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Abstract

There is growing interest in understanding the biological implications of single cell
heterogeneity and intracellular heteroplasmy of mtDNA, but current methodologies for
single-cell mtDNA analysis limit the scale of analysis to small cell populations. Although
droplet microfluidics have increased the throughput of single-cell genomic, RNA, and protein
analysis, their application to sub-cellular organelle analysis has remained a largely unsolved
challenge. Here, we introduce an agarose-based droplet microfluidic approach for single-
cell, single-mtDNA analysis, which allows simultaneous processing of hundreds of individual
mtDNA molecules within >10,000 individual cells. Our microfluidic chip encapsulates
individual cells in agarose beads, designed to have a sufficiently dense hydrogel network to
retain mtDNA after lysis and provide a robust scaffold for subsequent multi-step processing
and analysis. To mitigate the impact of the high viscosity of agarose required for mtDNA
retention on the throughput of microfluidics, we developed a parallelized device, successfully
achieving ~95% mtDNA retention from single cells within our microbeads at >700,000
drops/minute. To demonstrate utility, we analyzed specific regions of the single mtDNA using
a multiplexed rolling circle amplification (RCA) assay. We demonstrated compatibility with
both microscopy, for digital counting of individual RCA products, and flow cytometry for
higher throughput analysis.
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Introduction

Mitochondria are sub-cellular organelles that play a key role in multiple cellular processes,
such as bioenergetics, DNA repair, and control of cell cycle. 'l Each individual cell contains
hundreds of mitochondria; the exact number varies depending on the cell type and the cell’s
metabolic state. Each individual human mitochondrion has 1-10 copies of 16.6 kb double
stranded circular DNA (mtDNA), which encodes 37 genes. 2l The mtDNA exhibits an estimated
mutation rate approximately 5 to 15 times higher than the genomic DNA, Bl and large area
deletions and single nucleotide variations (SNVs) in mtDNA have been discovered to be
significant contributors to the onset and progression of a diverse set of conditions, including
age-related diseases such as muscle weakness, neurodegenerative disorders, and cancer. 14l
Key to understanding the role of these mutations is their distribution across the multiple
mitochondria within each individual cell. For both healthy cells, and cells in a disease state,
heteroplasmy has been observed, often involving regions within the non-coding mtDNA D-
loop. 1 Roughly a quarter of the healthy population inherits a heteroplasmic mixture of both
wild-type and variant mtDNA at birth, [l and mtDNA mutations additionally accumulate with
age. Within each individual cell, the number of mtDNA with mutations correlates with the cell’s
pathological state. [7]

To better understand mtDNA heteroplasmy there is a growing interest in developing new
technologies to analyze the patterns of mtDNA mutation in individual mitochondrion within
individual cells. This area of research offers a profound challenge to technologists, as it
requires single cell, single organelle, and single molecule resolution. In particular, these
assays require sufficient sensitivity to resolve mutations in single mtDNA and each single
molecular measurement to be hierarchically associated with its cell of origin. Moreover, the
platform must sample a sufficient number of mtDNA in each cell to detect rare heteroplasmic
mutations, at a sufficient throughput to measure enough single cells to resolve the distribution
of this heteroplasmy across diverse single cell populations. Conventional methodologies for
detecting mutations in mtDNA lack the capability to effectively analyze mtDNA at the single-
cell and single-mtDNA level. For instance, we recently adapted PCR-based approaches to
achieve single-cell and single-mtDNA resolution using manual interventions such as
microdissection, which restricted the number of cells and mitochondria that can be analyzed.
8] Others have used similar approaches to also analyze a limited number of mitochondria in a
few cells. [

Droplet microfluidic technologies have proven highly successful in single-cell analysis, ['% but
have faced significant technological barriers for single-cell, single-organelle measurements (1]
and thus have not been fully leveraged for single cell mtDNA heteroplasmy analysis. First,
water-in-oil droplets do not easily allow for multi-step reactions with buffer exchanges including
cell lysis, DNA purification, and signal amplification. ['? Secondly, water-in-oil emulsions are
not compatible with conventional flow cytometers to read out the results of the assay with high-
throughput, although recent work that use double emulsions has somewhat addressed this
issue. 31 Agarose based droplet microfluidics have successfully addressed these issues for
the analysis of genomic DNA. ['4 Agarose is a naturally occurring hydrogel that can be
reversibly solidified and melted, allowing agarose beads loaded with single cells to be
generated using microfluidics at elevated temperatures and subsequently be solidified and
transferred to an aqueous phase where multi-step assays can be carried out. The agarose
forms a hydrogel network that can retain the macromolecules being studied while allowing
reagents and cell lysate to transit into and out of the bead. Recently, rolling circle amplification
(RCA) has been integrated with agarose microbeads for the multiplex digital measurement of
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nucleic acids. ['® These techniques allow amplification of single molecule signals within the
hydrogel, allowing for digital counting of single molecules. ['6] The size of RCA product is
hundreds nm to a few ym, making it easily retained in the hydrogel network and thus
compatible with these assays. ['"] Despite these successes, these approaches have not yet
been applied to the analysis of smaller macromolecules such as mtDNA because of the
difficulty of retaining the ~100 nm sized mtDNA within a hydrogel network.

In this study, we have developed and validated an agarose-based droplet microfluidic
methodology designed specifically for the analysis of single-cell, single-mitochondrial DNA
(mtDNA) (Fig. 1A). Our approach allows hundreds of mtDNA molecules within over 10,000
individual cells to be individually analyzed, dramatically improving throughput compared to
labor-intensive manual methods that have been applied to small cell populations (<100 cells)
and only a few mtDNA per cell. [''l Our microchip encapsulates individual cells within 2%
agarose beads, strategically formulated to have a sufficiently dense hydrogel network to
ensure the retention of mtDNA during cellular lysis and multiple downstream processing and
analysis steps (Fig. 1B-D). To address the challenge posed by the elevated viscosity of
agarose necessary for optimal mtDNA retention and its impact on microfluidic throughput, a
parallelized microfluidic chip was developed. This design achieved ~95% retention of mtDNA
from single cells post-lysis within microbeads, operating at a throughput exceeding 700,000
drops per minute. The interrogation of distinct regions of the single mtDNA encapsulated within
each bead was performed using fluorescence in situ hybridization (FISH) to label the RCA
product that has been amplified from a padlock probe targeting a specific region of mtDNA
(Fig. 1E). We demonstrated compatibility of this assay with both microscopy, enabling digital
counting of individual RCA products, and flow cytometry for high-throughput analysis at the
single cell level. Validation studies were performed using a multiplexed assay that targeted a
common mtDNA large deletion region and total mtDNA content in individual cells (Fig. 1F).
Additionally, we ensured minimal cross-contamination between beads by analyzing miDNA
from single cells from different species. This new agarose-based droplet microfluidic approach
establishes a platform for high throughput single-cell, single-mtDNA mutation analysis,
thereby opening new avenues for advancing our understanding of the biological role of mtDNA
heteroplasmy.

Results

We experimentally evaluated the concentration of agarose necessary to retain mtDNA in
agarose microbeads and found that 2% agarose was sulfficient to retain ~100 nm (16.6 kb)
sized mtDNA. ['8 To this end, we first used isolated genomic material including mtDNA from
cultured HEK293 cells (108 cells) using a commercial genomic DNA isolation kit. We mixed
the isolated genomic material (2.7 ng/uL) with various concentrations of molten agarose and
used this aqueous phase to form emulsions (d = 100 ym) in fluorinated oil (2% Pico-surf in
HFE-7500) using a flow focusing microfluidic droplet generator (Figure S1A). The
advantage of microfluidics over vortexing based emulsification is improved precision and
control over droplet diameter, which allows cells to be loaded into the droplets at precise
concentrations to ensure a digital distribution of cells. To keep the agarose molten during the
emulsification process, the temperature of molten agarose was kept at 50 °C using a
combination of a space heater and syringe heaters (Figure S2). The agarose emulsion was
collected in an ice bucket and subsequently incubated at 4 °C for 30 minutes to ensure
gelation. After gelation of agarose droplets, the oil phase was removed followed by addition
of 10% 1H,1H,2H,2H-perfluoro-1-octanol (PFO) in HFE-7500. Agarose beads were washed
once with 1% Span80 in hexane followed by three washes with 0.1% Triton-X in TE buffer.
Then, agarose beads were transferred to deionized water (DI) and kept in suspension for 24
hours (Fig. 2A), after which the mtDNA retained in the agarose was compared to that which
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had leaked into the DI using quantitative polymerase chain reaction (QPCR)(Fig. 2B). The
relative quantity of mtDNA in agarose beads and supernatant was compared to assess
mtDNA retention ratio. We found that as the agarose concentration was increased from 1-
3% the quantity of mtDNA retained in the beads increased relative to that in the DI
continuous phase. At 2% agarose the ratio reached 90.9%, which further improved
marginally at 3% agarose (Fig. 2C).

We next confirmed the concentration of agarose necessary to retain mtDNA from single cells
loaded into the agarose beads and found similar results to isolated mtDNA. To this end, we
loaded individual HEK293 cells into emulsions (d = 100 ym) of molten agarose suspended in
fluorinated oil (2% Pico-surf in HFE-7500) using a flow focusing microfluidic droplet
generator. To maintain cell viability until encapsulation in the agarose droplet that can be
hindered by the high temperature (T > 50 °C) of molten agar, we employed a microfluidic
droplet generator with separate inlets for molten agarose and cell suspension, wherein the
cell suspension and agarose are mixed immediately prior to the droplet generation junction
(Figure S1B). This design necessitated a high concentration of molten agarose (3%), to
compensate for its dilution by the cell suspension, to achieve the same 2% agarose
concentration in the microbeads as in the prior experiment. After encapsulation of single cell
into 2% agarose droplet (0.2 mL/hr for 3% molten agar, 0.1 mL/hr for cell suspension, 2.5
mL/hr for fluorinated oil), the agarose droplet was solidified and transferred to lysis buffer (2
U/mL proteinase K and 0.5% lithium dodecyl sulfate (LDS) in TE buffer). After 30 minutes of
incubation at 25 °C, lysis buffer was removed followed by washing with 2% T20 in DI,
ethanol, and 0.02% T20 in DI. Then agarose beads were transferred to DI and kept in
suspension for 24 hours (Fig. 2D), after which the mtDNA in the agarose beads was
compared to that in the supernatant using qPCR (Fig. 2E). We achieved a ratio of mtDNA
retained in the beads versus the supernatant outside the beads of 95.4% (Fig. 2F).

To isolate and retain mtDNA from single cells required the input of 3% agarose into our
microfluidic chip, which has the unfortunate consequence of severely hindering microfluidic
droplet generation throughput. The viscosity of agarose dramatically increases superlinearly

as the concentration increases. 'l The 3% agarose has a viscosity of ~100 mPa-s (Figure

$3), which causes the transition from dripping to jetting to occur at low flow rates (¢4 =

0.3 mL/hr for aqueous phase, ¢.=2.5 mL/hr for the oil phase). It is in the dripping phase that
the microfluidic droplet generator creates homogenous droplets (CV of diameter < 5%).
Whereas in the dripping mode, droplets are highly inhomogenous (Fig. 2G-l). Due to the
high viscosity of our dispersed phase, the maximum throughput that could be achieved in
dripping mode on the single channel device was only 72,000 drops (51 ym, CV = 3%) per
minute.

To increase throughput beyond the limit dictated by the viscous agar, we developed a
parallelized microfluidic droplet generator fabricated using double side imprinting of PDMS
(201, |n prior work, as many as 1,000 generators have been parallelized by our group 2%, as
well as similar work by others 2. To the same end, others have also employed a droplet
splitting approach to enhance agarose droplet generation throughput that involves creating a
large droplet and subsequently dividing it into eight smaller droplets. 22 In this study, we
parallelized 10x generators (Fig. 2J,K and Figure S4), which provided sufficient throughput
for this work. Notably, our design enables further parallelization that could increase
throughput by another 100x, which is not possible in the droplet splitting approach. Our
parallelized device generated agarose droplets with a diameter of 53 um (CV =5%) at a
throughput of 720,000 drops/minute (Fig. 2L). We successfully loaded single cells into
droplets. The ratio of agarose droplets with single cells was 10.4% while the ratio of empty
droplets and droplets with two or more cells was respectively, 88.3% and 1.3% (N = 2,177),
as predicted by Poisson statistics (Fig. 2M).
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To perform single mtDNA analysis on single cells, we designed an RCA based assay that
could be carried out within our agarose beads (Fig. 3A). RCA amplifies the signal from
padlock probe annealed to a specific region within each mtDNA, by generating a long strand
of DNA that can be subsequently labeled by multiple fluorescent labels using FISH. 23] Each
RCA product is visualized as a punctum dispersed over the agarose bead which can be
resolved using confocal fluorescence microscopy, ['72 241 or quantified using flow cytometry
with high-throughput. (251

The workflow to perform our RCA based analysis is as follows, briefly. First, cells are loaded
into ~50 ym agarose droplets using our parallelized microfluidic chip described above. The
cells are loaded at a concentration such that on average there is <1 cell for every 10
droplets, following Poisson statistics, ensuring a digital distribution of cells in the droplets.
The agarose droplets are then cooled to 4 °C and transferred from oil to an aqueous
solution. The cells are lysed within the agarose beads by suspending the beads in TE buffer
with 2 U/mL proteinase K and 0.5% LDS for 30 minutes at 25 °C. After lysis, the
macromolecules, genomic material including the mtDNA, are retained. The beads are
subsequently washed in 0.02% T20 in DI for 3 times. To target a mtDNA region of interest
with padlock probes, the region needs to be single stranded. In a typical workflow, double
stranded mtDNA is heated up to a high temperature (70 °C) and rapidly cooled down to
denature double stranded structures and maintain single strands. However, heat-based
denaturation is not compatible with our agarose beads because agarose will melt at high
temperatures, and mtDNA will be lost. To overcome this challenge, after cell lysis within the
bead, the agarose beads are further incubated in 60% DMSO to denature double stranded
structures. 6] After treating the agarose beads in 60% DMSO for 10 minutes and washing 3
times with 0.02% T20 in DI, the target region of denatured mtDNA is labelled with padlock
probes and primers (Figure S5). First, padlock probes targeting the D-loop region of mtDNA
are hybridized and ligated by T4 DNA ligase at 37 °C for 1 hour. After washing unbound
padlock probes, primers are hybridized to circular DNA annealed to the target region of
mtDNA by incubation at 37 °C for 30 minutes. After washing out unbound primers, RCA is
performed at 37 °C for 2 hours along single-stranded circular padlock probes annealed to a
specific region of mtDNA. Following RCA, the product is labeled with ATTO647 detection
probes by washing out the RCA mixture and introducing the probes. We note that this multi-
step amplification process, is readily carried out in our agarose beads using conventional
laboratory equipment (i.e. centrifuge, pipettes), but would not be possible using water-in-oil
droplet microfluidics, where robust, high throughput reagent exchange remains a
technological challenge. [2]

The RCA products from mtDNA in agarose beads are visualized and quantified using
confocal microscopy. We found that mtDNA from the cell was distributed over the agarose
bead, making it possible to visualize multiple signals from padlock probe annealed to mtDNA
molecules (Fig. 3B). The number of RCA products in a single agarose bead was countable
using confocal microscopy (Zeiss LSM 980). In addition to analyzing the mtDNA of each cell,
we also incorporate SYBR green staining of the cellular genomic DNA (gDNA) to
independently detect the beads that have indeed encapsulated a cell. gDNA (~3,000 Mb) is
much larger than mtDNA (16.6 kb) and so is easily retained in the agarose bead. The RCA
product on the D-loop region of mtDNA was stained with ATTO647 dye labeled FISH
probes. Using the same HEK293 cells described above, on average, there were 113.8 RCA
products per agarose bead (CV = 63%) (N = 83) (Fig. 3C,D). Compared to the result of
gPCR-based mtDNA absolute copy number quantification kit (average 500 mtDNA per cell),
fewer RCA products were counted using our method (Fig. 3E). There are two possibilities for
the underestimated number of RCA products per bead. First, insufficient denaturation of the
double-stranded mtDNA template could lead to incomplete strand separation, hindering
efficient binding of the padlock probes, which would result in less mtDNA annealed with


https://doi.org/10.1101/2024.01.29.577854

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.29.577854; this version posted January 31, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

padlock probes. Second, the proximity of multiple mtDNA molecules within a single agarose
bead may lead to aggregation of their respective RCA products (Figure S6), which can be
further addressed by increasing mixing of mtDNA within microbeads before RCA or
increasing the diameter of the microbeads.

While confocal microscopy has the advantage of digital counting of single RCA products
within a single bead, the throughput of the analysis is low (1 agarose bead / 3 minutes). To
increase the throughput of single cell, single mtDNA analysis, we demonstrate that our
assay is compatible with flow cytometry. Because the agarose microbeads are <60 ym
diameter and are suspended in an aqueous solution, mean fluorescence intensity
(ATTO647) of each single agarose bead can be interrogated with conventional flow
cytometer (Symphony A3 Lite (BD Biosciences) from Penn Cytomics & Cell Sorting Shared
Resource Laboratory) without any further modifications to the assay described above (Fig.
3F). Based on forward and side scattering, single agarose beads were gated (Fig. 3G).
Within that population, agarose beads that contain genomic material, based on SYBR green
staining, and therefore had encapsulated a cell, were gated (Fig. 3H). Within this population,
each bead’s fluorescence signal is quantified as a measure of one, or more, fluorescently
labeled RCA products.

In our first demonstration, we analyzed the D-loop region in mtDNA in individual HEK293
human cells. The RCA product associated with the D-loop region of human mtDNA was
labeled with ATTO647 dye. Compared to agarose beads that were not loaded with cells
(negative in SYBR green signal labeling genomic DNA), agarose beads that did contain cells
(positive in SYBR green signal) showed significantly greater fluorescence signal of ATTO647
labelled RCA product (p < 0.0001) (Fig. 31,J). We analyzed the microbeads at a throughput
of 11,280 agarose beads / minute, a throughput >10,000x faster than by imaging.
Compatibility with both imaging and flow cytometry enables their combined application for
high throughput sorting followed by imaging-based based downstream analysis. [27]

We next evaluated whether mtDNA from one bead can transit between droplets using a
duplex assay. To quantify potential cross-contamination we loaded our agarose beads with
either CT26 mouse or K562 human cells. This assay verifies the specificity of our assay as
well as minimal cross-contamination. A duplex assay was performed that labeled the D-loop
regions of mouse and human mtDNA with ATTO565 and ATTO647, respectively (Fig. 4A).
Without cross-contamination, each bead should contain either an ATTO565 or an ATTO647
signal, and the presence of beads positive for both these signals would indicate cross-
contamination. First, the agarose beads were evaluated using fluorescence microscopy, and
qualitatively revealed that there was no cross contamination between the microbeads (Fig.
4B,C). Cross-contamination was also quantified using flow cytometry, where we analyzed
3,165 cells (Fig. 4D). The beads containing human and mouse mtDNA were well separated,
and could be clearly visualized by plotting the ratio (ATTO565 / ATTO647) of beads that
contain cells (Fig. 4E). Moreover, we repeated the experiment using agarose beads
containing only mouse or human mtDNA (Fig. 4F,G), to assess what the signal would look
like with no possibility of cross-contamination, and these populations aligned with those
identified in the above experiment described above.

We next demonstrated the capability of our assay to be multiplexed. Using multiple sets of
padlock probes and primers, multiple regions of single mtDNA can be analyzed
simultaneously at the single cell level. To evaluate this capability, we targeted two different
regions in the mtDNA of single K562 human cells, including the 4,977 deletion area and the
D-loop region (Fig. 5A). The 4,977 deletion is a common deletion that eliminates a region
between 8,470 bp and 13,447 bp of the human mtDNA, and which is involved in various
diseases such as myopathies, Alzheimer disease, and Kearns-Sayre syndrome, as it
removes all 5 tRNA genes and 7 genes encoding Complex subunits. 28 Unlike 4,977
deletion region, D-loop region (positions 16,024 bp — 576 bp), the main non-coding area of
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the mtDNA and starting point of replication, does not show deletion. 2% Using fluorescence
microscopy, we confirmed RCA products generated from the two different sets of padlock
probes targeting D-loop and 4,977 deletion region within each bead (Fig. 5B,C). RCA
products generated from padlock probes targeting the D-loop region were labeled with
ATTO647 (red), while those from probes targeting the 4,977 deletion region were labeled
with ATTO565 (green).

We digitally quantified the RCA products generated by padlock probes targeting D-loop
region and the 4,977 deletion area for individual K562 cells (N = 60) using imaging (Fig. 5D).
Agarose beads that had encapsulated single cells were identified by positive SYBR Green
gDNA labeling. On average, there were 66.65 (CV = 42%) RCA products labelled with
ATTO647 (D-Loop) and 42.65 (CV = 42%) labeled with ATTO565 (4,977 deletion), each
showing heterogeneity at the single cell level. To analyze heteroplasmy of mtDNA, the ratio
of the number of RCA products at the 4,977 deletion area to that at the D-loop region can be
quantified at the single cell level (Fig. 5E). The average ratio was 0.66 (CV = 28%). This
ratio can be used as an indicator to screen cells with mtDNA 4,977 deletion (Figure S7).

To quantify the results of this multiplexed assay at high throughput, flow cytometry was
incorporated to read out the multiplex digital assay of single cell-single mtDNA (Fig. 5F). As
expected, we found that agarose beads with cells (SYBR Green +, N = 5,748) had
significantly greater fluorescence intensity for RCA products associated with D-Loop and
with the 4,977 deletion, compared to agarose beads without cells (SYBR Green -, N =
150,142). Additionally, we compared the signal from our multiplexed assay to assays
targeting only 4,977 deletion region or only the D-loop region, and observed qualitative
agreement (Fig. 5G). Moreover, we quantitatively compared the assay for D-loop region and
4,977 deletion region with the multiplex assay targeting both regions, to evaluate whether
labeling with multiple probes had hindered the signal intensity of RCA products, and found
no decrease in signal of multiplex assay (Fig. 5H,l). The variance measured using flow
cytometry (CV= 63% for D-loop region and CV = 53% for 4,977 deletion region) (Fig. 5F)
was similar to that measured using imaging (CV= 42% for D-loop region and CV = 42% for
4,977 deletion region) (Fig 5E). Variance in the flow cytometry measurement can be further
reduced by eliminating all agarose beads containing more than one cell, by decreasing the
ratio of cells to beads, and eliminating ruptured cells that can have fewer mtDNA.

Heteroplasmy within individual cells was analyzed in flow cytometry by quantifying the
fluorescence intensity ratio of ATTO565 (4,977 deletion region) and ATTO647 (D-loop
region) was analyzed for 5,748 individual cells (Fig. 5J). The average ratio was 0.77 (CV =
83%). This ratio can be used to identify cells that have a particular level of heteroplasmy for
downstream analysis. [?7] The ratio of RCA products number per bead or mean fluorescence
signal intensity ratio of a bead are analyzable with imaging method (Fig. 5K) or flow
cytometry based method (Fig. 5L), which successfully resolved heteroplasmy that cannot be
resolved using gold standard gPCR based bulk analysis (Fig. 5M).

Discussion

We have developed and validated a high-throughput method for single cell-single mtDNA
digital assay based on microfluidic-generated agarose microbeads. Our approach achieved
>95% of mtDNA retention ratio in agarose beads, and allowed an RCA-based multistep
analysis of >10,000 single cells processed in a single tube with minimal cross-contamination.
A high-throughput, parallelized agarose droplet generator was developed that achieved a
throughput more than sulfficient for this study (> 700,000 droplets / min), and was designed
to be readily scaled to orders of magnitudes greater throughputs to analyze even larger
numbers of cells. RCA products from single cell-mtDNA were analyzed using both confocal
microscope imaging and flow cytometry. Using flow cytometry, >2,500,000 mtDNA of
>25,000 cells were analyzed with a throughput of 1,200 cells per minute. Single-cell mtDNA
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copy number assay was validated by analyzing D-loop region of mtDNA, and given its
known role as a biomarker of various diseases linked to cellular energy production, the
measured mtDNA copy number per cell holds promise as a potential indicator for disease
diagnosis and monitoring by overcoming heterogeneity. 2% The multiplex assay was further
validated by analyzing both D-loop and 4,977 deletion region of mtDNA, which confirmed the
heterogeneity of mtDNA across single cells and heteroplasmy within a single cell. While prior
droplet microfluidics-based approaches to single-cell analysis of transposase-accessible
chromatin with sequencing (scATAC-seq) have been used to infer mtDNA heteroplasmy
computationally, ' our method is able to directly measure single cell heterogeneity and
mtDNA heteroplasmy by quantifying copy number of mtDNA from a single cell, by counting
RCA products using microscopy or quantifying fluorescence signal using flow cytometry with
high-throughput. Another advantage of our method is its applicability to all mtDNA regions,
including those beyond the reach of transposase-accessible chromatin sequencing, which
opens exciting possibilities for studying heteroplasmy arising from mtDNA deletions as well
as mitochondrial SNVs.

One aspect of our work, for which there is a clear opportunity for future improvement is the
under-estimation of mtDNA copy number compared to gPCR based conventional bulk
analysis method. The average number of mtDNA measured using our RCA approach was
approximately only 20% of the average mtDNA copy number per cell detected by a qPCR
based commercial kit (Fig. 3D,E). We reasoned that this difference was unlikely due to
leakage of the mtDNA from the beads, because we had independently quantified that
retention rate to be 95%. Therefore, we suspect that it is the efficiency of labeling the mtDNA
with padlock probes that is leading to this underestimation. We used DMSO to denature
mtDNA, which can renature upon subsequent washing and buffer exchange procedures
including salts. 28! In future work, we can instead use temperature based methods for
denaturing the double stranded DNA, which have higher efficiency, by using heat-resistant
hydrogels, such as polyacrylamide or alginate. 132

Our method for high-throughput single cell, single mitochondrial DNA assay using hydrogel
droplet microfluidics has potential as a tool for both mechanistically studying mtDNA
mutation-associated diseases for understanding disease threshold of deleterious SNVs and
deletions through comparison with healthy control samples, as well as a diagnostic for
screening patient cells for mtDNA changes. Furthermore, as our method is compatible with
flow cytometry, higher dimensional analysis at the single cell level is possible. Agarose
beads that contain single cell genomic material (JDNA and mtDNA) can be measured and
sorted based on predefined criteria for further analysis by sequencing or imaging methods.
There is opportunity to greatly expand the multiplexing capability of our technology beyond
the 2x demonstrated in this work to many more regions of the mtDNA. Firstly, additional
dyes can be used in FISH labeling of additional distinct RCA products. Beyond that,
multiplexing can be further increased by labeling each RCA products with distinct
combinations of dyes, which can be readout using microscopy. 3 Additionally, the method
can be applied to analyze single cells isolated from tissue biopsies, enabling studies on the
role of mtDNA mutations in various diseases. *4 As the principle of single cell-mtDNA
retention on agarose beads is based on size exclusion, it can be applied to the analysis of
smaller sized genomic material belonging to other subcellular organelles or viruses by
engineering the pore structure of hydrogel or utilizing a hydrogel with a smaller pore size. 5]
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Figure 1. Schematic of high-throughput assay of single cell-single mtDNA. (A) Multiple
mitochondria and mtDNA are present in a single cell, and some mitochondrial DNA exhibit
mutations such as large area deletions. (B) Micrograph of microfluidic device for
encapsulation of single cells into agarose beads. (C) After encapsulation of a single cell into
an agarose bead, genomic material including mitochondrial DNA is retained in the agarose
bead whereas protein is digested by proteinase K. (D) Cells are stained with MitoTracker
and monitored after transferring to aqueous phase and Proteinase K treatment. (E) Sample
preparation procedures for single cell-single mtDNA assay can be handled in a one-pot,
high-throughput manner and can be analyzed by a confocal microscope or flow cytometer.
(F) Fluorescence image showing the multiplex digital assay of mtDNA from single cell.
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Figure 2. Validation for the retention of mtDNA in agarose beads. (A) A schematic showing
the analysis method of pre-purified genome encapsulation experiment. (B) gPCR result for
analyzing retention ratio of mtDNA depending on agarose concentration. (C) Retention ratio
of mtDNA with respect to concentration of agarose beads (n = 3). (D) A schematic showing
the analysis method of cell encapsulation experiment. (E) qPCR result of mitochondrial DNA
retention in 2% agarose beads from cell encapsulation experiment. (F) Retention ratio of
mtDNA was compared between cell and pre-purified genome encapsulation experiments (n
= 3). (G) Schematic of the agarose droplet generator for single cell encapsulation. (H)
Droplet generation regime transition plot depending on aqueous (molten agarose and. Cell
suspension buffer) and oil phase flow rate. (I) Micrographs showing different droplet
generation regimes. (J) Schematic of 10X parallelized high-throughput agarose droplet
generator for single cell encapsulation. (K) Micrograph of a single unit of 10x agarose droplet
generator. (L) Histogram of agarose droplet diameter generated by 10x droplet generator (n
=409). (M) Single cell encapsulation ratio into agarose droplet was plotted based on image
analysis (n =5 (total 2,177 agarose beads)). All error bars represent the standard deviation.


https://doi.org/10.1101/2024.01.29.577854

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.29.577854; this version posted January 31, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A ial  Padlock probe idization Padlock probe ligation Confocal imaging RCA product ing and
. B e y C 2 D 400 E s00
68 by .
P 4 £ g -
7 . 315 BR300{ | <8700
4 ; 5 o /| 58 T 25
D-loop region B y < 2 T % a 1
) - i . H g 10 28200 [ EZeo00-
Primer 1 RCA Labelling o) B [y s % A g g |
\ 3 o O g€
24 b -k y A 55 2§ 100 Z %500
y X \ ; :} 58 “§
& ATTO r < u “ R z 1
} 4 4 * 647 A o | i 0 - 400
ek | — 0 100 200 300 400 Proposed QPCR based
The Number of RCA product per bead method commercial kit
10 ym
> 100,000 agarose beads SSC-FSC gating SYBR green gating RCA product signal analysis
F 00 G 67 T H 6+ ] < J 45004 P <0001
O 1 154,394 agarose beads - O Vo 25004 _
~ . —_ 1 Lo 1 S
=) ; 5 . 2o/ € 1 SYBR green negative K] S
% % 4 3 20004 (127,320 agar beads) S E 1000
= X 49 G o ==
=] o ° 2 <
£ £ 8 1500 s
3 g 3 8%
S % 2 2 3 500
@ 8 2 S 1000 ga
ﬁ 3 S J SYBR green positive 2 3 i
«» [ZI " < ] (25,111 agarbeads) ¢ &
500+ c8 +
- Negative Positive i gz 0
L — 0 ° L
0 02 103 104 108 100 10" 102 10% 104 105 SYBR SYBR
Forward scattering (x 10%) Mean fluorescence intensity of Mean fluorescence intensity Green  Green
agarose beads (SYBR green) of agarose beads (ATTO647) Negativ Positive

Figure 3. Single-cell, single-mtDNA assay using RCA. (A) Schematic showing the RCA
based signal generation strategy from single mtDNA. (B) Image reconstructed from confocal
microscope data showing the RCA product from single mtDNA (seen as red punctate) is
distributed over the agarose bead whereas genomic DNA is concentrated at the center
(seen as green center). (C) Histogram of single mitochondrial DNA counting from single cell
(n = 83). (D) Distribution in the number of RCA products per agarose droplet (mitochondrial
DNA copy number per single cell) shows high heterogeneity. An error bar represents the
standard deviation. (E) Average mitochondrial DNA copy number per single cell was
analyzed using a qPCR based commercialized kit. (F) High-throughput flow cytometry
analysis of mtDNA from single cell. (G)154,394 agarose beads are gated from forward and
side scattering gating. (H) Agarose beads with genomic material were gated by SYBR green
stain as a positive control. (I) Positive beads on SYBR green gating showed brighter signal
at ATTO647 emission channel that represents mtDNA copy number. (J) Mean fluorescence
intensity distribution shows the heterogeneity of mitochondrial DNA copy number per single
cell. The distributions were compared by one-way ANOVA. An error bar represents the
standard deviation.
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Figure 4. mtDNA cross-contamination assessment. (A) Schematic showing the experimental
protocol using human and mouse cells. (B) Fluorescence micrographs of agarose beads
with different fluorescence profile that show bead X containing a mouse cell and bead Y
containing a human cell. (C) Large area fluorescence image of agarose beads that shows
there is little overlap of fluorescence signal between agarose beads. (D) Scattering plot of
the flow cytometry data showing mouse and human cells are distinguished by different
fluorescence signal profiles (n = 3,165). (E) Histogram showing the ratio of fluorescence
intensity (ATTO565 / ATTO647) of single agarose bead with genomic material. Control

experiment with only (F) human or (G) mouse cells ensured each population originated from
each species of cell.
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Figure 5. High-throughput multiplex analysis of single-cell mtDNA. (A) Schematic showing
the multiplex analysis of single mtDNA where one RCA template targets conserved region
and the other targets deletion region. (B) Fluorescence micrographs reconstructed from Z-
projection of confocal microscope data showing the co-localization of both fluorescence
signals in a single agarose bead. (C) Large area fluorescence image reconstructed from Z-
projection of confocal microscope data. (D) Confocal imaging-based counting of two different
RCA products from single agarose bead can be used for single-cell mtDNA deletion study (n
= 60). (E) The ratio of the RCA product number labelled with ATTO565 or ATTO647 in a
single agarose bead was plotted as a histogram. (F) Multiplex analysis of single-cell mtDNA
was further quantified by flow cytometry where SYBR Green positive and negative beads are
distinguished by both ATTO565 and ATTO647 fluorescence intensity. (G) Mean
fluorescence intensity of agarose beads in multiplex analysis was compared to assay for
each target region. (H) ATTO647 and (I) ATTO565 fluorescence intensity of assay for each
target region was compared to the multiplex assay targeting both regions. Error bars
represent the standard deviation. (J) High-throughput flow cytometer-based multiplex
analysis of RCA products per bead for studying heteroplasmy of the mtDNA (n = 5,748). The
ratio of fluorescence intensity of ATTO565 and ATTO647 from a single agarose bead was
plotted. Plots showing the intracellular heterogeneity of mtDNA based upon (K) confocal
imaging and (L) flow cytometry analysis. Error bars represent the standard deviation. (M)
gPCR based bulk analysis of mtDNA 4,977 deletion that cannot resolve heterogeneity at a
single-cell level.
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