (Figure 9). The 5’ end of the F-strand was linked to
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a fluorophore (Cy5) while a Black Hole Quencher (BHQ-3) was attached to the 3’ end of the Q-

strand. The two strands were purchased from Alpha DNA (Montreal, Canada).
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Figure 9: Preparation of the quenched probe.

(A) A single-stranded DNA (ssDNA) with a Cy5 fluorophore linked to its 5'-end (named F-strand).
(B) An ssDNA with a black hole quencher (BHQ-3) attached to its 3'-end (Q-strand). A mixture of
F-strand (0. u5 M) and Q-strand (0.6 xM) in the cleavage-buffer yields a quenched probe (C) after
thermal cycling (3 min denaturation at 95°C, 15 min annealing at 50°C, and annealing at 37°C for
15 minutes). The quenched probe has seven unbounded bases (indicated in red) at the 3’ end of the
bottom strand forming a toehold. When the probe is mixed with a strand (ssDNA or RNA)
complementary to the F-strand, the toehold facilitates a stronger binding between the newly added
strand and F-strand. This displaces the quencher from the probe and allowing it to fluoresce.

The pre-annealed quenched probe was prepared in a 1.25x cleavage buffer (125 mM NaCl,
62.5 mM tris-HCI pH 7.5, 31.25 mM KCl) with F-strand (0.625 uM) and Q-strand (0.7 uM). The
mixture was incubated in a thermocycler (Biorad T100), 3 min denaturation at 95°C, 15 min
annealing at 50°C and 15 min annealing at 37°C. The final mixture was prepared in bulk and stored
at -20°C. Before usage, a solution of surfactant Tetronic® 304 (Sigma-Aldrich) (0.05% per 10 uL)

was also added to the mixture.
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2.1.3 Benchtop ribozyme cleavage assay

In a black-sided flat clear-bottom 384 well plate, 2 uL of the ribozyme (2.5 uM) was mixed with
8 uL of cleavage-buffer (1.25x) containing 6.25 uM input ssDNA and 12.5 mM MgCl,. In addition,
five wells near the assayed wells were filled with 30 uL water to maintain the humidity within the
well-plate. The plate was then covered with its lid and sealed using parafilm. The well-plate was
inserted into a microplate reader ClarioSTAR® (BMG Labtech) to take fluorescence readings
every 20 min with 8 flashes at Aex = 647 nm, Aem = 665 nm, at 37°C. The focal length and gain for
the measurements were calibrated using a 10 uL solution of 0.5 uM fluorophore (Cy5) and was set

to 6.4 mm and 1800, respectively.

2.2 DMF chip experiments

2.2.1 DMF chip fabrication

A standard photolithography method, as previously reported [76], was used for fabrication of the
digital microfluidics devices. A photomask was designed in AutoCAD 2018 (AutoDesk™) and
printed on transparency film (CAD/Art services, Bandon, OR). A glass substrate pre-coated with
S1811 photoresist (Telic) was exposed to UV (8 sec) under the photomask on a Quintel Q-4000
mask aligner (Neutronix Quintel). Substrates were developed using MF321 developer (Rohm and
Haas), baked (115°C, 1 min) and etched in CR-4 chromium etchant (OM Group). The remaining
photoresist was stripped using an AZ-300T stripper (2 min). After rinsing with deionized (DI)
water and air drying, the substrates were silanized (DI water, 2-propanol, (trimethoxysilyl) - propyl

methacrylate, 50:50:1) for 15 min.
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Electrode contact pads were covered with Kapton tape (Kapton®), after which a dielectric,
7 uM Parylene-C (Specialty Coating Systems) was deposited on the substrates using an SCS
Labcoter 2 PDS 2010 (Specialty Coating Systems). Finally, a top plate was cut to size from an
ITO (indium tin oxide) pre-coated glass slide (cat no. CG-61IN-S207, Delta Technologies). A
hydrophobic layer of 1% Teflon-AF (FC40) was deposited on both the bottom substrate and the
top plate, using a Laurell spin coater (North Wales) (500 rpm, 100rpm/sec, 30 sec; 3000 rpm, 500
rpm/sec, 60 sec), after which the substrates were baked (160°C, 10 min). The device was assembled
by placing small stacks of 2 layers of double-sided tape (3M Canada) (each of thickness - 70 pum)

in between the bottom and top plates (Figure 10).
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Figure 10: A schematic of the DMF chip and device operations.

The design consists of 64 electrodes (2 x 2 mm’ each), 6 reservoirs (4 x 3.1 mm? each), 3 mixing
areas (composed of 4 electrodes each) and 8 detection points (2.5 x 2.5 mm? each). The inter-
electrode spacing in the design is maintained 60 um. The electrodes are connected to the contact
pad using connecting wires of thickness um.
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2.2.2 Automation system for the DMF chip

The automation system was composed of in-house Python 2.7 software [82] to control an Arduino
Uno microcontroller (Adafruit) driven control board. A 15 kHz sine wave output from a function
generator (Agilent Technologies) was amplified by a PZD-700A amplifier (Trek Inc.). The
amplified signal was used as the driving input with a voltage of 178 V (Vrwms), which was delivered
to a control board that passed it on to the electrode, bypassing high-voltage optocouplers on the
control boards. An I/O expander (Maxim 7300, Digikey) controlled the logic state of each solid-
state switch (high or pulled-to-ground) through I2C communication. The control board was
interfaced with pogo pins, where the switches deliver high-voltage potential (or ground) to the
contact pads on the chip. The top plate of the device was grounded. The hardware assembly and
instructions to install the open-source codes are detailed on the Shih lab repository (available on
request).

The droplets on the chip were driven by actuating the electrodes. A voltage of Vrwms (178
V) was applied to switch the electrodes ON. The protocol file associated with the automation
system was updated with the parameters for each sequential actuation of electrodes, required by
the automation system. Each sequence can be further configured (electrode pulse time and period)

and can be initiated through the command line.

2.2.3 DMF chip ribozyme cleavage assay

The DMF substrate was cleaned up using RNAse away, IPA, DI water, and subsequently air-dried.
After mounting the device onto the automation system, 2.5 uL of the ribozyme (2.5 uM) and 2 uL.
of cleavage buffer (1.25x) were pipetted onto the reservoirs and detection points, respectively. The

top plate was then placed on the chip and was connected to a ground wire. A droplet of ribozyme
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(~ 0.5 uL) was dispensed from the reservoirs, using a dispense electrode pattern, to the third
electrode. This droplet was then moved towards the detection point by sequentially actuating four
electrodes between the electrode with the dispensed droplet and the detection point. The droplet
containing ribozyme was then merged with the droplet of cleavage buffer at the detection point.
The resulting droplet was moved up and down across the detection point by actuating four

electrodes for 10 sec to mix all the droplet contents.

After merging and mixing the droplets, the chip was carefully removed from the
automation system and stacked on a Corning® 384 well-plate (black and flat bottom). The
detection points were aligned to the wells in the well-plate, and the wells surrounding the chip
were filled with 30 uL of water. The well-plate was then covered with its lid and sealed using
parafilm. This setup was inserted into a plate reader ClarioSTAR® (BMG Labtech) to measure
fluorescence. Wells aligned to the detection points were scanned using a well-scanning program
in the plate reader via a scan matrix (30 x 30 pixels, where each pixel represented 10 mm?). The
well-scans were taken regularly every 20 min at 37°C, with 8 flashes, a focal height of 15.80 mm
and a gain of 1800 (Aex = 647 nm, Aem = 665 nm). From the scanned matrix, the region

corresponding to the detection point was selected and the fluorescence was noted.
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Chapter 3: Results and Discussion

3.1 DMF chip design and architecture

Digital Microfluidics (DMF) platforms have found their application in automating a variety of
enzymatic reactions [45], [45], [53], [70] and were monitored using luminescence [83] and
fluorescence [70]. Ribozyme cleavage reactions are one type of such enzymatic reactions [84] and
can similarly be analyzed by reading fluorescence intensities [29], [85]. In this work, we designed
a digital microfluidics chip to carry out a cleavage reaction of an inducible cis-acting hammerhead
ribozyme (HHR). The chip also served as a platform to monitor ribozyme cleavage by recording
the fluorescence intensity of a quenched probe, where the cleaved RNA strand binds to the probe
displacing the quencher, allowing the probe to fluoresce.

The chip was designed to carry out six ribozymatic reactions and two control reactions on
the same chip, by merging ribozyme-containing droplets with droplets of cleavage buffer and
quenched probe (Figure 11). For this reason, the design had six reservoirs for dispensing droplets
containing ribozyme and cleavage buffer. The device also had eight detection areas to isolate and
monitor the six assayed droplets along with the two controls- a negative and a positive control. In
addition to this, three mixing areas composed of four electrodes were included in the chip. The
inter-electrode spacing (60 um) was made to be twice the thickness of wiring (30 um) because
some of the inner electrodes were connected to the contact pads through the spacing between the
electrodes (Figure 10). Moreover, the electrode edges were shaped as ‘skewed-waves’, which
facilitated successful droplet movements across the DMF device. Studies have confirmed that
square or rectangular shaped electrodes often cause droplets to be stranded, ceasing droplet motion

on the chip [86]. Comb, zig-zagged or crescent shapes are also said to have solved the problem
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[87], [88]. However, regions with pointy edges and high electric fields (>108 V/cm) are known to
cause a dielectric breakdown [89], while ‘skewed-wave’ edged electrodes have been proven to

resolve this problem [71].
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Figure 11: Overview of the ribozyme cleavage assay on a digital microfluidic (DMF) chip.

On the DMF device, the ribozyme cleavage experiment is carried out in four steps, which are
depicted in screenshots of different frames, from a video of the experiment, where the red dots
indicate the electrodes actuated in each frame. (1) First, a ribozyme-containing droplet (0.625
#M) and another containing cleavage buffer (1.25x) are dispensed from their respective reservoirs
by splitting (15 kHz, 178 Vims). The ribozyme used in the experiment is an inducible cis-acting
hammerhead ribozyme (HHR). The cleavage buffer contained 6.25 uM input strand (IP, a ssDNA
to activate the ribozyme) and a quenched probe (QP) comprising of two ssDNA strands, one with
Cy5 fluorophore (F) and the other with a black hole quencher (Q). (2) Next, the dispensed droplets
are moved closer to each other and then merged. (3) The merged droplets are mixed by actuating
four electrodes, to move the droplets in a loop three times. (4) Finally, the assayed droplet is driven
to the detection point for measurement. Optionally, the experiment can also be carried out by
merging a dispensed ribozyme-containing droplet with an already pipetted droplet of cleavage
buffer at the detection point. The merged droplet can then be mixed by moving it back and forth
across the detection point three times. In the assayed droplet, the ribozyme cleaves itself after
folding into an active hammerhead ribozyme (HHR), upon binding to the input strand. The
cleaved-off RNA strand binds to the probe displacing the quencher, allowing the probe to fluoresce.
Hence, measuring the fluorescence intensity reflects the amount of cleaved-off RNA strand that
actually detaches from the ribozyme. The fluorescence of the assay is read by well-scanning the
DMF device using a plate reader.
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Droplet motion on the chip was achieved by actuating the electrodes for 0.7 sec at a voltage
of 178 V (15 kHz sine wave). In order to dispense droplets, a larger droplet was initially stretched
by actuating four electrodes from the reservoir. After that, the third electrode was switched off,
forcing a small droplet to separate from the larger droplet (Figure 11). When 2.5 uL of reagent was
pipetted on to the reservoir, the actuation of electrodes (surface area = 4 mm?) dispensed droplets
of the size of 0.5 +/- 0.08 uL (n = 10). The dispensed droplets were merged and mixed at the

mixing area by activating four electrodes in loops, three times (Figure 11).

During preliminary experimentation, ribozyme-containing droplets were moved across the
chip and were reproducible without damaging the electrodes. However, the cleavage buffer
droplets, which also contained the input ssDNA and the quenched probe, often failed to move
across the chip and sometimes burned the electrodes, indicating greater biofouling. Studies have
shown that droplets with high alkaline content often caused significant biofouling [70], which
could be the same for the cleavage buffer droplet, as it contains high salt content. Adding
surfactants to such solutions have proven to be effective, even without any filler oil. Hence 0.05%
Tetronic® 304 was added to the aqueous cleavage buffer. Though the surfactant resulted in
improved movement of the cleavage buffer droplets, it was observed that the droplets had left
traces along their paths, which made chip reuse quite difficult. Therefore, the reactions were done
at a larger volume (2.5 uL), by directly dispensing cleavage buffer droplets on to the detection
points and then merging them with ribozyme-containing droplets. Hence, the droplets were
successfully mixed by moving them back and forth three times across the detection points, which
required activation of six electrodes. However, moving the final droplet still caused biofouling and
therefore, for the later experiments, while mixing, the number of electrodes was limited to four,

and the droplets were moved back and forth the detection points only thrice (Figure 11).

28



In order to measure fluorescence intensities, a previously established protocol [71], [72]
was followed. After executing the experiments on the DMF chip, the device was carefully removed
from the automation system, and placed on a flat black-sided clear-bottom 384 well-plate, while
carefully aligning the detection points with the wells. Five wells around the chip were filled with
30 uL of DI water to reduce evaporation, because the DMF chip fluorescence intensities of all the
assays, including the controls, were found to increase significantly after 60 min. Previous
experiments [90], [91] have used filler oil to prevent DMF chip droplet evaporation, but this can
cause the probe to leak into the oil, resulting in cross-contamination [65]. The well-plate was
covered by a lid and sealed using parafilm, then scanned in a plate reader (ClarioSTAR®) at 37°C.
The machine takes up to 20 min to scan the entire chip. Thus, readings correspond to fluorescence
intensities at 20 min intervals, starting from the moment the well-plate is placed in the plate reader.
From the resultant matrix of pixels (Figure 12A), the regions corresponding to the detection points
were selected, and the highest fluorescence intensity of each detection point was recorded. After
180 minutes, the positive control, a strand displacement reaction, exhibited an average highest
fluorescence reading of 12250 units (Figure 12B). The assayed ribozyme reported a fluorescence
intensity of 4900 units, while a low fluorescence level of 1530 units was recorded for the negative

control (a quenched probe).
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Figure 12: On-chip fluorescence intensity measurements.

(A) A well-scan of the DMF device after carrying out a ribozymatic experiment (chip is scanned
after 180 mins). The droplets of the ribozyme cleavage assay and positive control (a strand
displacement reaction) exhibit high fluorescence, whereas the negative control (a quenched probe)
displays a low fluorescence. (C) A plot of the highest fluorescence intensities at the detection points
corresponding to each droplet (SD = +/- 1).

The results demonstrated that the designed DMF chip could manipulate the droplets
containing ribozymes and the cleavage buffer with no or minimal biofouling. In this way, the
ribozyme cleavage reaction could be initiated on the DMF by merging and mixing the ribozyme
and buffer droplets. Moreover, the progress of the reaction could also be monitored by the

fluorescence.

3.2 Benchtop and DMF chip monitoring of ribozyme cleavage kinetics

The research primarily aims to demonstrate the feasibility of performing ribozyme cleavage
experiments on DMF platforms. To achieve this, a cleavage assay using an inducible cis-acting
hammerhead ribozyme (HHR) was carried out both in well-plate and on a DMF chip, and the
results were compared. The cleavage was then monitored by reading a fluorescent signal generated

by the probe, once the quencher has been displaced by the ribozyme’s output strand.

The well-plate and DMF chip experiments were performed following the same workflow

as detailed in chapter 2, after which the fluorescence intensities were read regularly every 20 min.
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In addition to the cleavage assay, the experiments had a positive control (a strand displacement

reaction), and a negative control (quenched probe).

The fluorescence intensities of both the well-plate and DMF chip experiments were plotted
against time (Figure 13). The change in fluorescence intensities over time was then analyzed by
fitting a line to the readings using linear regression (Figure 14). The line fit to the readings from
the positive control (PC) both in the well-plate, and on the chip had smaller slopes (Student t-test,
P>0.05, PPCwel-prate = 0.78, PP pumr = 0.78) indicating no or a small change in fluorescence during
the experimentation (Slope?“weii-plate = -1 +/- 3.5, Slope™pmr = 0.85 +/- 3.1). Similarly, a small
change in the fluorescence intensities (Student t-test, P>0.05, PN weirpiate = 0.3, PNCpmr = 0.08)
was observed for the negative controls (NC) in the well-plate and on the chip with smaller slopes
(SlopeNweli-piate = 0.53 +/- 0.51, SlopeN pmr = 0.33 +/- 0.18). Whereas the line fit to the assayed
ribozyme (RZ) had a positive slope (Student t-test, P<0.05, PR?weii-piate < 0.0001, PRZppe < 0.0001)
both on the chip and well-plate, indicating an increase in the fluorescence intensities over time on
these platforms (Slope®Sweli-prate = 10.30 +/- 1.6, Slope®>pmr = 11.2 +/- 0.8). This rise in
fluorescence indicated that, in presence of the inducing DNA strand, the HHR folded into an active
ribozyme, leading to self-cleavage. Hence, the cleaved-off RNA strand displaced the quenching
strand and hybridized to the probe, allowing the probe to fluoresce, in both the DMF chip and the
well-plate. Both well-plate and chip assays displayed similar trends over time. The results show
no significant difference between the two assays (Student t-test, P> 0.05, PASpmr vs well-Plate =
0.054). This provides good evidence that the ribozyme cleavage experiment was reproducible on
the DMF chip. Moreover, we noticed that the assay readings from the DMF chip exhibited a
smaller standard deviation than that of the well-plate experiments (Student t-test, P>0.05,

PSPpuE vs well-plate = 0.0054). The errors in well-plate assays could have been introduced due to
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pipetting and other human errors, which are minimized on a DMF platform. This was verified by
measuring the signal-to-noise ratio (SNR) for both DMF chip and well-plate readings. The signal-
to-noise ratio (SNR) was calculated by dividing the arithmetic mean of the fluorescence readings
of the triplicates for each assay by their standard deviation. At the end of 180 min, the fluorescence
readings of the assay on the DMF chip exhibited an improved SNR compared to the well-plate
readings (SNRweil-piate = 8.95, and SNRpwmr = 18.95, Student P-test, P<0.05, Psxr = 0.0023). These
calculations showed that DMF technology can provide more reliable platforms to execute

ribozymatic assays- a property that was also observed in previous studies [70].
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Figure 13: Comparison of the ribozyme well-plate and DMF chip assay.

Monitoring cleavage of the ribozyme was done by reading the fluorescence intensities resulting
from the experiments performed in a well-plate and DMF chip. In the experiments, a solution (or
droplet) of the ribozyme (0.5 4M) is mixed with a solution containing cleavage buffer with a single-
stranded DNA input (IP) (5 ¢/M) and a quenched probe (0.5 yM). The input strand (IP) binds to
the ribozyme inducing it to fold into an active hammerhead ribozyme (HHR). In the active state,
the ribozyme cuts-itself at a position indicated by the arrow. The small RNA strand (output strand)
that leaves the ribozyme after cleavage displaces the quencher and binds to the probe, rendering
it fluorescent. The fluorescence intensities are read every 20 min and plotted against time. This
shows the amount of output strand that leaves the ribozyme and binds to the probe, over time. The
continuous and dotted lines correspond to the experiments in the well-plate and on the chip,
respectively. In addition to the ribozyme assay (RZ), the experiments had positive (PC) and
negative controls (NC). For NC a quenched probe (0.5 uM) is used. For PC a strand displacement
reaction using a ssDNA strand (0.5 4M) equivalent to the expected cleaved-off output RNA strand
is used to displace the quencher from the probe.

32



14000 1400

2 —— Well-Plate PC ) —— Well-Plate NC
£ . B -
2 130004 DMF Chip PC £ 2004 . I = DMF Chip NC
3 . T
2 12000+ 2 1000
@ @
9 [+]
] 7]
£ 11000+ S 800
3 =3
r i
10000 T T T 1 600 T T T 1
0 50 100 150 200 0 50 100 150 200
Time (min) Time (min)
(A) (B}
5000+
2 —— Well-Plate RZ
E 4000 DMF Chip RZ
E
> 3000
o
3
S 2000+
o 3
<
g 1000+
c
0 1 I ) 1
0 50 100 150 200
Time {min)

()

Figure 14: Analysis of change in fluorescence in the ribozyme cleavage experiment.

The ribozymatic assay (AS) with one positive control (PC, a strand displacement reaction) and
negative control (NC, a quenched probe) is carried both on a DMF chip and well-plate. The
fluorescence intensities are read every 20 min and were plotted against time. A straight line is fit
to the readings between 40 min and 180 min (linear region) using linear regression to analyze the
change in fluorescence over time. The slopes of the lines indicated the change in fluorescence as
time progressed. (A) The lines fit to the positive controls exhibit a low slope indicating no or
minimal increase in fluorescence both on the chip and well-plate. (B) The negative controls on
both platforms display a negligible change in the fluorescence intensities as indicated by the lines
with a low value of slopes. (C) The lines fit to the readings from the on-chip, and benchtop assays
are steeper indicating an increase in fluorescence intensities due to the cleavage of the ribozyme

over time.
Parameters Well-Plate DMF Chip
Ylntercept 1000 +/- 61 1120 +/- 22
XlIntercept -1840 +/- 550 -3300 +/- 1500
Slope 0.53 +/-0.51 0.33 +/-0.18

Table 2: Parameters of linear regression fit to the benchtop and DMF chip negative
controls.
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Parameters Well-Plate DMF Chip

YlIntercept 12400 +/- 420 11900 +/- 360

Xlntercept 12500 +/- 1580 -14000 +/- 1560
Slope -1.0 +/-3.5 0.85+/-3.1

Table 3: Parameters of linear regression fit to the benchtop and DMF chip positive
controls.

Parameters Well-Plate DMF Chip
YlIntercept 1290 +/- 140 2010 +/- 95
Xlntercept -120 +/- 40 -180 +/- 40

Slope 10.30 +/- 1.6 11.2+/-0.8

Table 4: Parameters of linear regression fit to the benchtop and DMF chip assay.

The inverse of fluorescence intensities from the readings can also help us determine the
decay of uncleaved ribozyme over time, providing insight into ribozyme kinetics. The ribozyme
was consumed during the reaction, and hence the rate of reaction was calculated from the amount
of uncleaved ribozyme at different time points according to a first-order reaction [92]. Therefore,
the kinetics of ribozyme cleavage can be analyzed using a one-phase decay equation [11] (Figure
15). The inverse of fluorescence intensities was plotted against the time and fitted with a one-phase
decay equation (R?weii-piate= 0.84 and R?pmr = 0.95) (Figure 10). The reactions proceeded at a rate,
kobs Vel Plate = 0 01 +/- 0.003 min™! in the well-plate and kobs"MF = 0.026 +/- 0.005 min™' on the chip.

Eventually, the amount of uncleaved ribozyme reached a plateau (Table 5).
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Figure 15:Well-Plate and DMF chip kinetics of the ribozyme cleavage assay.

The inverse of fluorescence intensities of the ribozyme cleavage assay (AS) was plotted against
time to express the fluorescence readings as a decaying function of the uncleaved ribozyme. The
change in the fluorescence intensities over time is expressed as a one phase decay equation of the
form, Y =( Yo- Plateau) * e*¥ + Plateau; Y = the amount of uncleaved ribozyme, X = time in
min, K = rate of the reaction, Yy = initial value of Y, and Plateau = the value of Y at which the
reaction reaches a plateau.

Parameters Well-Plate DMF Chip
Yo 0.00087 +/1 0.00007 | 0.00078 +/- 0.00004
Plateau | 0.00021 +/- 0.00008 | 0.00026 +/- 0.00002

K 0.01 +/- 0.003 0.026 +/- 0.005
Half Life 68 +/- 18 27 +/-5
Tau 99 +/- 25 39+/-7.3
Parameters Well-Plate DMF Chip

Table 5: Parameters of one phase decay regression fit to the benchtop and DMF chip
ribozyme cleavage assay.

Interestingly, it was also observed that the rate of cleavage of the ribozyme on the DMF
chip, kobs®™F (0.026 +/- 0.005 min'') was ~ 2.5 times that of the well-plate cleavage rate, kops -
Plate (0,01 +- 0.003 min™"). It was hypothesized that this was due to the higher surface area to volume

(SAV) ratio of reaction-holding droplets in the DMF platform. The increased SAV can lead to
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improved intermolecular collisions, thereby increasing the rate of reaction [44], [93]. The higher
rate of cleavage could have also been due to molecular crowding, caused by surfactant molecules

(Tetronic® 304), as discussed in other studies [94].

The results from the above experiments demonstrated the successful deployment of
ribozyme cleavage experiments on a DMF chip. DMF is a promising technology that could provide
platforms to carry out such ribozymatic experiments in an automated fashion, at a higher rate and

using lower volumes of reagents, leading to a significant reduction in experimental costs.

3.3 Benchtop and DMF chip analysis of ribozyme as a biosensor

Ribozymes have found their applications as biosensors for the detection of a variety of organic
molecules including antibiotics, specific nucleic acid sequences, peptides, proteins, and metal ions
[25], [26], [28], [95]. In our own experiment, a ribozyme was used to detect the concentration of
input DNA strands. Here, we show that a DMF protocol can facilitate an experiment to validate
the sensitivity and limit of detection of a ribozyme-based DNA biosensor.

Ribozyme cleavage experiments were performed both on the DMF chip and well-plate at
different input concentrations (10 uM, 5 uM, 1 uM, 0.75 uM, 0.5 uM, 0.25 uM, 0.1 uM, 0.01 and
no input) following the protocols described in chapter 2. For each input concentration, the
fluorescence intensities were recorded every 20 min, for a total period of 180 min, showing the

progress of cleavage over time (Figure 16).
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Figure 16: Monitoring the progress of ribozyme cleavage reactions with varying input
concentrations.

At first, the ribozyme cleavage assays are performed both on the DMF chip and well-plate at
different input ssDNA concentrations (10 uM, 5 uM, 1 ¢M, 0.5 @M, 0.25 M, 0.1 xM, 0.01 uM

and zero input). Then fluorescence intensities are recorded every 20 min and plotted against time
for 180 min to observe the progress of the cleavage reaction.

To examine the sensitivity of the ribozyme as a sensor, a calibration (or standard) curve
was generated by plotting the endpoint (180 min) fluorescence readings for each assay against the
input concentration on a logarithmic scale (Figure 17). These results from both the chip and well-
plate assays followed a sigmoidal curve (Table 6). Next, a linear regression model was fit to a near-
linear region (between 0.1 uM and 1 uM) of the sigmoidal curve. As shown in previous studies,
the slope of the fitted line indicated the sensitivity of the biosensor [96]. The fitted lines for both
the chip and well-plate displayed a positive slope (Slope*™Bweii-piate = 850 +/-120 and Slope*®pmr
=1230 +/-71). However, the line fitted to the readings from the chip had a steeper slope and smaller
standard error showing a higher sensitivity on the DMF platform than in the well-plate (Student t-
test, P < 0.05, P-value =0.0087). The higher sensitivity on the DMF chip could be due to the high

SAV ratio of reaction-holding droplets on the DMF platform [44], [93].
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Figure 17: Analysis of ribozyme as a biosensor by activating the ribozyme with varying
input concentrations.

After carrying out the ribozyme cleavage assays at different input concentrations, the endpoint
(180 min) fluorescence readings of each assay are noted and plotted as a function of input
concentration (in Logl(0 scale). A four-parameter logistic (4-PL) sigmoidal model is fit to the
graph, from which a near-linear region is extracted for further analysis (between 0.1 uM and 1
#M). A linear regression model is fit to the extracted region and used to calculate the sensitivity
and limit of detection of the ribozyme, as a sensor of an input ssDNA strand. Additionally, the
endpoint fluorescence intensities of the assays without input are also measured to calculate the
limit of quantification of the ribozyme.

Parameters Well-Plate DMF Chip
Top 4100 +/- 300 3900 +/- 50
Bottom 2100 +/- 250 2100 +/- 70
LogIC50 -0.22 +/-0.21 -0.6482 +/- 0.2
IC50 0.61 +/- 0.31 0.22 +/- 0.02
Parameters Well-Plate DMF Chip

Table 6: Parameters of sigmoidal curve fit to the ribozyme cleavage assay on benchtop and
DMF chip experiments with different input concentrations.

In addition, parameters of the ribozyme-based biosensor, such as limit of detection (LoD)
and limit of quantification (LoQ) were calculated. These parameters further characterize the

ribozyme as a biosensor [96], [97]. LoD indicates the lowest input concentration in the assay at
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which the detection can be differentiated from an assay with no input. Whereas LoQ represents the
concentration level of the input above which the quantitative results can be presented with
confidence. LoD and LoQ were calculated using equations blankmean + 3 * SD and 10 * SD/S
respectively, where blankmean is the mean fluorescence intensity of assays with no input ssDNA,
SD is the standard deviation of the blankmean and S is the slope of the regression line[98], [99]. The
LoD of the experiments on the chip was observed to be ~80% of that in the well-plate (LoDwel-
plate = 1845, LoDpmr = 1475). Similarly, the LoQ of the experiments on the chip was ~8% of that
in well-plate assays (LoQweli-plate = 0.31 and LoQpmr = 0.025). These low LoDpwmr and LoQpwmr
values showed that the ribozyme performs better as a biosensor on the DMF chip than in the well-
plate. The improvements to the detection limits of the ribozyme-based biosensor could also be due
to the higher SAV ratios on DMF chips, also recorded in prior research involving microfluidic

platforms [100].

The above results demonstrated that the near-linear sections of the standard curves
generated from the cleavage assays on the DMF chip and well-plate could be used to characterize
ribozymes. These readings could also be utilized to describe the activity of ribozyme biosensors
for the measurements of small input DNAs and RNAs. Based on the results from the experiments,
it was observed that the sensitivity and detection limits of ribozyme-based sensors could be

improved when deployed on DMF platforms.
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4.4 Multiple ribozyme cleavage assays on a DMF chip

Additionally, a second DMF chip was designed to facilitate simultaneous experimentations via
execution of multiple reactions on the same chip. Though the first chip had eight detection points,
some of these fell along the paths of other detection points. Hence, the reagent droplets tend to
leave traces and contaminate these detection points as they move across them, effectively limiting

the number of experiments that can be done simultaneously to three.

The new chip consisted of 5 reservoirs to dispense reagents droplets, a 3 x 17 matrix of
electrodes for moving, merging, and splitting the droplets, and 8 detection points for analyzing the
assayed droplets. All the electrodes, detection points and reservoirs had the same dimensions, and
had the same inter-electrode spacing and wiring widths as the first chip (Figure 18). The device
dispensed droplets of size = 0.51 +/- 0.056 uL (n = 10) from 2.5 uL reagent droplets at the
reservoirs. Experiments were carried out by dispensing ribozyme-containing droplets (~ 0.5 uL)
from the reservoirs and mixing and merging them with cleavage buffer droplets (2 uL) at the

detection points, following the same procedure used on the first chip
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Figure 18: A schematic of a new DMF chip design to carry out eight simultaneous
experiments.

The chip is comprised of eight detection points (2.5 x 2.5 mm?), six reservoirs (each of 4 x 3.1 mm?)
and a 3 x 17 matrix of electrodes (each of 2 x 2 mm?) for splitting, mixing and merging of droplets.
In the design, the spacing between the electrode was 60 um.

The chip was successfully tested by carrying out two experiments. The first involved a
ribozyme cleavage assay in triplicate (AS1, AS2 and AS3) with one positive control (PC, a strand
displacement reaction) and one negative control (NC, a quenched probe). After performing the
experiments on the chip, regular well-scans were taken every 4 min for 132 min (in appendix
Figure 19), and the fluorescence intensities were plotted against time. In the second experiment, a
ribozymatic experiment (AS) was performed on the new chip with one positive control (PC, strand
displacement reaction) and five negative controls. The negative controls included a quenched
probe in cleavage buffer (NC1), a buffer without MgCl, and input strand (NC2), buffer with MgCl,
(NC3), buffer with input strand (NC4), and finally, buffer with a mutated input ssDNA and MgCl»
(NCS5). The assays followed the same steps as described in the section, DMF ribozyme cleavage
assay in methodology, and regular fluorescence intensities of the assays were read every 9 min and

plotted over time (Figure 20).
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Figure 19:Ribozymatic assay in triplicates on a DMF chip.

A ribozymatic assay (0.5 M of ribozyme) is carried out on a chip in triplicates (AS1, AS2, AS3)
with one positive (PC, a strand displacement reaction) and negative controls (NC, a quenched
probe). After carrying out the experiments, the chip was scanned regularly in plate reading every
4 min for 132 min from the start of the experiment. The screenshots of well-scans corresponding
to each assayed droplet on the DMF chip are recorded for all the readings. The positive control
exhibited a high fluorescence throughout the experiment. At the same time, the negative control
had a very low fluorescence intensity. However, all three assays displayed an increase in
fluorescence after 20 min and reached a peak at the end of 132 min.
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Figure 20:Multiple experiments performed simultaneously on a DMF chip.

The figure depicts well-scans of the DMF chip after carrying out a ribozyme cleavage reaction
with one positive and five negative controls. The discs represent well-scans of the detection points
taken every 9 min from the start of the experiment using a plate reader. The scans are arranged in
rows and columns. Row corresponds to well-scans of a reaction throughout the experiment.
Column depicts the scan of all the detection points at a specific time point. The reactions performed
on the chip include ribozyme (0.5 M) cleavage assay (AS), a strand displacement reaction as the
positive control (PC), cleavage-buffer (NCI), cleavage-buffer with ribozyme (NC2), cleavage-
buffer with ribozyme and input strand (NC3), cleavage-buffer with ribozyme and Mg*? ions (NC4)
and cleavage-buffer containing ribozyme, Mg "’ ions and mutated input strand (NCS5). The positive
control displays the highest level of fluorescence during the experimentation. All the negative
controls except NC1 display a slight increase in fluorescence which could be due to the presence
of inactive ribozyme in the solution, whereas NCI exhibits a low level of fluorescence. However,
the assay (AS) displays an increase in fluorescence intensities from 18 min and reached high values
after 99 min, which indicated the cleavage of ribozyme as time progressed.
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The results displayed the feasibility of carrying out multiple ribozymatic experiments,
simultaneously, on one DMF chip. Such DMF platforms allow researchers to automate the
initiation of ribozyme cleavage assays at the same time and monitor the progress of the reactions
in real-time. Whereas in the well-plates, manual pipetting adds a delay between the initiations of
these multiple reactions. Also, several identical DMF chips can be fabricated and operated in
parallel, which further increases the number of experiments, thereby increasing the throughput of

the experimental platform and reduces both labor costs and waiting time to final data collection.
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Chapter 4: Summary and Conclusion

Ribozymes are used for many applications such as bio-sensing and as building blocks for genetic
circuits. Thus, researchers have been keen on characterizing both the structure and function of
ribozymes, in many cases, by analyzing their cis- and frans-cleavage kinetics, using a variety of

techniques.

In this study, we designed a digital microfluidics (DMF) device, or chip, to perform
multiple ribozymatic cleavage reactions while monitoring their progress in real-time. The chip
used in-house software to manipulate droplets containing ribozyme, cleavage buffer and quenched
probe, to ultimately initiate the cleavage reaction by mixing the droplets together. The single-
stranded RNA output, of the ribozyme’s self-cleavage reaction, displaces the quenching strand of
the double-stranded DNA probe. This toehold mediated strand displacement reaction (TMSDR)
allows us to indirectly monitor the progress of ribozyme self-cleavage, in real-time, using a

florescence measuring plate reader.

The results from the study show that ribozyme cleavage experiments are reproducible on
DMF chips. Moreover, these cleavage reactions proceeded at a greater rate (~2.5 times) than
equivalent well-plate assays. In addition, we generated a standard curve relating the level of
fluorescence (of probe) to the concentration of the single-stranded DNA input (of the self-cleaving
ribozyme). The curve showed that the ribozyme on the DMF chip exhibited a greater level of
sensitivity (~45% more than in well-plate) to DNA input and a lower limit of quantification
(LoQpwmr = 0.025) and limit of detection (LoDpwmr = 1475) than the same ribozyme in a well-plate
(LoDwelt-piate = 1845 and LoQweli-piate = 0.31). The experiments with the DMF chips also generated
reliable fluorescence readings with a signal to noise ratio equal to twice as much that in the well-

plate. We also designed and tested a second DMF chip that allows for the execution of up to eight
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parallel ribozyme cleavage reactions on the same chip (we carried out six experiments plus a
positive and negative controls). Using multiple DMF chips is a swift and well-trodden path to

scaling up the number of simultaneous experiments.

In brief, computer-controlled microfluidics devices offer ribozymatic researchers the
ability to carry out multiple and different reactions using small volumes of reagents and involving
minimal human intervention, while reading the output of these reactions as they progress,
obviating (for many but not all cases) the need for post-reaction gels. This lowers experimental
costs and time, while simultaneously increasing the quality of the harvested data, in terms of
greater sensitivity and signal-to-noise ratio, as well as lower limit of quantification (LoQ) and limit

of detection (LoD).

45



Chapter 5: Future Work

After demonstrating the successful application of DMF technology to the miniaturization and

automation of ribozymatic experiments, the project could be expanded in the following two ways:

o First, by optimizing DMF chip design. The chip design can be further modified to
manipulate smaller, possibly nL, droplets containing ribozyme and reagents, thereby
minimizing reagents consumption during experiments. The chip can also be designed in
such a way that a single contact point drives multiple electrodes. This facilitates the
simultaneous actuation of multiple electrodes, leading to an increase in the number of

concurrent experiments on one chip.

e Second, by performing multi-step ribozymatic experiments. The experiment only focused
on a single-step ribozyme cleavage reaction. However, more complex and multi-step
ribozymatic experiments, such as a biological relay or multi-input ribozyme-based gate
reactions, can be performed on on DMF chips. After carrying out the first experiment, the
same assayed droplet can be merged with a second reagent to initiate the second reaction
without additional sampling. Similar experiments executed on the bench might require
additional sampling and pipetting steps, which increases the likelihood of contamination

and error.
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Preparation

List of all materials

Item

Stock Quantity/Concentration

Deionized (DI) water

Iso Propyl Alcohol (IPA)

RNAse away

Pipette

Pipette tips

PCR tubes 100 uL
Corning ® 384 Flat-black, clear bottom well plate

Tris HC1 pH 7.5 106 uM
KCl 106 uM
NaCl 106 uM
MgCl, 106 uM
Input single stranded DNA (ssDNA) 100 uM
Cy-5 Fluorophore 100 uM
Black Hole Quencher 100 uM
Tetronics 0.60%
Nuclease-Free Water

KIM wipes

microfuge tubes 1.5mL

Thermocycler

Plate reader

Aluminum Foil

Lab Coat

Hair Net

Disposable shoe covers

Gloves

Chip Masks

Photoresist-coated substrates

47x4” glass slides
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Acetone

Methanol

Spin Coater

S18&811 Photoresist

MF321 developer

Chromium Etchant (CR-4)

AZ300T stripper

2-propanol

A-174 (3-(Trimethoxysilyl)propyl methacrylate)

Parylene

Teflon-AF (FC40) or Cytonix

Pyrex dishes

Tweezers

Hot plate

Ribozyme

Cleavage buffer with quenched probe

Output Strand

Pipettes

Parafilm

Ice

Automation System

Digital Microfluidics (DMF) chips

Top Plate coated with indium tin oxide (ITO)

Teflon-AF

Multimeter

Safety protocols

e Wear lab coats when inside a lab.
e Wear gloves during experimentation.

e Use RNAse away as much as possible when working with ribozyme.

e After usage, store all the reagents at -20°C.
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Overview

This manual describes the protocol for carrying out a ribozyme cleavage experiment on a well-
plate and DMF chip. The experiment uses a Toehold mediated strand displacement reaction to
monitor the progress of the ribozyme’s cleavage. The experiment begins with the preparation of a
double stranded DNA probe, which is used as a target for the active ribozyme’s cleaved-off strand.
The experiments are performed both on the well-plate and DMF chip, after which, both the

platforms can be scanned using a fluorescent plate reader.

Probe Preparation

Required Materials

Item

Stock Quantity/Concentration

DI water

Iso Propyl Alcohol (IPA)

RNAse away

Pipette

Pipette tips

PCR tubes 100 uL.
Black sided flat bottom 384 well-plate

Tris HC1 pH 7.5 10% uM
KCl 10® uM
NaCl 10 uM
MgCl, 10® uM
Input single stranded DNA (ssDNA) 100 uM
Cy-5 Fluorophore 100 uM
Black Hole Quencher-3 100 uM
Tetronics 0.6%
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Nuclease-Free Water

KIM wipes

Microfuge tubes 1.5 mL

Thermocycler

Fluorescent Plate reader

Aluminum Foil

Procedure

1. Bench and Tools Cleaning

a.

©ac o

f.

Always wear lab coat and gloves when working in the lab

Use RNAse away, and DI water on the hands as needed to keep them clean.
Use/Spray RNAse away on the bench and wipe using KIM wipes.

Sprinkle iso-propyl alcohol (IPA) on the bench and clean using KIM wipes.
Finally clean the bench with water and wipe using KIM wipes.

Clean the Tools (mainly the pipettes) by following the steps c-e.

2. Work under aseptic conditions if possible (Optional).
3. Protocol to prepare 200 uL of Quenched Probe

a.

N N 2

—

2B o g R

Grab 1.5 mL microfuge tube.

To the tube add 26.4 gL of NaCl (10° uM).

Add and mix 13.2 gL of Tris (10% gM).

Add and mix 6.6 L of KCI1 (10 gM).

Add and mix 0.264 pL of MgCl2(10° uM)

Add and mix 2.64 pL of Input ssDNA (100 gM).

Add and mix 1.32 gL of Cy-5 Fluorophore (100 uM).

Add and mix 136.651 uL of Nuclease-free Water.

From the take-out a sample of 9.92 uL and add it into a well in the well-plate
(corning flat-black clear bottom 384)

To the sampled mixture in the well-plate, add 0.08 uL. of Nuclease-free Water.
Cover the well-plate with its lid.

Place the well-plate in a fluorescent plate reader.

. Set the temperature to 37°C.

Set the excitation and emission wavelengths to be Aex = 647 nm, Aem = 665 nm.
Take the fluorescence reading of the sample.

To the mixture at step h, add and mix 1.42 uL of Quencher (100 uM).

Split new mixture to mini batches of 90 gL in PCR tubes.
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Place the PCR tubes in a thermocycler and perform the following:
1. 3 min denaturation at 95°C

1. 15 min annealing at 50°C, and

1. 15 min incubation at 37°C.
Add and mix 10 gL of Tetronics (0.6%) to all resultant batches.
Take out samples (10 gL) from all the batches to a well-plate.
Read the fluorescence of the new samples by following the steps “k-0".
Ensure that the readings at step “u” are lower than readings from step “o”. Else
repeat protocol again.
Carefully wrap the PCR tubes with the prepared probe in step ‘s’ with Aluminum
foil.
Finally, store the tubes in a freezer at -20°C.

Note: Please note the volumes of the reagents were determined with the assumption that the
experiments on bench were performed by mixing the 8 gL of the above probe mixture and 2 uL of
ribozyme. The same experiment on the DMF chip would be performed by mixing 2 uL of probe
with 0.5 gL of ribozyme. Final assay contains NaCl (100 mM), Tris (50 mM), KCI (25 mM), MgCl>»
(10 mM), input ssDNA (1 M), quenched probe (0.5 M), and ribozyme (0.5 uM).

Chip Fabrication

Required Materials

Item

Stock Quantity/Concentration

Lab Coat

Hair Net

Disposable shoe covers

Gloves

Chip Masks

Photoresist-coated substrates

47x4” glass slides

Acetone

Methanol
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DI water

Spin Coater

S1811 Photoresist

MF321 developer

Chromium Etchant

AZ300T stripper

2-propanol

A-174 (3-(Trimethoxysilyl)propyl
methacrylate)

Parylene

Teflon

Pyrex dishes

3-4

Tweezers

Hot plate

Procedure

1. Safety

a. As soon as you enter the cleanroom, put on following personal protective

equipment:
1.  Lab coat
ii.  Hair net

iii.  Disposable shoe covers

iv. Gloves

2. Exposure (patterning the photoresist with your design)
a. When you get in the UV-negative cleanroom, turn on the power of the UV lamp.
b. After a few minutes, turn the lamp on by pressing on the switch for a few seconds.
Let the lamp heat up for 10 minutes.

c. Turn on the vacuum (power strip)

d. In the meantime, prepare the masks by cutting them to the right size and sticking
them in the middle of the glass 4°x4” slides using the circular adhesives in the
proper orientation (Make sure not to tape over any part of your design). The




3.

mask should be taped under the glass — in the exposure, the plastic mask should
be in contact with the substrate to prevent UV diffraction.
e. Next, cut your photoresist-coated substrates to the desired size.
Note: if you have a scratch on the photoresist:
Wash with acetone (removes photoresist)
Rinse with methanol
Rinse with water
Spin coat S1811 photoresist
10 sec 500 RPM Accel = 100 RPM/s
60 sec 3000 RPM Accel = 500 RPM/s
e Bake at 105° for 2 min to remove solvent
f. Place the glass mask on the mask holder (plastic mask on the bottom side) and
make sure that it is vacuumed properly.
g. Place substrate and align manually with the mask. Then fine tune with the knob.
h. Expose for 10 sec.

Development (removes the photoresist at exposed regions — transparent regions of mask)
a. Move under the hood in the same room.
b. Immerse the slides in the MF321 developer in Pyrex dish and shake around for 2
min.
c. Rinse with DI and air dry.
d. Bake at 115° for 1min each.
e. Discard waste in MF321 waste container (use funnel).

Etching (corrodes the exposed metal layer — no longer has photoresist on it after
development)
a. Move to the wet bench in the annex room for etching. Turn on the vent.
Note: Respect the PPE (wear a face shield, long rubber gloves and apron).
b. Place substrates in a Pyrex dish and immerse with Chromium Etchant solution.
Note Work slowly to minimize spills and splashes. Manipulate substrates with
care using tweezers.
c. Wait until all the substrates become transparent except the pattern (3-5min), shake
around.
d. Rinse substrates well with DI.
e. Discard waste into the Chromium-Etchant (Cr-4) waste container.

Stripping (removes all the remaining photoresist from non-exposed regions)

a. Move to the small wet bench room with the windows for stripping.
Note: Work under the hood of a wet bench — the vapors of the stripper are
toxic.

b. Immerse substrates in AZ 300T Stripper solution. Shake around for a few

minutes.

c. Rinse well with DI.

d. Air dry the substrates.

e. Discard waste in AZ400T waste container.
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6. Silanization (coats the surface with alkoxysilane molecules to increase Parylene
adherence)
a. Prepare Silane solution
i.  2-propanol, DI water, and A-174 (3-(Trimethoxysilyl) propyl
methacrylate) 50:50:1 v/v/v
b. Immerse substrates in silane solution. Leave for 15 min.
c. Rinse with DI and air dry.
d. Discard silane solution in silane waste container.

7. Parylene coating (coats the slides with a layer of dielectric material)
a. Move to the room for Parylene Coating by chemical vapor deposition.
b. Put yellow tape on the contact pads prior to coating.
c. Place substrates in the chamber with the patterned side up.
d. Add 8g of Parylene C to the furnace for an intended thickness of approximately
3um.

8. Teflon coating (coats the slides with a hydrophobic layer)
a. Spin coat substrates with 1% Teflon-AF in FC40. (or use Cytonix solution)
1. 30 sec 500 RPM Accel = 100 RPM/s
ii. 60 sec 3000 RPM Accel = 500 RPM/s
b. Bake for 10min at 160°C to remove the solvent.

Experiments on the Bench

Required Materials

Item Stock Quantity/Concentration

Ribozyme

Cleavage buffer with quenched probe

Black sided flat bottom 384 well-plate

Output Strand

Pipettes

Pipette tips

Parafilm

Ice
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Procedure

1. Bench and tools cleaning:

a.

N N

When inside the lab, wear lab coats and gloves before starting the experiments.
Use RNAse away, and DI water on the hands as needed to prevent contamination.
Use/Spray RNAse away on the bench and wipe using KIM wipes.

Sprinkle IPA on the bench and clean using KIM wipes.

Finally clean the bench with water and wipe it using KIM wipes.

Clean the Tools (mainly the pipettes) by following the steps c-e.

Try to work under aseptic condition (optional).

2. Experimentation

a.
b.

In a container add some ice.

Grab aliquots of ribozyme, output strand and cleavage buffer with quenched
probe from the refrigerator.

Place the ribozyme and buffer containing tubes in the container with ice.

Using a pipette, add 8 uL to three well (W1-W3) in a 384 well-plate.

Add 2 uL of DI water to W1 and mix carefully. Assay in this well will be used as
the negative control (Quenched probe).

Add 2 pL of output strand to W2 and mix carefully. Assay in this well will be
used as the positive control (Unquenched probe).

Add 2 pL of ribozyme to W3 and mix carefully. This serves as the ribozyme
cleavage assay.

Perform steps d-g in different wells to have multiple repeats of the experiments.
Additionally add 30 gL to five wells around the assays in the well-plate to
maintain the humidity within the plate.

Cover the plate with its lid and seal the sides using parafilm.

Experiments on DMF Chip

Required Materials

Item

Stock Quantity/Concentration

Ribozyme

Cleavage buffer with quenched probe

Black sided flat bottom 384 well-plate
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Output Strand

Pipettes

Pipette tips

Parafilm

Automation System

Plate reader

DMF chips

Top Plate (ITO)

Teflon-AF

Spin Coater

Multimeter

RNAse away

DI water

IPA

Kim Wipes

Procedure

1. Bench and tools cleaning:

a. When inside the lab, wear lab coats and gloves before starting the experiments.

o oo o

c-¢€.

2. Preparing top plate:

Use RNAse away, and DI water on the hands as needed to prevent contamination.
Use/Spray RNAse away on the bench and wipe using KIM wipes.

Sprinkle IPA on the bench and clean using KIM wipes.

Finally clean the bench with water and wipe using KIM wipes.

Clean the Tools (mainly the pipettes, chips and top plate) by following the steps

a. Grab a glass plate coated with ITO (Indium Tin Oxide)

b. Cut the Plate into two halves.

c. Make note of the ITO-coated side using a multimeter.
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1. Turn the dial on the multimeter and keep it pointed to resistance (€2)
measurements.
ii.  Place both the ends of the multimeter on the desired side of the glass slide.
iii.  If the multimeter shows some reading, it is an indication that the current
side of the glass slide is coated with ITO.
iv.  Perform steps i-iii for all the plates.

d. Coat the ITO-coated side of the top plate with a hydrophobic layer.

1. Spin coat substrates with 1% Teflon-AF in FC40. (or use Cytonix
solution)
e 30 sec 500 RPM Accel = 100 RPM/s
e 60 sec 3000 RPM Accel = 500 RPM/s
ii.  Bake for 10min at 160°C to remove the solvent.

3. Setting up the automation system:

a.

b.

g.

Connect the rainbow cables from the stack of switches to the pogo pin board by
ensuring that the labels on the either side matches
Note: If not please get help from Shih Lab.
Make sure that the following connections to the control board are correct:
i.  SCL to arduino’s SCL
ii.  SDA to arduino’s SDA
iii.  Connect 5V to (+) of the power supply
iv.  Connect GND to (-) of the power supply
v.  Connect AMP to (red) Amplifier probe
vi.  Connect H GND to (black) Amplifier probe
vii.  Arduino GND to (-) of power supply
Note: All these connections are clearly labelled. Please reach out
to Shih Lab if a cable is missing or in case of any additional
queries.
Setting up the function generator:
1. Switch ON the function generator.
ii.  Select sine wave.
iii.  Set the frequency to 15 kHz.
iv.  Set the amplitude to 2.2 Vpp
Setting up the power supply:
1. Switch on the power supply.
ii.  Set the output to ON.
iii.  Setto 25 range by clicking on the 25+ button.
iv.  Apply 5V
Connect the H_ GND cable and connect to the top plate (ITO).
Load the DMF chip onto the pogo pin board by carefully aligning the contact
point to the pogo pins.
Tighten the screws on the board to ensure that the pins touch the contact points

4. Setting up the software:

a.

Open the folder “Alen” from G-drive.

73



Disk2 (G)
|
"y 823 ME free of 119 GB

Alen

Open the folder Design1 or Design2 depending on the chip that you used to carry

out the experiment.

Design 24-Aug-19 13 PM
Designd 26-Aug-19 €11 PM
Open the folder Codes.
Codes
Open the file ArduBridgeaAlen.py in the editor.

16-Jan-19 %37 AM
~ ArduBridgeailen.pyc 23-Oct-198:22 PM
= L LGUI_KS.py 07-Aug-18 3:09 PM
E LLGUI_KS.pyc 30-Mar-19 5:28 PM
B2 pins (7).0ds 14-Oct-19 725 PM
~ protocol_Alen.py 14-0ct-19 4:47 PM
E protocol_Alen.pyc 14-Cct-19 4:49 PM
UdpTo_wxChipViewer bat 22-Feb-19 2:39 PM
vine_grid_LL.cfg 20-Mar-18 1:05 PM
= Vine2ProtocolTopSteps.py 23-Jul-18 319 PM
E VinedProtocol TopSteps.pyc 22-Feb-19 2:30 PM
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File folder

Python File
Compiled Python ...
Python File
Compiled Python ...
OpenDocument 5.
Python File
Compiled Python ...
Windows Batch File
CFG File

Python File
Compiled Python ...



L& ArduBridgeahlen.py - GAAlen' Design1\ Codes\ArduBridgeadlen.py (2.7.14) — O >
File Edit Fermat Run Opticns Window Help
H!fus:fhinﬁenv python 1=
Script to build an ArduBridge environment
To customize the environment to yvour needs. You will need to change
he parameters in the "PARAMETER BLOCE" in the  main  section
By: Guy Soffer
Date: 11/Jule/2018
Edit by Eenza
Date: 07/08/18
mrere
###¥#+##4# RUN CHIPVIEWER BND LLGUI AFTER RUNNING THIS FILE ######¥### =
#Basic modules to load
import time
m GSOF_ArduBridge import udpControl
m GSOF_ArduBridge import ArduBridge
m GSCF_ArduBridge import ElectrodeGpioStack
m GS0F _ArduBridge import threadPID
. GS0F_ArduBridge import UDP_Send
def extEwval|(s):
5=3CIr(s)
eval (3)
def close():
if uwdpConsol '= False:
udpConsol.active = False
setup.stop ()
ardu.0OpenClosePort (0)
print 'Bye Bye...'
def tempTCl047 (pin=0, wcc=5.0):
b = ardu.an.analogRead (pin)
v = b*vcc/1024.0
T = 100*% (v -0.5)
if mname == "_main_ ":
#\/W/N/S CHANGE THESE PARAMETERS “\/\/\/ -
Lm: 1 CokO

e. Press F5. This opens a terminal with messages.

Note: In case of error, type close() in the terminal and press ENTER. Then
open the task managers and close all currently running python processes.

Restart the terminal by pressing F5 as in steps “c-d”
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| & Python 2.7.14 Shell
File Edit Shell Debug Options

Window Help

cannot over wWwrite the same
Ccannot over write the same
Ccannot over write the same
cannot over write the same
cannot over write the same
cannot over write the same
cannot over write the same
cannot over wWwrite the same
cCannot over wWwrite the same
cCannot over wWwrite the same
cannot over wWwrite the same
cannot over wWwrite the same
Ccannot over write the same
Ccannot over write the same
cannot over write the same
cannot over write the same
cannot over write the same
cannot over write the same
cCannot over wWwrite the same
cCannot over wWwrite the same
cannot over wWwrite the same
cannot over wWwrite the same
Error - COM5 EX timeout

NOTE: using protocol_ Alen as protocol:

viewer!
viewer!
viewer!
wviewer!
wviewer!
wviewer!
wviewer!
viewer!
viewer!
viewer!
viewer!
viewer!
viewer!
viewer!
wviewer!
wviewer!
wviewer!
wviewer!
viewer!
viewer!
viewer!
viewer!

PARARMETERS OF protocol Alen:
incubation time (sec): 120

number of elutions: 3
EBcime: 60
EBZtime: 40

Please change parameters in your protocol file protocol Rlen if needed

Be sure teo connect the Scolenoid teo Pin &

type prot.start() to ran protocol,

movemsnt.
s> |

Start LLGUI or ChipViewer to control droplet

-

Ln: 240 Col: 4

= ArduBridgeahlen.py
E ArduBridgeallen.pyc
= LLGUI_KS.py

[ LLGUIKS.pyc

ﬁ pins (7).ods

~ protocol_Alen.py

protocol_Alen.pyc
UdpTo_wxChipViewer.bat
vine_grid_LL.cfg
™ Vine2ProtocolTopSteps.py
E VinedProtocol TopSteps.pyc
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f.  Open the protocol_Alen.py file in a text editor.

16-Jan-19 ®:37 AM
23-0ct-19 8:22 PM
07-Aug-18 3:09 PM
30-Mar-19 5:28 PM
14-0ct-19 7:25 PM
14-0ct-19 4:47 PM
14-0ct-19 4:43 PM
22-Feb-19 2:39 PM
20-Mar-18 1:05 PM
23-Jul-18 3:19 PM

22-Feb-19 2:30 PM

Python File
Compiled Python ...
Python File
Cormpiled Python ...
OpenDocument 5...
Python File
Compiled Python ...
Windows Batch File
CFG File

Python File
Compiled Python ..

5KE
4 KB
10 KE
QKB
& KB
32 KB
14 KB
1KE
2KE
38 KB
19 KE



L& protocol_Alen.py - Gh\Alen\Design1\Codes\protocol_Alen.py (2.7.14) O >
File Edit Feormat Run Options Window Help
|rr mrr F
If ERRs at start,
ExtGpio.init ()

from GSOF _ArduBridge import threadElectrodeSeqg
except ImportError:

threadElectrodeSeqg = False

class dummyThread () :

def  init_ (self, namelID):
self.name = namelD
rom GS50F_ArduBridge import threadBasic a=s bt

rt time
class Protocol (bt.BasicThread) :

mrere

Period is the step periocd-time. If T == 0, The process will run only once.

mrere

l=f  init_ (=elf, setup=False, nameID='SFELl"',
#super (StoppableThread, self). init ()

bt.BasicThread. init (self, Pericd=Period, namelD=namesID)

zelf.szetup = setup
self.reset ()
self.incTime = incTime
self .EBtime = EBtime
self.EB2time = EBZtime
self.Elutions = Elutions
f reset(self):
zelf.pause()
self.state = "Washingl'
self.subS5tate = !

f process|(self):
#% \/ Code begins below %/
print '%=: %= / %=z'%(3elf.name, =elf.=state,
#F#¥STATEL###
if self.state == '"Washingl':
if self.subState == '':

Period=1,

zelf.sukState)

incTime=2%60, EBtim

Lm: 1 Col D

g. Add protocols to move the droplets by studying the electrode numbers of the chip

and save it(optional).
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L& protocol_Alen.py - G\ Alen\Design1\Codes\protocol_Alen.py (2.7.14) — O .

File

Edit

Format Fun  Opticns  Window Help

seqList = [[34, 31, 71, [31, 7, 301, [7, 30, &], [6, 30, 29]1.[29]1]1 # i——.:J
seqinTime=0.7 § <—- How long iz the electrode actuated [Sec]
seqPeriod=1l # <-- EHeep this at least 0.2 seconds above onTime [Sec]

self.seghdd (segCategory, segName, segDesc, seqglist, segPeriod, segOnTime
# /% *% END OF SEQUENCE ** /\

# \/ ** STRART OF SEQUENCE ** \/

seqCategory = '"Solid Phases Extraction' #<-- EDIT THIS
seqiame = "Lptl to detl' #F<-- EDIT THIS
seqhesc = "'  #<—-— EDIT THIS

seqglist = [[2%, 87,88], [87, 88, €5], [€5]] # <-- Electrodes 1 and 2 act
seqgqinTime=0.7 # <-- How long iz the electrode actuated [Sec]
seqPeriod=1 # <-- Heep this at least 0.2 seconds above onTime [Sec]

gelf.seghdd (segCategory, segMName, segDesc, seglist, segPeriod, segOnTime i
# /% == END OF SEQUENCE ** /\

# \/ *% START CF SEQUENCE ** A/

seqCategory = '"Solid Phase Extraction' #<-- EDIT THIS
seqilame = "Aptl to detZ' F§<-- EDIT THIS
seqbesc = "' #<-—- EDIT THIS

seglist = [[2%, &7,88], [&7, 88, &5)], [&88, &5, S0], [&5, 90, e6], [%90, &
seqinTime=0.7 # <—- How long is the electrode actuated [Sec]
seqPeriod=1 # <-- Heep thisz at least 0.2 seconds above onTime [Sec]

self.seghdd(seqgCategory, seglame, segDesc, seglist, segPeriod, seginTime
# /\ %% END OF SEQUENCE *%* /%

# %/ *% START OF SEQUENCE ** \/

seqCategory = '"Solid Phase Extraction' #<-- EDIT THIS
segilame = "RptZ to decd’ t<-—— EDIT THIS
seqlesc = "'  #<-— EDIT THIS

seqlist = [[34,67, 91], [€7, 91, €81, [91, €8, 92], [68, 92, €91, [92, &

seqinTime=0.7 § <—- How long iz the electrode actuated [Sec]

seqPeriod=1 # <-- HKeep this at least 0.2 seconds above onTime [Sec] ;ﬂ

Ln: 11 Col: 0

Note: The below images show the electrode numbers of the chips. All the
necessary codes to move the droplets are incorporated in the protocol.py.
However, if additional movements are to be achieved, add them in the
protocol file.
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48 5 33 15
49 28 10 38
50 27 9 14
51 26| 3 8| 32 13| 37
53| 54| 55| 52| 86| 25| 2|63|29| 6|30 7|31|34| 11|35/ 12| 36| 39| 16| 40 17‘
85 87 67 70
84 88 91 94
83 65 68 71| 98| 75 99‘
59 90 92 95
56| 57| 58/ 82 66 69 72
89 93 96| 73| 97 74‘
Figure 1: Chip Design 1 with Pin Out
48 10 20
49 33 43
50 28] 9 38 19|44/21]45]
51 32 14 42
52| 1] 2| 3| 5/29[30]31|34|11]12]13][15|39[40]41|99
57|56 |55|54(53|60(25|26(27(87| 6| 7 86735363??016171897?493?5|
58(83]84(61(85]/63|64|88[65/90(91(68]92[94[71]95(72
82 62 89 69 73
59 86 66 93 96

Figure 2: Chip Design 2 with Pin Outs.
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h. Open and run the file LLGUILpy and upload the protocol.py file. This creates a
GUI for copying the functions to initiate the droplet motion.

LLGUI: By: Laura

74 Open

Lookin:| Codes v| (_? ¥ » El,

;-]? MName Date modified Type *

_ E’ 2019-08-25 26-Aug-19 409 PM  File fol

Quick access 2019-08-26 26-Aug-198:00PM  Filefol
IZ 2 ArduBridgeallen.py 16-Jan-19 9:37 AM Pythor

E ArduBridgeaAlen.pyc 23-Oct-198:22PM  Compi
Desktop A LLGUI_KS.py 07-Aug-18 309 PM  Pythor
E LLGUI_KS.pyc 30-Mar-19 5:28 PM  Compi
B/ pins (7).0ds 14-0ct-19 7:25 PM OpenC
Libraries 14-0ct-19 447 PM  Pythor
L= protocol_Alen.pyc 14-Oct-19 443 PM Compi
I\_J =|UdpTo_wxChipViewer.bat 22-Feb-19 233 PM  Windo
This PC \rine_grid_LL.cfg 20-Mar-18 1:05PM  CFGFi
~ Vine2ProtocolTopSteps.py 23-Jul-18 3:19 PM Pythor

[P Vine2ProtocolTonStens.ove 22-Feb-19 2:30 PM Compi ¥
£ >

File name: || Open I

Files of type: Al Files (*.%) Cancel

1. Click on the required droplet motion.

B Sequences = a *
Open Port || Clese Port | | Close Ardu || Magnet On | | Magnet Off #Actuations|-|

Solid Phasze Bxtraction <<

Aptl to Apt2 Apt] to det] Apt] to det2 Apt2 to Aptl Apt2 to Apt3
Apt? to Apt3 Apt? to det3 Apt? to detd Apt3 to Apt2 Apt3 to det 5
Apt3 to det & Apt3 to det 7 Apt3 to det 8 Mix at Apt3 T1/water to APT1
T2to T dispAPT1 disp5pA dispSpB dispT1
dispT2 dispWater mix] mixd movellpSpha
movelpSpB movelpWater splitSpa splitSpB splitWater

J- The copied function can be pasted on the terminal in step “i”.

Lype prot.start()} to run protocol. S5tart LLGUI or ChipViewer to control droplet
movement.
»>>» gsetup.seq['dispSplh'].start il]l

k. Press ENTER on the terminal. This will initiate the required droplet motion.
5. Running the experiments on the chip:

a. After setting up the hardware as in step “4”, pipette the ribozyme solutions (2 pL)
on the reservoirs.
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b. Pipette 2 puL of cleavage buffer on the detection points.

Carefully place and stick the top plate to the DMF chip and make sure that the top
plate is connected to H GND.

Setup the software as detailed in step “5”.

Initiate the step to dispense the Ribozyme droplet.

Move the droplet to the desired detection point with the cleavage buffer.

Mix the droplet at the detection point by moving the assayed droplet up and
down.

Note: All the functionality to achieve droplet motion can be copied using the GUL

© o a

Reading fluorescence

Required Materials

Item Stock Quantity/Concentration

Plate reader

Well plate (with or without DMF chip)

Procedure

1. Reading fluorescence
a. Place the well-plate in the ClarioStar plate reader.
b. Set the temperature to 37°C.
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c. From the UI (User interface) click on Manage Protocols.

n | 1 r
Growth 0D6. || 00800 kinet. mu,d. M Gromth. head cheese

i T \ o 4 ‘ " - ;

W B B B OB :

Pico Green alen438. PLATE MAP, ML lysis kit LL-OCA-tap. | David Bradf, | Abs 340 end. ,:m

| el
A
GSOF_MF-5

:w

Wil 16hr F1.

Gabi test

[

d. On the left tab of the new window, select Fluorescence Intensity.

e. Select on Alen_Probe_protocol and click on Edit.

Test Protocols e
(O show all test Protocol Name Method © Mode Optic Microplate ~
protocols AD_assay_384 Fluorescence Intensity wel scan Top  FALCON 96
ﬁ AD_Spinach_DMF Fluorescence Intensity Well scan Top  CORNING 384LOW VOLFL.BOTTC|
using method: AlaaSyntheticProm Fluorescence Intensity Plate mode Top FALCON 96
on alen-spinach Fluorescence Intensity Plate mode fly.  Bottom CORNING 384 LOW VOL FL. BOTTC
Triterisity alen-TAQ Fluorescence Intensity Plate mode fiy.  Bottom CORNING 384 LOW VOL FL. BOTT(
CYiaasaaean alen43s Flucrescence Intensity Plate mode fly.  Bottom CORNING 384 LOW VOL FL. BOTTC
~ Fluorescence » Alen_Probe _protocol Fluorescence Intensity Well scan Top  CORNING 384 LOW VOL FL. BO1
(O Fluorescence Allen RNA protocol Fluorescence Intensity Endpoint Top  GREINER 384
Polarization Amplex red Fluarescence Intensity Endpoint Top  COSTAR 96
OLun'rm AND-AMCA-taproottest Fluorescence Intensity Well scan Top OCA-LL-taproot-wellscan

Angela Fluorescence Intensity Endpoint Top NUNC 24
(O Absorbance Angela 2 wellscan Fluorescence Intensity well scan Top  GREINER 95 F-BOTTOM
- AS endpoint Assay Fluorescence Intensity Endpoint Bottom GREINER 96 F-BOTTOM v
| AlphaScreen

e o] e || o | o [ oo || e || e

f. Select the type of microplate (or well-plate).

S

675-50, respectively.

i.  Set the optics to Top optic.

Set the fluorophore to be CyS5.
Make sure that the excitation and emission wavelengths are set to 610-30 and
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J-

Click on Start measurement.

Fluorescence Intensity - Well Scan

Basic Parameters |Layout Concentrations / Volumes / Shaking

Step i.
S/ Probe_protocol o7
Stlparggp_col name | Probe protocol |
- ] @) T ti () Botto b
| CORNING 384LOW VOL FL. BOTTOM ©Top optic ORottom epic
Focal height (0...25.0mm): | 15.0|
| A
Optic Settings General Settings
No. of multichromatics (1...5): | 1| % Settiing time ©.0...1.08): | 0.0
Step g. {
Pregets: Gain (0...4095): Measurement start time (0...1200 s): 0.0
1 T
Cys 3 r !]'SE No. of flashes per scan point (0...200): 8
Exatation: Dichroic: Emission: Step h.
610-30 v ilauto 637.5 VJ |675-50 vl
Wel Scan

Scan matrix: |30 x 30 v | Diameter (1...2 mm): |2 |

Check timing

Y
-

Step j.

F—— |

Comment

Cancel

Help

button.

Check the focus and gain adjustments and click on Start Adjustments, to

automatically set the focal length.
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’ Start Measurement - Alen_Probe _protocol X
Focus and Gain Adjustment [ Plate IDs  Sample IDs / Dilution Factors
Use this to select the Focus and Gain Adjustment
wells to be d g
Monochromator / Filter Settings Gain
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 13 20 21 22 23 24 1
A
— [ Focus Adi
B
Eocalheight  (0..25.0mm):[_15.0]
c
D
~ I Gain Ad
E Target value:
@ackaedut
F OFul gate ] e 100%
G Xl X2 X3 | X4 %5 | 597 / 7 ] 260,000
H X6 %7 |x8 |3 x10
“ Check both Focus
1 st lsizlsalsalsasl A4 adjustment and Gain
| : i v Adj -
J X16 | X17 | %18 | X13 | x20 automatically set up
L the gain and focus
K X21 X22
L
M
N Raw result: Step .
: e B
L Status: | Ready
Plate Identification
D1:| ~| ma| v| D3 ~]
[ Automatically enter the piate IDs previously used with this protocol
Nn.ufmmudmmnqmmizl Total no. of executed runs: | 7786 @M@T
Go-to-Set]
Strtmessurement | |Sove aCose| | Cance || vep |

m. After adjusting the scan, click on Start measurement to initiate the well-scan.

@ s CLARIOstar - 7 x




n. After scanning the wells, open the data in MARs by clicking Open Last Test
Run.

o. The data will be indicated as heat map of the well-scans.

+Ho @ p 2 Alen_Probe _protocol - CLARIOstar MARS - (] 2
Home = View Cakuatons Templates layout Formats and Settings @/
’ - T 4 Cose Al ? = =
B =2 & ea k= oo k = = * [
Open Cbse Defne Qudk Export  Excel Weard Cakubtions fanges  Export Tabe  Export Table  Manag Layout | Tempates  Add
Pt Prnt Report 4 Change User AS Navelength - Button
Test Runs Data Reduction Disply | Predefned Templates ~
Navigation / Data Selection 4+ @ Microplate View [ Table View (= Protocol Information & 21 CFR part 11 ox
Avallable Data Test Name: Alen_Probe _protocol Date: 2020-06-15 Time: 8:22:15 PM
@8 Alen_Probe _protocol (6394)
= @8 Alen_Probe _protocol (6420) Fiuorescence (FT)
=5 Test Settings Display Mode:
Bl Layout (@ CIvalues (@3 Icolors Wl [@SAwell Scan @] [ Thresholds... || Diameter... | |Area detedtion..
= &= Data
& Temperature
Raw Data (Avg) (e 74 zoom:| 125% @] [ @
=0 Sntistics | N I O T O R I e i | e e e e e i e e T
Average Y
'B|
|
D|
E|
Fl
<
H|
I
El
Statistics: K
610-30/675-50 T
Average ™|
Based on: L) -
Raw Data (Average) ¢ >

Note: If the droplets are not visible. Please change click on the button next to
Threshold bar. This opens a window, change the layout to rainbow colors and
adjust the Start and End values.

Colar Settings for Well Scan n

Color Mode:  Color gradient =]

[ ]Auto scale
Rainbow colors

. Close - Help
|

p. Double click the wells, which opens a new window with the fluorescence values
at different positions within the well.
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!! Well Scan Data of Well J14 (Test run: Alen_Probe _protocol 2020-06-15 8:22:15 PM )

— O
Calculated Values
Average: 3933
Standard deviation: 4033.1
%CV: 102.5
Minimum: 347
| Maximum: 12978 |
Sum: 2784764
No. of scan points: 708

The calculated values are based on the used
scan points of this well

View Settings .

(O Show values M |. Max: 12978

® Show colors

=
]
(O Show 3D chart ‘l [l ™Min: 347

Threshold and Diameter Area/Cell Selection
Exclude Single Points

To select or deselect a scan point within
this well click on the point in the image.

x

Reset Define Thresholds

Change Scan Diameter

To change the scan diameter used for this
well only, move the border in the image with
the mouse or nse the slider halow- .

Reset. 0 2 mm 2

oA [Tl s

q- Note the Maximum fluorescence intensity of each well.
r.

Record the Maximum fluorescence intensity of each well and the time it took to

scan the wells in an excel sheet.

Repeat steps “c-r” to get the required number of readings.

Note: Reading the fluorescence can also be initiated by clicking the re-run
protocol option on the ClarioStar UL Thereafter, the readings can be visualized

by following steps “n-r”.
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