Journal of Materials Chemistry B

&
4

Journal of

Materials Chemistry B

Characterization and Application of Fluidic Properties of
Trinucleotide Repeat Sequences by Wax-on-Plastic
Microfluidics

Journal: | Journal of Materials Chemistry B

Manuscript ID | TB-ART-10-2019-002208.R1

Article Type: | Paper

Date Submitted by the

Author 09-Dec-2019

Complete List of Authors: | Qamar, Ahmad; Southern Illinois University Carbondale, Department of
Chemistry and Biochemistry

Asefifeyzabadi, Narges; Southern Illinois University, Chemistry and
Biochemistry

Taki, Motahareh; Southern Illinois University System, Chemistry
Naphade, Swati; Buck Institute for Age Research

Ellerby, Lisa; Buck Institute for Age Research

Shamesi, Mohtashim; Southern Illinois University, Chemistry and
Biochemistry

SCHOLARONE™
Manuscripts




Page 1 of 21

Journal of Materials Chemistry B

Characterization and Application of Fluidic Properties of

Trinucleotide Repeat Sequences by Wax-on-Plastic Microfluidics

Ahmad Zaman Qamarl®, Narges Asefifeyzabadil®l, Motahareh Takil?], Swati Naphade’],
Lisa M. Ellerby®!, and Mohtashim Hassan Shamsi*[2]
aDepartment of Chemistry & Biochemistry, 1245 Lincoln Dr, Southern Illinois University at
Carbondale, IL 62901, USA.
"The Buck Institute for Research on Aging, 8001 Redwood Blvd, Novato, CA 94945, USA.
*Corresponding email: mshamsi@siu.edu

Abstract.
Trinucleotide repeat (TNR) sequences introduce sequence-directed flexibility in the genomic

makeup of all living species leading to unique non-canonical structure formation. In humans, the
expansions of TNR sequences are responsible for almost 24 neurodegenerative and neuromuscular
diseases because their unique structures disrupt cell functions. The biophysical studies of these
sequences affect their electrophoretic mobility and spectroscopic signatures. Here, we demonstrate
a novel strategy to characterize and discriminate the TNR sequences by monitoring their capillary
flow in the absence of an external driving force using wax-on-plastic microchannels. The wax-on-
plastic microfluidic system translates the sequence-directed flexibility of TNR into differential
flow dynamics. Several variables were used to characterize sequences including concentration,
single- vs. double-stranded samples, type of repeat sequence, length of the repeat sequence,
presence of mismatches in duplex, and presence of metal ion. All these variables were found to
influence the flow velocities of TNR sequences as these factors directly affect the structural
flexibility of TNR at the molecular level. An overall trend was observed as the higher flexibility
in the TNR structure leads to lower capillary flow. After testing samples derived from relevant
cells harboring expanded TNR sequences, it is concluded that this approach may transform into a

reagent-free and pump-free biosensing platform to detect microsatellite expansion diseases.
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Introduction

Microsatellite repeats expansions refer to expansion of short repetitive sequences (2-6
nucleotide combination) in a continuum or sporadic fashion in genomic makeup across living
species.! Repeat sequences comprise ~3% of human genome and expansion of various
trinucleotide repeat (TNR) sequences have been associated with more than 24 neurodegenerative
and neuromuscular diseases.? Disease relevant expansions include CAG repeat associated with
Huntington’s disease (HD), CGG with Fragile X, CTG with Myotonic Dystrophy, and GAA
expansion with Friedreich’s ataxia depending on location in the gene and length of the expansion.*
The sequence order and repetition of TNR cause formation of unique non-canonical conformations
such as hairpins, bulges, cruciform, triplexes, quadruplexes etc. as depicted in Scheme 1.°-1 Some
investigators have theorized that the non-canonical structure formation disrupts

transcription/translation processes inside the cell that leads to these fatal diseases.”
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Scheme 1. Non-canonical DNA structures formed by trinucleotide repeat (TNR) sequences.
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The biophysical properties of these sequences are sequence and length dependent, and
normally characterized by electrophoresis,!'"'> nuclear magnetic resonance,!3-'* mass
spectroscopy, '’ circular dichroism,'® optical melting study and differential scanning calorimetry,'”-
18 and atomic force microscopy.” However, detection methods that are currently used to diagnose
repeat expansion diseases include two dimensional gel electrophoresis,!® repeat expansion
detection method (RED),?0-2! triplet repeat prime polymerase chain reaction (TP-PCR), and small
pool PCR.>2-23 These methods have their own strengths and limitations that are summarized in
Table 1. Despite the advances, current methods of detection are prone to imprecise interpretation
of repeat lengths leading to false positive or false negative results.>* Apart from sophisticated
methods for precise repeat length determination,?-2° a simple and rapid test to distinguish between
normal and pathogenic sequence is desirable for genetic testing. The cost of testing for over 20
distinct diseases poses a financial challenge to our health system and has been discussed as an
issue for health care providers. Therefore, additional tools are still under exploration to address

these challenges.

Table 1. Comparison of techniques used for nucleic acid characterization.

Technologies Advantages Limitations

Gel preparation, time consuming, high cost,
poor band resolution, low reproducibility,
require potential, low throughput.*

Migration of bands related to

2D gel electrophoresis MW, high separation

. . High throughput separation, Pressure driven, require high electrical
Capillary electrophoresis automation potential, high cost.?!-3?
PCR Inexpensive, easy to design, Non-specific binding, increased rise false
sensitive negative, time consuming.3>-33
Reliable detection range of 40- Minimum detection limit of repeats is 24
RED 34
150 repeats units.

No external force, low cost, time Separation has not been established on

Wax-on-plastic microfluidics efficient, reagent free, label free these platforms.?’

In this study, we characterize and detect TNR sequences by measuring their unique pump-

free capillary flow using wax-on-plastic microchannels. Wax-on-plastic microfluidic system is the
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fastest microfluidic system among wax-printed microanalytical devices that allowed us to perform
a bioassay within 60 seconds.? In the case of TNR, we expect a unique flow dynamics from these
sequences because binding, folding, compression and extension occur during the flow of DNA in
a microfluidic regime, and the extent of change depends on the nucleotide sequences in DNA .36
4 Employing the pump-free capillary flow dynamics, the TNR sequences were characterized based
on their concentration, type of repeat sequence, length of repeat sequence, single and double
stranded, presence of mismatches in a double-stranded sequence, and the effect of metal ion.
Finally, we employed samples from patient cells to distinguish normal and pathological length of
CAG repeats associated with Huntington’s disease (HD). To best of our knowledge, this is the first
study that translates the sequence-directed flexibility of repeat sequences into distinct capillary

flow and may have broad application to all microsatellite repeat expansions diseases.

Experimental Section
Materials.

Digital Microscope (Dino-Lite Edge 3.0) and UV excitation source (Dino-lite RB excitation
source with long pass filter) were purchased from Electron Microscopy Sciences (USA) and was
used to capture the capillary flow of the DNA and RNA samples. Fluorescent adaptor was
purchased from Nightsea and coupled with digital microscope to monitor fluorescently tagged
TNR sequence. Xerox colorQube 8580/DN was used to print wax microchannels on polyethylene
terephthalate (PET), which was purchased from Novacentrix. Polyethylene sheets were locally
obtained while an adjustable micropipette (Eppendorf research plus) with volume range of 0.5-10
uL was purchased from Fisher Scientific. Tween 20 (Sigma Aldrich) surfactant was used to adjust
surface tension of TNR solutions. Fetal bovine serum was kindly provided by Prof. Keith Gagnon

(SIUC) and used to test the matrix effect on the sensitivity of the TNR flow. For characterization,
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synthetic TNR oligonucleotides were procured from Integrated DNA Technologies (USA). A
fluorophore 6-carboxyfluorescein (FAM) was covalently linked on 5° position of single-stranded
sequence to monitor flow by the portable fluorescence microscope. TNR solutions were made in
5x PBS buffer (pH = 7.4). Optical flow velocity of PBS buffer was obtained by addition of
surfactant, Tween 20. Tween 20 was added in different concentrations ranging from 0% to 0.1%.
1 uL volume of all samples (10 uM) was used and run through 400 pm wide wax printed
microfluidic system. The TNR sequences are listed in Table 2. The single-stranded CGG-8, CAG-
8 and GAA-8 were prehybridized with their complementary strands, CCG-8, CTG-8 and TTC-8
respectively, by heating above their melting temperature followed by annealing at room
temperature. To study the effect of K™ on the flow velocity of TNR, 1-200 mM concentration of
K* made in PBS buffer were added in 10 uM of CGG-8 and CCG-8 sequences. To study the cell-
extracted samples, the RNA strands containing CAG repeats from normal and HD neural stem
cells (NSCs) were generated from human HD induced pluripotent cells (iPSC)*and isogenic
control C116 using dual SMAD inhibition protocol.*> Plates (6 cm, Corning, Nunclon Delta
Surface) were coated with Matrigel (1:60; BD Corning) for 1 h. NSCs were plated and cultured in
Neural Proliferation Medium (NPM) in humidified incubator under 37°C, 5% CO,. NPM was
prepared using Neurobasal medium supplemented with 1X B-27 supplement (Life Technologies),
2 mM L-Glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, 10 ng/mL human leukemia
inhibitory factor (LIF) (Peprotech, 300-05), and 25 ng/mL human basic fibroblast growth factor
(bFGF) (Peprotech, 100-18B). Complete media changes were performed every 2-3 days. When
confluent, total RNA was isolated from NSCs using ISOLATE II RNA Mini Kit (Bioline). The
samples were obtained in the quantity of 10 pg/mL which was diluted with PBS buffer containing

0.1% Tween 20 to achieve 0.14 uM concentrations.
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Table 2. List of ssSTNR sequences arranged in the order of their flexibility.46

ID TNR sequence Repeats# Flexibility
CGG-8 5’-CGG CGG CGG CGG CGG CGG CGG CGG-3° 8 Highest
CCG-8 5’-CCG CCG CCG CCG CCG CCG CCG CCG-3° 8 (14.3°)
CTG-8 5°-CTG CTG CTG CTG CTG CTG CTG CTG-3’ 8
CAG-8 5°-CAG CAG CAG CAG CAG CAG CAG CAG-3’ 8

CAG.1g 3 -CAG CAG CAG CAG CAG CAq CAG CAG CAG CAG CAG CAG 18 Lower
CAG CAG CAG CAG CAG CAG-3 (14.0°)
CAG.] 3 -CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG )1
) CAG CAG CAG CAG CAG CAG CAG CAG CAG-3’
TTC-5 5-TTC TTC TTC TTC TTC-3’ 5
TTC-§  5-TTC TTC TTC TTC TTC TTC TTC-3’ 8 Least
GAA-5 5°-GAA GAA GAA GAA GAA -3’ 5 (10.1°)
GAA-8  5°-GAA GAA GAA GAA GAA GAA GAA GAA-3’ 8

[45] Based on the crystal structure database, flexibility of any TNR is due to the unique flexibility of each
dinucleotide step present in that sequence by accumulation of their variances in roll (p) and tilt (t) parameters. For
e.g. (CTG)n repeats have CT, TG, and GC dinucleotide steps.

Device Fabrication and TNR Microfluidic Characterization.

Microfluidic system was fabricated and assembled as we reported previously.?> In brief,
rectangular channels of 10 um x 400 um X% 1 cm dimensions were designed on vector based graphic
software “inkscape 0.92” and printed on a polyethylene terephthalate (PET) substrate using a
Xerox wax printer. Photo quality for printing was used, which provides channel height of 10 um.
On single 4" x 6" PET substrate, 36 microchannels were printed in a single batch. Then,
rectangular shaped area (2x1 cm?) with a microchannel was cut from PET sheet and placed on a
clean glass slide. Same size of a transparent polyethylene (PE) sheet was placed on top of wax
printed microchannel. Then, the layers were closed with another glass slide cover using clamps
while keeping the dispensing zone exposed in order to drop the liquid samples on the device as
shown in Figure 1. To observe the capillary flow of TNR sequences in the wax-on-plastic

microchannels, the wax-on-plastic platform was covered by a styrofoam box which has two holes

Page 6 of 21



Page 7 of 21

Journal of Materials Chemistry B

perpendicular to each other. The top hole is to introduce camera with fluorescence adaptor. The
adaptor has emission bandpass filter of 500 to 560 nm. While the other hole allows us to introduce
Nightsea excitation light source (SFA-DL-RB, 440-460 nm) with a long pass filter. The high-
quality image at up to frame rate of 15 fps at 25601920 and 45 fps at 1280%960 resolution was
recorded. In all experiments,] puL of sample liquids was dropped on the dispensing zone of the

channels and allowed to flow in the channel to cover the distance of 1 cm.

Results and Discussion.

The capillary flow dynamics in a microfluidic channel depends on the interplay between
surface energy of a capillary and rheological properties of the liquid under observation, 1.e. surface
tension and viscosity.*’ In case of DNA, its rheological properties may be directly influenced by
sequence-directed helical flexibilities and molecular conformations as shown in Scheme 1. To
translate the conformational flexibility of TNR sequences into unique capillary flow without an
external force, wax-on-plastic microfluidic platform was employed as described in Figure 1. The
enclosed rectangular-shaped microchannel (10 pm X 400 um x 1 cm), Figure 1a, is surrounded
by PET substrate (bottom), wax (side walls) and PE (top cover) boundaries, sandwiched between
glass slides, and clenched by clamps. The experiments were performed by simply dropping 1 pL
of TNR sequences made in PBS buffer (pH=7.4) into a dispensing zone exposed outside the glass
coverslip and allowed to flow in the 1 cm long microchannel until reaching the target zone on the
other end of the channel as shown in Figure 1b. The capillary flow of fluorescently tagged TNR
solutions were captured by a portable microscope equipped with camera (Figure 1c¢). Figure 1d
shows the frames from a video recorded to capture flow of FAM tagged 1 pL volume of 10 uM
double-stranded TTC solution, ds-TTC (the real-time video with 5x speed is given in the

supplementary information). The capillary flow velocity (FV) of the TNR measured in this study
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is the ratio of total distance covered by TNR in cm and the time elapsed to cover the distance in

seconds.
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Figure 1. Schematics of wax-on-plastic microfluidic setup to study flow dynamics of TNR
sequences. a) Layers of microfluidic system comprising top and bottom glass slides sandwiching a
wax-patterned PET substrate covered with a PE layer, where all layers were tightly packed together
using clamps. b) Depicting flow of TNR in microchannel by dispensing 1 L. TNR solution made in
PBS buffer (pH 7.4) containing 0.1% Tween 20. c) A Digital microscope with camera was used to
capture sample mobility d) Frames from a video at different time intervals to show flow of 10 uM
of solution of (ds-TTC) tagged with 6-carboxyfluorescein (FAM) fluorophore in wax microchannel.

We previously reported that the capillary flow of fluid in wax-on-plastic platforms is driven
by difference in the surface energies of the channel boundaries where three boundaries are
hydrophobic (wax and polyethylene layer) and the hydrophilic PET substrate.>> Moreover, linear
correlation was found between the channel width and flow velocities from 100 to 400 pm wide
channels.?® Therefore, 400 pm wide channels were used throughout this study to achieve optimum
flow. To achieve high rate of capillary flow, the surface tension of the matrix (PBS buffer) was

tuned by adding varying concentrations of a surfactant, Tween 20. In particular, the PBS buffer
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with varying concentrations of Tween 20 was dropped in clean and dry channels followed by
observing and recording the meniscus of the flow under the microscope. The flow velocity (FV)
was calculated by dividing the distance by time of the flow. Figure 2a shows that the maximum
FV was achieved at 0.1% concentration. However, further addition of the surfactant substantially
reduces surface tension of the liquid which spills the liquid out of the channel boundaries. Later,
all the TNR solutions used in this study were prepared in PBS buffer containing 0.1% surfactant.
To understand how the number of TNR strands in the given volume affects the capillary flow, the
concentration of the single-stranded CGG-8 sequence was varied 1-10 uM and allowed to flow in
the microchannel, where the flow velocity decreased with the increase in TNR concentration as
shown in Figure 2b. This can be rationalized as the increase in number of strands in unit volume
increases viscosity, which leads to higher friction between molecules that slows down the capillary
flow.® In comparison to negative control or PBS, maximum change in flow velocity was found
for 10 uM CGG-8. For rest of the study, 10 uM concentrations of the synthetic TNR

oligonucleotides were used.
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Figure 2. a) Effect of surfactant concentration (Tween 20) on flow velocity of PBS buffer (pH
7.4) in wax-on-plastic microchannel. b) Flow velocity of single-stranded CGG-8 at different
concentrations prepared in PBS buffer containing 0.1% Tween 20. Error bar represent standard
deviation for three replicates.
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Figure 3. Flow velocity of single-stranded TNR with 8 repeats
from highest flexibility (ssCGG and ssCCQG), lower flexibility
(ssCAG and ssCTG), and least flexibility (ssTTC and ssGAA)
groups. Error bars represent standard deviation for three replicates.

Sequence-directed flexibility of repeats is a unique characteristic, which is responsible for the
non-canonical structures (Scheme 1).7 In literature, TNR sequences have been categorized into 12
groups based on their flexibility scale where the least flexible sequences have flexibility value of
9.8° and the most flexible sequences stand at 14.5°.4¢ Therefore, CGG and CCG are among the
lower flexible TNRs in the scale, CAG and CTG are among the middle flexibility sequences, and
GAA and TTC belong to least flexible sequences.*® The effect of the molecular flexibility on the
flow velocity of TNR sequences was measured by capturing capillary flow of single-stranded
TNRs with 8 repeats in the microchannels. Figure 3 compares the capillary flow of two member
sequences from three flexibility groups given in Table 1, i.e. highest flexibility (CGG and CCG),
lower flexibility (CAG and CTG), and least flexibility (TTC and GAA). The overall trend of
increase in flow rate with the decrease in flexibility of sequences was observed. Interestingly, the
statistically notable difference was observed in flow velocities of the highest and lower flexibility
groups despite having the difference of only 0.3° degree in the flexibility scale. Moreover, the

members from same groups show similar flow velocity for the highest flexibility (CGG vs. CCQ)
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and lower flexibility groups (CAG vs. CTG) with the exception of GAA which shows significantly
lower flow velocity in contrast to its counterpart TTC. We attribute this unexpected behavior of
GAA to its tendency to form Hy-3 type intramolecular triplex structure through non-Watson-Crick
pairing (Scheme 1), which may lead to complex intra-strand entanglement thus lowering the
capillary flow. Thus, these results demonstrate that the higher conformational flexibility or any
other factor that promotes higher intra- and inter-strand entanglement may slow down the capillary

flow.

8.0

5.0 ~
4.0 - 1

3.0 - J

FV %102 (¢cm/s)

H

0.0

dsCGG dsCAG dsGAA
Double-stranded TNR-8

Figure 4. Flow velocity of the double-stranded TNR-8
of highest flexibility (dsCGG), lower flexibility
(dsCAQG), and the least flexibility (dsGAA) TNR. Error
bar shows standard deviation for three replicates.

To further investigate whether higher flexibility of DNA sequence may resist capillary flow,
we compared the double-stranded TNRs with 8 repeat units from three flexibility groups. Base-
pairing in nucleic acids as a result of hybridization restricts molecular conformations and makes a
rigid duplex structure, which significantly impacts various biophysical properties such as surface
densities of molecular assemblies, charge transport properties, electrostatics, molecular mechanics,

stability of surface-tethered states, interactions with surface and neighboring environment.*® To
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study the effect of hybridization, dsCGG, dsCAG, and dsGAA sequences were dispensed into the
microchannel using same volume (1 pL), concentration (10 uM), length (8 repeats), and buffer as
used to study the single-stranded counterparts in Figure 3. It is evident from Figure 4 that the
correlation between the flexibility still holds same for ds-TNR as it was observed for ss-TNR, i.e.
capillary flow decreases with the increase in structural flexibility. Interestingly, the flow of dsGAA
repeats was enhanced 3-fold after hybridization because double helical conformation formed by
complementary sequences is more stable and less flexible than the single-stranded conformations.
Further, the extent of increase in flow after hybridization depends on the type of sequence and/or
inherent flexibility. The additional advantage of this experiment is the significant discrimination
between the neurodegenerative CGG, CTG, and GAA repeats in the double helical conformation,

which may be useful to develop a simple genetic test to detect the associated diseases.

FVx 102 (cm/s)

CGG/CCG CGG/CGC CGG/CGG
[dsTNR]/10 pM

Figure 5. Effect of number of mismatched bases in double-

stranded TNR on the flow velocity of CGG/CCG

(matched), CGG/CGC (two mismatches per triplet), and

CGG/CGG (single mismatch per triplet). Error bars show
standard deviation for three replicates.

The flexibility of double helical conformations can be affected by the presence of base-pair

mismatches, which introduce defects in the structure and eventually leads to various genetic
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diseases. Moreover, presence of a mismatch in a CAG over expansion may provoke left-handed
Z-DNA conformation.*® To study the effect of mismatches, we compared the flow of CGG/CCG
(completely matched) sequence with the mismatched sequences, i.e. CGG/CGC (2 mismatches
per triplet = 16 mismatches per strand) and CGG/CGG (single mismatch per = 8 mismatches per
strand). The experiment was performed using the same experimental conditions (volume,
concentration, repeat units, and buffer) as above. Theoretically, imperfection in the double helix
due to presence of base-pair mismatch is expected to add flexibility and consequently impeding
capillary flow. Secondly, presence of multiple mismatches in a strand significantly reduces
hybridization efficiency and strands either partially clings to each other or remain unhybridized. If
the unhybridized strands of a mismatched sequence have tendency of forming secondary structure,
e.g. hairpin, then their overall flow is expected to be different from mixture of strands where one
strand or no strand has tendency of making secondary structure. Figure S confirms the assumption
where both mismatched sequences flow at significantly lower rate than perfectly matched double-
stranded CGG/CCQG. Interestingly, the flow decelerates in case of single-mismatched CGG/CGG
sequence more than the double-mismatched CGG/CGC. The lower flow of CGG/CGG can be
attributed to the tendency of both strands of the complex to form stable haripin structure,>® whereas
only one strand in CGG/CGC complex has tendency to form stable hairpin. The result proves that
the capillary flow velocity can distinguish base-pair mismatching as well as number of mismatches
between sequences. However, one may expect a different extent of change or even trend if different

types of mismatches are introduced. Although interesting, we have not yet studied this.
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Figure 6. a) Effect of repeat length on the flow velocity of single-stranded CAG-8, CAG-18 and CAG-21
sequences. b) Discriminating flow of cell-derived RNA containing CAG repeats of HD (HD+ve; 72 repeats) vs.
control (HD-ve; 21 repeats) in PBS and 10%FBS medium. c¢) Effect of dilution on the flow velocity of HD+ve (72
repeats). Error bar shows standard deviation for 3-4 replicates.

The biophysical properties of repeat sequences are also dependent on their length which has
an important impact on human health as the expansion of certain TNR sequences beyond their
threshold lengths lead to neurodegenerative diseases.’! For instance, CAG expands up to 35 repeats
in a normal individual while pathogenicity begins when it expands beyond 38 repeats resulting in
HD.>? To study the effect of repeat length on the capillary flow, varying lengths of single-stranded
CAG repeats (8, 18, and 21 repeats) were dispensed in the microchannels. Figure 6a shows that
the flow velocity decreases with the increase in length of CAG repeats. The statistical T-test (p-
value = 0.0038) confirms that there is a significant difference between CAG-8 and CAG-21
sequences, which implies that distinct capillary flow can be assumed for the difference in repeat
lengths >10 repeat units. Practically, in the disease causing gene, the associated repeats expand
hundreds to thousands in number.? To study the effect of length on normal versus abnormal lengths
of repeats, RNA samples with CAG repeats associated with HD were extracted from normal and
disease cells followed by evaluation of their flow in wax-on-plastic microchannels after diluting
the samples to 0.14 uM in PBS buffer. The flow velocity of patient-derived DNA samples with

CAG repeats (HD+ve with 72 repeats) was compared with a control (HD-ve with 21 repeats)
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extracted from iPSC cells in Figure 6b. The flow of the HD+ve CAG repeats was found 2-fold
slower than the control (HD-ve). The retardation in the flow of abnormal length is statistically
significant, which proves the diagnostic value of the wax-on-plastic platforms as a tool for pump-
free and reagent-free detection of neurodegenerative diseases. We assumed that due to 3-fold
difference in the number of repeats it is easy to discriminate in aqueous medium of PBS buffer.
However, it will be rationale to test the sensitivity in a complex medium such as fetal bovine serum.
To test the matrix effect, cell-extracted samples of HD-ve and HD+ve of 0.14 uM concentrations
were prepared 10% fetal bovine serum (FBS) and allowed to flow in wax microchannel. The flow
velocity of HD-ve was found to decrease in the viscous medium of 10% FBS while the response
of HD+ve remains the same. Despite the change observed, their response still follows the trend as
in a buffer medium. Moreover, the sensitivity of this method for sample concentrations was also
determined by diluting the HD+ve samples in buffer and the flow velocity was obtained for up to
six dilutions in the microfluidic channel. Figure 6c shows that the flow velocity increases with the
dilution, perhaps due to decrease in the viscosity, where the linear range was found in the range of
14 pM to 14 nM with the correlation coefficient R*> = 0.975. The method is simpler and the
concentration range detected here is comparable to other sensitivie methods that have been
developed to replace PCR based methods. For instance, amperometric detection of CAG repeats
involved molecular beacon labeled with ferrocene used to capture CAG repeats followed by
enzyme-catalyzed reaction to produce electroactive product for signal detection with the

concentration range of 1 pM to 100 nM.>3

Sequence specific interaction between metal ions and DNA is a well-established phenomenon,
which leads to unique structure formation and these interactions are useful for metal ion sensing.>*

33 To understand the effect of metal ion (e.g. K¥) on the flow velocity of these two sequences of
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Figure 7. Effect of potassium ion concentrations on the flow velocity of a) ssCGG-8
and b) ssCCG-8. Error bar shows standard deviation for three replicates.

distinct properties, we spiked these sequences with 1-200 mM K™ and allowed to run in the
microchannels. Previously, it was reported that single-stranded CGG and CCG sequences form
hairpin structures without metal mediated basepairing.!® However, the CGG hairpin structures
were found more stable than CCG hairpin structures. In Figure 7a & b, we observed the similar
flow velocity of both sequences in absence of K* (0 mM), which may be attributed to their
tendency of making hairpin structures in absence of K*. However, it is known that CGG repeats
form G-quadruplex structure in > 155 mM K*,'5- 36 while no such conformational change has been
observed for CCG sequence in presence of K*. It is evident from Figure 7a & b that the addition
of K* changes the flow of both sequences confirming that K* interferes with the interstrand and
intrastrand basepairing (non-canonical strucutres) thus cause an increase in the flow. The
interference at lower concentration of K* is assumed to open the strands and form less flexible
linear strands that allows the strands to flow faster. While, the systematic increase in K*
concentration gradually decreases the flow velocity of ssCGG. The flow behavior at 200 nM K*
was reached similar to flow at 0 mM K*. We attribute this behavior to the folding of CGG strands
again and formation of interstrand and intrastrand G-quadruplexes through coordination with K*

ions. In contrast, the bimodal distribution of flow was observed for ssCCG with overall higher
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flow velocity at all concentrations of K*. We assume that this behavior was observed because the
CCQG strands do not fold back to higher order structure even without K* coordination. Previously,
TNRs were grouped into four different structural classes of (a) unstructured, (b) semi-stable
hairpins, (c) fairly stable hairpins, and (d) very stable G-quadruplexes.’” The order of
thermodynamic stability of the hairpin structure was found to be CAG > CGG > CUG > CCG in
100 mM KC1.5° Thus, we attribute the bimodal behavior of CCG repeats to its unstable hairpin
structure in presence of K™ ion, which leads to mixed population of unstructured and linear forms

at> 100 mM K".

Conclusion

In this study, we demonstrate that the biophysical properties of TNR sequences can affect
their capillary flow, which is also the function of the TNR concentration, sequence type, repeat
length, single-stranded vs. duplex structures, presence of mismatches in the duplexes, and K* ions.
The parameters studied here affect the conformational change or flexibility at molecular level that
translates into change in the capillary flow. The general observation was any factor that leads to
higher flexibility and inter- and intra-strands complex structures tend to resist the capillary flow.
In future, this method can be used to characterize 64 possible combinations of TNRs. Moreover,
the clear distinction between the flow of patient-derived normal and abnormal CAG repeats
associated with HD proves that simple capillary flow on wax-on-plastic analytical devices can be
used as a tool for research and diagnostics. Metal ion detection using repeat sequences can also be

a venue of application on wax-on-plastic platforms.
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