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Background

For improved gene sequencing efficiency, in particular snRNA-seq, there’s a growing need to
develop a protocol capable of isolating nuclei from multiple biological tissue samples at a
high-throughput rate while maintaining cost efficiency. Traditional, manual single-nuclei
isolation protocols require tissue samples to be individually homogenized using a Dounce
homogenizer or a pestle, which limits the number of biological samples that can be processed in
a single isolation run. The PIXUL multi-sample megasonicator offers a potential alternative
approach to manual homogenization by using ultrasound sonication to automate the
homogenization of up to 96 tissue samples in a single isolation cycle.

Methods

This project investigates the potential implementation of the PIXUL to homogenize multiple
brain tissue samples and generate enough nuclei for gene sequencing applications at a
cost-efficient, consistent, high-throughput rate. To test its capabilities of consistently
homogenizing multiple brain tissue samples, a single-nuclei isolation protocol integrating the
PIXUL was designed, tested, and refined based on preliminary experimental results. Tissue lysis
and nuclei quality were assessed using trypan blue staining and microscope imaging. Resulting
nuclei concentrations were calculated using a manual hemocytometer counting chamber.
Results

The protocol yielded nuclei concentrations between 9.35 x 10° and 2.01 x 10° nuclei/mL, which
is a comparable range achieved by other manual and automated single nuclei isolation protocols.
However, a significant amount of cellular and nuclei debris was observed in all replicates after
samples were homogenized. The presence of this debris is likely due to extended sample
suspension in lysis buffer, as well as the presence of myelin. This debris may interfere with
high-throughput gene sequencing applications.

Conclusions

Although this protocol was able to achieve nuclei concentration values that were comparable to
other isolation methods for all of its replicates, further experiments focusing on optimizing the
PIXUL’s setting, finding a method to removal myelin and extracellular DNA, and count nuclei at
a high-throughput rate are necessary to improving the reproducibility and efficiency of this
novel, high-throughput brain single nuclei isolation protocol.



Sabrina Gim, 1

Introduction:

Research conducted in the Bomsztyk lab primarily focuses on epigenetic analysis of
various debilitating medical conditions and cancers. The medical motivation for this project is
primarily focused on central nervous system diseases such as Alzheimer’s disease, Parkinson’s
disease, and glioblastoma. Alzheimer’s disease is a progressive, cognitive neurodegenerative
disorder that leads to significant memory loss and increased difficulty with familiar tasks. [1]
This disease is characterized by the accumulation of amyloid plaques and tau tangles, as well as
the widespread dysfunction and death of neurons in the brain. [2] Alzheimer’s disease is the 7th
leading cause of death in the United States, and there are over 7 million cases of the disease in
the United States. [1, 3] Despite these data, the cause of Alzheimer’s is still not well understood.

Parkinson’s disease is also a progressive neurodegenerative disease that is characterized
by tremors, bradykinesia, and the deterioration of dopamine-producing neurons in the brain. [4,
5] It is the 2nd most common neurodegenerative disorder, right behind Alzheimer’s disease, and
there are approximately 1 million cases in the United States. The incidence of Parkinson’s
disease is higher in men than women, and the disease typically manifests in patients who are
around 60 years old. [6] Similarly to Alzheimer’s disease, the cause of Parkinson’s disease is not
well known.

Glioblastoma (GBM) is the most aggressive and malignant brain cancer across the globe.
[7] Although there are only 3.1 cases of GBM diagnosed annually out of every 100,000 cases,
GBM accounts for nearly 45.6% of malignant brain tumor cases worldwide. Cases of GBM
typically occur in patients who are 64 years old or older, but there have been several cases of
childhood GBM documented. [8] Following diagnosis, the prognosis for GBM patients is very
poor. Very few patients will survive 2.5 years post-diagnosis, and fewer than 5 % of GBM
patients will survive 5 years and beyond. [9] GBM is particularly difficult to treat because it’s
often resistant to traditional methods of cancer treatment, such as radiotherapy and oral
chemotherapy drugs, such as temozolomide, and GBM generally recurs post-treatment. [10] The
exact cause of Glioblastoma remains incompletely understood.

In recent years, researchers have been actively using single-nucleus RNA-sequencing
(snRNA-seq) to better understand the mechanisms and profiles of these diseases. With
snRNA-seq, researchers were able to identify several genes that were positively associated with
Alzheimer’s disease, specifically the genes involved in mRNA metabolic processing, synaptic
signaling, and chromatin organization. [11] Additionally, researchers using snRNA-seq were able
to identify a population of somatostatin inhibitory neuron subtypes that were noticeably depleted
in Alzheimer’s disease brain samples. In a separate study, researchers using snRNA-seq were
able to identify 20 differentially expressed genes in dopaminergic neurons in Parkinson’s
samples, and they also identified several TH-enriched glial subpopulations, such as microglia,
astrocytes, and oligodendrocytes, that were noticeably depleted in the Parkinson’s samples. [12]
For GBM, a number of findings have been made using snRNA-seq. Specifically, snRNA-seq was
used to discover that recurrent GBM is associated with a notable cell phenotype shift where the
phenotype of proliferating glioblastoma cells will shift from the Verhakk proneural phenotype to
the mesenchymal phenotype. Furthermore, these researchers were able to identify specific genes
that are expressed in mesenchymal cells when they re-enter the cell cycle. By targeting these
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genes, the viability of GBM cells significantly decreases. Additionally, researchers have made
significant progress in GBM therapy discovery by using snRNA-seq and successfully developing
reliable preclinical models that mirror the most common subtype of human GBM (TMEMed
Glioblastoma). This is crucial as human GBM has a heterogeneous tumor microenvironment
(TME). The reliability of these preclinical models is important, as the specific TME of the GBM
affects treatment response and disease progression. [13] These researchers confirmed the
reliability of their preclinical models using snRNA-seq, which identified key tumor cell states
and heterogeneity in the preclinical models that were similarly observed in human GBM stem
cells.

Despite these recent discoveries, understanding the complete etiology and signaling
progression pathways in patients with Alzheimer’s disease, Parkinson’s disease, or GBM
remains largely a mystery. Therefore, progress towards finding novel methods to improve gene
sequencing is imperative for the discovery of reliable therapies and to improve our understanding
of the pathogenesis of these diseases. To use gene sequencing applications such as snRNA-seq,
nuclei need to first be isolated using a single-nucleus isolation procedure. By designing a
high-throughput brain single-nuclei isolation protocol, gene sequencing applications, such as
snRNA-seq, can be further optimized to process more genetic samples at a more efficient,
higher-throughput rate.

Existing Single-Nuclei Isolation Methods

Current single-nuclei isolation methods can be divided into three different categories:
manual isolation, nuclei isolation kits, and semi-automated nuclei isolation. Manual isolation
protocols involve manual, mechanical lysis of tissue samples using either a Dounce
homogenizer, a pestle, or a centrifuge. [14, 15] One notable advantage of manual single nuclei
isolation is that it offers more user control and protocol customization, allowing for easier
protocol optimization for specialized samples or other experimental needs. The number of
samples processed during one isolation run is variable, but it’s uncommon to process more than
10 samples at once. Such protocols can produce anywhere between 700 — 1,200 nuclei/uL or 7.0
x 10° — 1.2 x 10° nuclei/mL, which is the optimal nuclei concentration for single-nuclei
sequencing. Conversely, manual single-nuclei isolation is accompanied by several disadvantages.
It’s labor-intensive, has a lower throughput, and can lead to variable results based on user
technique and experience. Additionally, these protocols are very time-consuming and can take
anywhere between 1-3 hours to complete. [16]

In contrast, nuclei isolation kits offered by companies, such as 10x Genomics and Invent
Biotechnologies, mitigate some of these limitations by providing pre-formulated buffers and
standard protocols. [17, 18] Using pre-formulated buffers and standard protocols allows users to
produce standardized, reproducible results in a time-efficient manner, with isolation runs taking
30 minutes to two hours to complete, and these kits can produce up to 1 million nuclei/10 mg or
1.04 x 10® nuclei/mL using mouse brain samples. Similarly to manual nuclei isolation protocols,
the number of samples processed during an isolation run is variable, but it’s uncommon to
process more than 10 samples at once. Nuclei isolation kits have a few limitations. Most notably,
they are more expensive than traditional, manual protocols, with each kit costing approximately
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$500, and these kits offer users less flexibility for protocol optimization, as each kit is often
designed for a specific model organism and tissue type.

The last method of single-nuclei isolation is the semi-automated isolation method.
Semi-automated single nuclei isolation involves using a specialized device that automates the
homogenization of samples through mechanical or chemical methods, or a combination of both.
[19, 20] Similar to the nuclei isolation kits, the companies producing semi-automated machines,
such as Miltenyi Biotec and S2 genomics, offer users the option to use their pre-formulated
buffers and enzymes to minimize preparation time and reduce variability in results, but users
have the option of using lab-prepared buffers with these devices. Semi-automated single nuclei
isolation methods are able to isolate nuclei at a higher-throughput and reproducible rate in less
than 30 minutes using specialized devices such as The Singulator 200 created by S2 genomics.
[20] Devices such as The Singulator 100 can consistently produce up to 9.09 x 10° nuclei/mL
using frozen mouse brain tissue for single-nuclei gene sequencing applications. Although these
devices can reliably and efficiently isolate nuclei at a high-throughput rate using either
pre-formulated or lab-prepared reagents, these devices and their proprietary consumables, such
as required cartridges and tubes, can be expensive to purchase over time, and these devices may
not be readily accessible to many researchers.

Given the associated advantages and disadvantages of each single-nuclei isolation
method, there is a need to develop a more affordable single-nuclei isolation method that achieves
the high-throughput efficiency of semi-automated isolation methods, the flexible protocol
customization and optimization of manual isolation methods, and the result reproducibility of
nuclei isolation kits.

PIXUL: Multi-Sample Sonicator

In collaboration with his colleagues, Dr. Bomsztyk and his team developed a novel,
multi-sample sonicator device named the PIXUL. [21] In particular, the “U” in the moniker
refers to the array of ultrasound transducers used within the PIXUL to shear fresh or frozen
tissue samples or other genetic material such as chromatin. The PIXUL is comprised of four
main parts: an array of ultrasound transducers that focus ultrasound waves into every well in a
96-well polystyrene (PS) or polypropylene (PP) microplate, an amplifier to power the
transducers, a Peltier cooling system to control the temperature of the environment that houses
the samples and a computer that controls the entire device based on the following set of variable
parameters: Pulse, Pulse-repetition frequency (PRF), Burst, and Time. The pulse parameter
describes the number of 2 MHz ultrasound wave cycles per pulse, the PRF parameter describes
the delay between pulses in kHz, and the burst rate parameter describes the frequency at which
sets of pulses transition to the next, neighboring columns (there are a total of 12 columns). The
time parameter describes the process duration of a given run. The default settings of the PIXUL
are as follows: Pulse (N) = 50, PRF (kHz) = 1, Burst Rate (Hz) = 20, and Time Duration (min) =
30.

To shear tissue or other genetic material, the PIXUL emits ultrasound waves to create
alternating cycles of high and low pressure within each sample. The lower pressure enables gas
bubble formation within the fluid, and the higher pressure leads to the sudden collapse of the
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bubbles, generating enough hydrodynamic shear stress to shear samples. The novelty of the
PIXUL lies in its ability to simultaneously process up to 96 separate samples in traditional
96-well microplates. The PIXUL’s ability to directly transmit ultrasound waves into each well in
a 96-well microplate is particularly innovative because other commercially available
semi-automated single nuclei isolation devices cannot process samples housed inside 96-well
microplates. If users use a 96-well microplate to hold their samples, they will need to transfer
their samples from the microplate to individual, compatible tubes, which is an inefficient process
that could lead to significant sample loss. Additionally, these competing devices can only
simultaneously process a limited number of samples. For instance, semi-automated single nuclei
isolation devices such as The Singulator 200 and the gentleMACS Octo Dissociator can only
process up to two and eight samples at once, respectively. [19, 20] Furthermore, the proprietary
consumable tubes used for these devices are often costly. For instance, the M tubes used for the
gentleMACS Octo Dissociator cost approximately $205 for a set of 25 sterile tubes. In direct
contrast, the PIXUL uses 96-well microplates that are approximately $2 per plate, and unlike the
gentleMACS Octo Dissociator and The Singulator 200, the PIXUL can process up to 96 samples
during a single sonication run. The PIXUL’s ability to process a high number of samples in a
low-cost 96-well microplate makes it an appealing device choice for the development of a more
cost-effective, high-throughput single-nuclei isolation protocol. However, it’s important to
acknowledge a few potential concerns regarding the use of the PIXUL. In particular, there are
environmental concerns regarding the use of 96-well microplates, as polypropylene is not
biodegradable, and the disposal of these 96-well microplates continues to contribute to landfills
across the globe. [22] Additionally, although these 96-well microplates are much more affordable
compared to the proprietary tubes used by other commercially available competitor devices, the
PIXUL device itself can be a major financial investment, and maintenance can drive up the
overall cost of using the PIXUL. [21] However, given all of these considerations, the PIXUL has
significant potential to process up to 96 samples at a more affordable cost and higher-throughput
rate than other semi-automated single nuclei isolation devices, and, similar to manual single
nuclei isolation methods, the PIXUL can offer users similar protocol flexibility in terms of
protocol optimization and customization. Moreover, the PIXUL’s ability to reliably emit uniform
sonication waves across the entire 96-well microplate suggests that it can potentially achieve
similar reproducibility rates as commercially available nuclei isolation kits.
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Fig 1. PIXUL Multi-Sample Sonicator. A tissue and genetic material shearing device developed
and produced by the Bomsztyk lab and Matchstick Technologies. Up to 96 samples in a 96-well
microplate can be simultaneously processed in the PIXUL.

Manual single nuclei isolation protocols rely on require users to manually homogenize
their tissue samples using a Dounce homogenizer, a pestle, or through centrifugation methods,
which is a labor-intensive and time-consuming process that limits the number of samples that can
be processed in a single isolation run. [14, 15] Consequently, these manual protocols yield fewer
nuclei compared to semi-automated single-nuclei isolation methods. The PIXUL offers a
promising solution to this limitation by efficiently and evenly shearing up to 96 tissue and
genetic samples in a 96-well microplate using ultrasound sonication. By using a high-throughput
shearing device, such as the PIXUL, to automate the homogenization of tissue samples, the
homogenization process for single nuclei isolation can become more streamlined and
time-efficient, and a large nuclei yield can be achieved.

A 2022 project in the Bomsztyk lab previously investigated the PIXUL’s potential to
efficiently homogenize mouse liver tissue for high-throughput single nuclei isolation. [23] After
making strategic adjustments to the buffer ratios in the lysis and nuclei wash buffers and
increasing the number of wash steps, the final nuclei yield was able to reach up to 5,000
nuclei/uL, which is comparable to other manual nuclei isolation protocols, however, the final
nuclei yield of these experiments often varied and many experiments resulted in unsatisfactory
nuclei yields. Additionally, the entire protocol takes 3.5 hours to complete, which leaves room
for improvement in overall protocol efficiency.

This thesis aims to build upon this previous protocol to develop a high-throughput,
efficient single-nuclei isolation protocol that leverages PIXUL’s ability to homogenize frozen
mouse brain tissue. Frozen mouse brain tissue samples were chosen for their relevance to
epigenetic research focused on the etiology and treatment of different central nervous system
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diseases. To optimize and improve the previous protocol to homogenize frozen mouse brain
tissue, several preliminary experiments were performed to optimize the lysis buffer, PIXUL’s
settings, and the number of frozen tissue cores used for each sample.

Development of Design Specifications:

Trypan Blue Dye: Nuclei Staining

Trypan blue is a negatively charged dye that is traditionally used to differentiate between
live and dead cells in a suspension. This staining method works by mixing trypan blue dye in a
1:1 ratio with a cell suspension, and this dye will stain the cytoplasm and nuclei of dead cells
dark blue. Because live cells have intact, lipid-based cell membranes, trypan blue dye cannot
penetrate through the membrane and stain the inner cell contents. As a result, live cells will
remain visibly clear or pale after trypan blue dye is mixed in with a sample suspension. In
addition to differentiating between live and dead cells, trypan blue dye also acts as a useful
staining tool to observe and count intact nuclei under a microscope and assess the extent of cell
lysis after brain tissue samples are homogenized in a lysis buffer. After each sample was placed
in lysis buffer and homogenized using the PIXUL, trypan blue staining was performed to assess
the lysis efficiency and quality of nuclei.

Intact nuclei

Fig 2. Trypan blue staining of mouse brain nuclei right after tissue homogenization and cell lysis.
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Hemocytometer: Manual Counter for Nuclei

To determine the final nuclei concentration of the suspensions produced, a manual cell
counter called a hemocytometer was used. A manual cell counter was chosen over an automated
cell counter due to the excessive amounts of cellular debris produced by brain tissue samples,
which can interfere with the automated cell counter’s ability to accurately count the intact brain
nuclei. There are a few limitations with using a hemocytometer to count nuclei; notably, these
devices often cause excessive eye strain and fatigue, which can contribute to counting errors.
Additionally, it’s important to acknowledge that using a manual cell counter is not suitable for
counting nuclei for high-throughput applications, but for the purposes of maintaining accuracy,
especially during the protocol development phase, we decided to use a manual cell counter to
accurately calculate the final nuclei concentration values.

Fig 3. Hemocytometer and hand-held tally counter used in the Bomsztyk lab.
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CryoCore: Extracting Frozen Brain Tissues Cores

The CryoCore system consists of a hand-held rotary tool, a CryoTray, a CryoBlock, and a
CryoBox. The CryoTray holds all of the mouse brain samples prior to extraction, and the
CryoBox is a styrofoam box filled with dry ice. The CryoBlock, which is placed inside the
CryoBox, is used to provide a stable foundation for the CryoTray during extraction, and it’s used
to keep samples below a temperature of -70°C. By loading the CryoCore with PBS solution and
using the hand-held rotary tool, 1-2mm’ tissue cores can be extracted, and each core contains
around 1-2 mg of tissue.

Fig 4. CryoCore: a hand-held rotary extraction tool that produces 1-2mm? brain tissue cores,
which contain around 1-2 mg of brain tissue. The CryoBox is filled with dry ice and holds both
the CryoBlock and CryoTray. [23]
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Centrifuge: Separate Nuclei from Cellular Debris

To properly separate the nuclei from other cellular debris in the suspension, it’s important
to perform several wash steps by first spinning the nuclei suspension down using a centrifuge.
The centrifuge used in the Bomsztyk lab uses micro test tubes, which range in size from 0.2 mL
to 2 mL. For all of the experiments performed, nuclei suspensions were spun at 500 g for 5
minutes at 4°C. It was important that samples were centrifuged down at 4°C to inhibit additional
enzymatic lysis activity as well as maintain the integrity of the nuclei. Once done processing in
the centrifuge, a nuclei pellet was observed at the bottom of each test tube.

eppendorf Centrifuge 5424 F |

\—————?/7{

Fig 5. Centrifuge used in the Bomsztyk lab.
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Cell Strainers: Filter Nuclei from Tissue and Cellular Debris

To filter the nuclei and separate the nuclei from tissue and cellular debris, three
different-sized cell strainers were used: a 200 pm cell strainer, a 70 um cell strainer, and a 40 um
cell strainer. The 200 pum cell strainer was used to remove large brain tissue aggregates from the
sample suspension, and the 70 um cell strainer was used to remove smaller brain tissue
aggregates from the sample suspension. The 40 um cell strainer was used to properly filter the
neuronal nuclei, which are approximately 8-10 um in diameter on average. [24]

40 pm Cell Strainer 70 pm Cell Strainer 200 pm Cell Strainer

Fig 6. Cellstrainers (40 pm, 70 um, and 200 pm) used in the Bomsztyk lab.
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96-well Plate Shaker

In an attempt to promote the lysis of brain cells and minimize nuclei and cell aggregation,
a 96-well plate shaker was used right after the homogenization of samples at the following
settings: 3 minutes at 300 rpm. When samples were observed under a microscope with trypan
blue staining, most of the nuclei were ruptured. The plate shaker settings were then adjusted to
the following settings: 1 minute at 300 rpm; however, similar results were observed. The plate
shaker settings were then adjusted to 30 seconds at 300 rpm with similar results.

Fig 7. 96-well plate shaker.

However, when brain tissues samples were homogenized in the PIXUL at the following
settings: Pulse (N): 20, PRF (kHz): 1, Burst Rate (Hz): 50, and Time Duration (min): 4, and then
transferred to the 96-well plate shaker for 15 seconds at 300 rpm, there was no observable
improvements in nuclei yield or cell and nuclei aggregation. Given these findings, the plate
shaker was ultimately omitted in the final single-nuclei isolation protocol.
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Right after PIXUL homogenization: 4 Min  Plate shaker after PIXUL (15 sec, 300 rpm)

No discernable difference in observed
nuclei yield

Fig 8. Trypan blue staining of a brain tissue sample (10 tissue cores) was performed right after
tissue homogenization, and after plate was put on a plate shaker after homogenization. Scale bar
1s 100 pm.

Preliminary Experiment 1: Optimizing the Lysis Buffer Recipes

To achieve a high nuclei yield, it’s important to choose an appropriate lysis buffer that
adequately lyses the cells without degrading the nuclei. Additionally, the lysis buffer must create
a stable pH and osmotic environment to prevent nuclei from aggregating or being completely
degraded. To create the most optimized lysis buffer, it was important to design an experiment
that would directly assess the lysis efficiency of each lysis buffer. Briefly, an experiment was
conducted using two identical brain tissue samples, which were then homogenized in the PIXUL
with the following settings: Pulse (N): 20, PRF (kHz): 1, Burst Rate (Hz): 50, and Time Duration
(min): 4. These samples were then filtered through a 70 um and a 40 um cell strainer, and their
post-filtration nuclei yield was examined using trypan blue staining.

Three different lysis buffers were tested using the same experimental protocol mentioned
briefly above. The first lysis buffer assessed was the same lysis buffer used in the 2022
Bomsztyk liver single nuclei isolation protocol. This buffer contained the following reagents: 1
M Tris-HCI (pH 7.4), 5 M NaCl, 1 M MgCl,, and the lysis reagent with 10 %
HEPES/HgCl,/KCI/NP.40/nuclease-free H,O. The Tri-HCI buffer was used to create a stable pH
environment for the nuclei, and the salts, NaCl and MgCl,, were used to create a stable osmotic
environment for the nuclei. Finally, the lysis reagent with 10 %
HEPES/HgCl,/KCI/NP.40/nuclease-free H,O was used to lyse the cells and release the nuclei.
Additionally, the nuclei wash buffer from the 2022 Bomsztyk liver single nuclei isolation
protocol was used in the same experiment. This nuclei wash buffer consists of the following
reagents: 5% BSA, 40U/uL RNase inhibitor, and 1X PBS. The 5% BSA was used to prevent the
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aggregation of nuclei, and the RNase inhibitor was used to inhibit additional enzymatic lysis of
cells and nuclei.

The second lysis buffer tested was a lysis buffer that’s very similar to the lysis buffer used
in the Jayadev lab. This lysis buffer has been used to successfully isolate nuclei in the Jayadev
lab. This lysis buffer consists of the following reagents: nuclei wash buffer, 10% BSA, 1 mM
ATA, 10% NP-40, 10% Tween-20, and 5% digitonin. The 10% BSA was used to limit the
amount of nuclei aggregation, and the | mM ATA was used to prevent the enzymatic degradation
of intact nuclei. The 10% NP-40, 10% Tween-20, and 5% digitonin were used to enhance the
lysis of cells and the release of nuclei. Additionally, the nuclei wash buffer used in the Jayadev
lab nuclei isolation protocols was also tested in the same experiment. This nuclei wash buffer
consists of 10% BSA, 40 U/uL protein RNase inhibitor, and 1X PBS. Similar to the nuclei wash
buffer used in the 2022 Bomsztyk liver single nuclei isolation protocol, the 10% BSA used in
this recipe is used to limit nuclei aggregation, and the protein RNase inhibitor is used to inhibit
additional enzymatic lysis activity.

The last lysis buffer tested was an optimized lysis buffer that takes different components
from the two previously mentioned lysis buffers. This lysis buffer consists of the following
reagents: 10% NP-40, 10% BSA, 1 M Tris-HCI (pH 7.4), MgCl,, NaCl, 5% digitonin, and
nuclease-free water. The 10% NP-20 and 5% digitonin were used to enhance the lysis of cells
and release of nuclei, and the 10% BSA was used to reduce nuclei aggregation. The Tri-HCl
buffer was used to create a stable pH environment for the nuclei, and the salts, NaCl and MgCl,,
were used to create a stable osmotic environment for the nuclei. To test this lysis buffer with the
experimental protocol briefly mentioned above, the same Jayadev lab nuclei wash buffer was
used.

Preliminary Experiment 2: Optimizing the Number of Tissue Cores for each Sample

To maximize the nuclei yield, it was important to consider how much frozen mouse brain
tissue would be extracted for each sample. If each sample contains an insufficient amount of
brain tissue, very few nuclei would be extracted during the lysis process, and subsequent filtering
could lead to further reductions in nuclei yield. However, if each sample contains an excessive
amount of brain tissue, the processing time in the PIXUL will likely need to be extended to
effectively lyse the cells and extract nuclei, which would reduce the overall efficiency of the
homogenization process. To investigate this, an experiment was conducted using 5 brain tissue
samples, with each sample having the following number of frozen mouse brain tissue cores: 2, 4,
6, 8, and 10 cores. These samples were then processed in the PIXUL at the following settings:
Pulse (N): 20, PRF (kHz): 1, Burst Rate (Hz): 50, and Time Duration (min): 4. These samples
were then filtered through a 200 um cell strainer, and their post-filtration nuclei yields were
examined using trypan blue staining.

Preliminary Experiment 3: Optimizing the PIXUL Settings
Given how delicate brain tissue is compared to other tissue types, it was important to

make appropriate adjustments to the PIXUL settings so that the frozen mouse brain tissue is
homogenized thoroughly without damaging the nuclei. To reduce the amount of focused
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ultrasound energy to each sample, the Pulse setting was decreased to 20 cycles per pulse, and the
Burst Rate was increased to 50 Hz to minimize the transition delays of ultrasound pulses
between columns. This helps ensure samples in different columns are evenly and equally
homogenized.

To make the most optimal settings adjustments, a preliminary experiment was conducted
with five identical brain tissue samples, with each sample having 10 tissue cores. Each sample
was processed in the PIXUL with the same Pulse (N), PRF (kHz), and Burst Rate (Hz) settings,
which were set to 20, 1, and 50, respectively. The five tissue samples were processed in the
PIXUL at different durations. Samples 1, 2, 3, 4, and 5 were processed at the following time
durations, respectively: 30 seconds, 1 minute, 2 minutes, 4 minutes, and 6 minutes. After
homogenization, the samples were filtered through a 70 um cell strainer, and their post-filtration
nuclei yield was examined using trypan blue staining.
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Materials and Methods:

Source of Frozen Mouse Brain Tissues

8-12 week old C57bl/6 female mice were injected intraperitoneally with 200 uLL of PBS
and euthanized 12 hours later by isoflurane overdose and confirmatory cervical dislocation.
Mouse brains were then harvested and frozen.

Preparing the CryoCore for Extraction

Before the mouse brains were frozen, a CryoBlock was placed in a CryoBox filled with
dry ice to maintain a temperature below -70°C. Then, a 24-well CryoTray was prepared by
injecting a small amount of CryoGel cryogenic media into each well. This tray was then placed
onto the CryoBlock, and the freshly harvested mouse brains were put on ice before being placed
into each tray well. The CryoGel cryogenic media at the bottom of the wells helped promote
rapid tissue freezing. Frozen tissues were stored in a freezer at -80°C prior to sampling.
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Preliminary Experiment 1: Optimizing the Lysis Buffer Recipes

96-well PP "‘j:::: ~—=
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Fig 9. Workflow diagram illustrating the protocol used in the first preliminary experiment
[Figure created in https.//BioRender.com]

Preparing the Lysis and Nuclei Wash Buffers

The first preliminary experiment begins by first creating the three lysis buffers and two
nuclei wash buffers. The nuclei wash buffer used in the 2022 Bomsztyk liver single nuclei
isolation protocol was first made by combining the following reagents: 760 puL of 5% BSA, 19
uL of 40U/uLL RNase inhibitor, and 3.021 mL of 1X PBS. Then, the lysis buffer used in the 2022
Bomsztyk liver single nuclei isolation protocol was made by combining the following reagents:
100 pL of 1 M Tris-HCI (pH 7.4), 20 uL of 5 M NaCl, 30 pL of MgCl,, 100 uL of Lysis Reagent
(10% HEPES/HgCl,/KCI/NP.40/nuclease-free H,0), and 9.75 mL nuclease-free water.
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2022 Bomsztyk lab Stock Final Volume
Nuclei Wash &

Resuspension Buffer

5% BSA 5% 1% 760 pL
RNase inhibitor 40 U/uL 0.2 U/uL 19 uL

1X PBS - - 3.021 mL
Total Volume 3.8 mL

Table 1. Nuclei wash buffer recipe used in the 2022 Bomsztyk lab liver single nuclei isolation

protocol.
2022 Bomsztyk lab Stock Final Volume
Lysis Buffer Recipe
Tris-HCI (pH 7.4) 1M 10 mM 100 pL
NaCl 5M 10 mM 20 L
MgCl, IM 3 mM 30 uL
Lysis Reagent 10% 0.1% 100 pL
[HEPES/HgCl,/KCl/
NP.40/nuclease-free
H,0]
Nuclease-free H,O - - 9.75 mL
Total volume 10 mL

Table 2. Lysis buffer recipe used in the 2022 Bomsztyk lab liver single nuclei isolation protocol.
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The nuclei wash buffer used in the Jayadev lab was made by combining the following
reagents: 1.790 mL of 1X PBS, 200 pL of 10% BSA, and 10 pL of 40 U/uL protector RNase
inhibitor. Then, the second lysis buffer that’s nearly identical to the lysis buffer used in the
Jayadev lab was made by combining the following reagents: 3.8 mL of 10X nuclei wash buffer,
400 pL of 10% BSA, 400 pL of 1 mM ATA in nuclei wash buffer, 40 uL of 10% NP-40, 40 pL

of 10% Tween-20, and 4 pL of 5% digitonin.

Nuclei Wash & Stock Final Volume
Resuspension Buffer

1X PBS 1X 0.895X 1.790 mL
10% BSA 10% 1% 200 uL
Protector RNase 40 U/uL 0.2 U/uL 10 pL
Inhibitor

Total Volume 2 mL

Table 3. Jayadev lab nuclei wash buffer recipe used in their single-nuclei isolation protocols.

Lysis Buffer Recipe Stock Final Volume
Nuclei Buffer 10X 7.78X 3.8 mL
10% BSA 10X 1X 400 pL
1 mM ATA in Nuclei |1 mM 0.1 mM 400 pL
Buffer

10% NP-40 10% 0.1% 40 pL
10% Tween-20 10% 0.1% 40 pL
5% Digitonin 5% 0.005% 4 uL
Total volume 4 mL

Table 4. Lysis buffer recipe created using the Jayadev lab’s lysis buffer recipe as a reference.
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The optimized lysis buffer was prepared by combining the following reagents: 7.84 mL
of nuclease-free water, 1 mL of 10% NP-40, 1 mL of 10% BSA, 100 uL of 1 M Tris-HCI (pH
7.4), 30 uL of 1 M MgCl,, 20 pL of 5 M NacCl, and 10 pL of 5% digitonin.

Lysis Buffer Recipe Stock Final Volume
Nuclease-free H,O - - 7.84 mL
10% NP-40 10% 1% 1 mL
10% BSA 10X 1X 1 mL
Tris-HCI, pH 7.4 IM 10 mM 100 uL
MgCl, 1M 3mM 30 uL
NaCl SM 10 mM 20 puL
Digitonin 5% 0.005% 10 uL
Total volume 10 mL

Table 5. Optimized lysis buffer recipe used in the final, high-throughput single-nuclei isolation
protocol.

CryoCore Protocol: Extracting Frozen Mouse Brain Tissue Cores

All three lysis buffers were tested using the same protocol as follows. A 96-well
microplate was prepared and placed on ice next to the CryoCore. The CryoBox, containing both
the CryoTray and CryoBlock, was then removed from the freezer and placed next to the
CryoCore. The CryoCore was then loaded with 1X PBS, and the hand-held rotary tool was used
to extract 5 brain tissue cores for each sample. Two identical 5-core samples were extracted and
placed in columns 1 and 2 of row D in the 96-well microplate, and a clear, adhesive film was
applied on top of the 96-well microplate. The plate was then spun down at 500g for 5 minutes,
and the clear, adhesive film was removed to aspirate the PBS solution from each sample. Then,
250 pL of lysis buffer was administered to each brain tissue sample, and each sample was gently
mixed by pipetting up and down 10 times. The rest of the wells in columns 1 and 2 were each
filled with 250 pL of water. Once all wells were loaded, a new clear, adhesive film was applied
on top of the 96-well microplate in preparation for the homogenization step using PIXUL.
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Fig 10. 96-well microplate layout after the two samples are loaded with lysis buffer. [Figure
created in hitps://BioRender.com]

PIXUL Brain Tissue Homogenization Protocol

The 96-well microplate was carefully loaded into the PIXUL using a hand-held plate
holder, and the PIXUL settings were adjusted to the following settings: Pulse (N) = 20, PRF
(kHz) = 1, Burst Rate (Hz) = 50, and Time Duration (min) = 4. Once the processing time was
completed, the 96-well microplate was removed from the PIXUL, and the plate adhesive film
was removed. Each sample was then gently pipetted up and down 10 times to mix the tissue
suspension, and the lysis efficiency of each sample was assessed by taking 10 uL of each brain
tissue sample suspension and mixing it with 10 pL of trypan blue dye. Then, 10 uL of each
mixed solution was deposited onto a glass slide and observed under the microscope.

Nuclei Filtration Using Cell Strainers Protocol

Once lysis efficiency was assessed, each sample was carefully removed from the 96-well
microplate and individually filtered through a 70 um cell strainer. Each filtered suspension was
transferred to a labeled 1.5 mL LoBind tube and centrifuged at 500g for 5 min at 4°C. Once
centrifugation was completed, a pellet was observed at the bottom of each tube, and the lysis
buffer above each sample was aspirated.

After the lysis buffer was aspirated, 150 puL of nuclei wash buffer was added to each
sample tube, making sure to mix each suspension by pipetting up and down 10 times. Both
nuclei suspensions were then filtered through a 40 um cell strainer, and the filtered suspensions
were placed in new 1.5 mL LoBind tubes. These tubes were then centrifuged again at 500g for 5
mins at 4°C, and the supernatant above each pellet was aspirated and replaced with 90 pL of
nuclei wash buffer, making sure to pipette each suspension up and down 10 times. The observed
nuclei yield was then assessed for each sample by mixing 10 pL of trypan blue dye with 10 pL of
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the sample suspension. Then, 10 puL of each mixed solution was deposited onto a glass slide and
observed under the microscope.

Preliminary Experiment 2: Optimizing the Number of Tissue Cores for each Sample
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CryoBox Ice Bucket samples with the Tissue spi? ot 5004 forg5 and
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Fig 11. Workflow diagram illustrating the protocol used in the second preliminary experiment

[Figure created in https://BioRender.com]

CryoCore Protocol: Extracting Frozen Mouse Brain Tissue Cores

The second preliminary experiment was conducted using the following protocol. A
96-well microplate was prepared and placed on ice next to the CryoCore. The CryoBox,
containing both the CryoTray and CryoBlock, was then removed from the freezer and placed
next to the CryoCore. The CryoCore was then loaded with 1X PBS, and the hand-held rotary tool
was used to extract 5 brain tissue samples, with each sample having the following number of
tissue cores, respectively: 2 cores, 4 cores, 6 cores, 8§ cores, and 10 cores. The five brain tissue
samples were extracted and placed in columns 1, 2, 3, 4, and 5 of row D in the 96-well
microplate, and a clear, adhesive film was applied on top of the 96-well microplate. The plate
was then spun down at 500g for 5 minutes, and the clear, adhesive film was removed to aspirate
the PBS solution from each sample. Then, 250 pL of the optimized lysis buffer was administered
to each brain tissue sample, and each sample was gently mixed by pipetting up and down 10
times. The rest of the wells in columns 1 through 5 were each filled with 250 pL of water. Once
all wells were loaded, a new clear, adhesive film was applied on top of the 96-well microplate in
preparation for the homogenization step using PIXUL.
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Fig 12. 96-well microplate layout after the five samples (each sample has a different number of
tissue cores) are loaded with lysis buffer. [Figure created in https://BioRender.com]

PIXUL Brain Tissue Homogenization Protocol

The 96-well microplate was carefully loaded into the PIXUL using a hand-held plate
holder, and the PIXUL settings were adjusted to the following settings: Pulse (N) = 20, PRF
(kHz) = 1, Burst Rate (Hz) = 50, and Time Duration (min) = 4. Once the processing time was
completed, the 96-well microplate was removed from the PIXUL, and the plate adhesive film
was removed. Each sample was then gently pipetted up and down 10 times to mix the tissue
suspension, and the lysis efficiency of each sample was assessed by taking 10 pL of each brain
tissue sample suspension and mixing it with 10 pL of trypan blue dye. Then, 10 puL of each
mixed solution was deposited onto a glass slide and observed under the microscope.

Nuclei Filtration Using Cell Strainers Protocol

Once lysis efficiency was assessed, each samples were carefully removed from the
96-well microplate and individually filtered through a 200 um cell strainer. Then, the observed
nuclei yield was assessed for each sample by mixing 10 pL of trypan blue dye with 10 pL of a
sample suspension. Then, 10 pL of each mixed solution was deposited onto a glass slide and
observed under the microscope.
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Preliminary Experiment 3: Optimizing the PIXUL Settings
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Fig 13. Workflow diagram illustrating the protocol used in the third preliminary experiment
[Figure created in https://BioRender.com]

CryoCore Protocol: Extracting Frozen Mouse Brain Tissue Cores

The third preliminary experiment was conducted using the following protocol. A 96-well
microplate was prepared and placed on ice next to the CryoCore. The CryoBox, containing both
the CryoTray and CryoBlock, was then removed from the freezer and placed next to the
CryoCore. The CryoCore was then loaded with 1X PBS, and the hand-held rotary tool was used
to extract 5 identical brain tissue samples, with each sample having 10 tissue cores. The five
brain tissue samples were extracted and placed in columns 1, 2, 3, 4, and 5 of row D in the
96-well microplate, and a clear, adhesive film was applied on top of the 96-well microplate. The
plate was then spun down at 500g for 5 minutes, and the clear, adhesive film was removed to
aspirate the PBS solution from each sample. Then, 250 pL of the optimized lysis buffer was
administered to each brain tissue sample, and each sample was gently mixed by pipetting up and
down 10 times. The rest of the wells in columns 1 through 5 were each filled with 250 pL of
water. Once all wells were loaded, a new clear, adhesive film was applied on top of the 96-well
microplate in preparation for the homogenization step using PIXUL.
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PIXUL Brain Tissue Homogenization Protocol

The 96-well microplate was carefully loaded into the PIXUL using a hand-held plate
holder, and all samples had the same Pulse, PRF, and Burst Rate settings. All samples were
processed in the PIXUL at the following settings: Pulse (N) = 20, PRF (kHz) = 1, Burst Rate
(Hz) = 50, but each sample was homogenized for different durations. Samples 1, 2, 3, 4, and 5
were homogenized for the following durations, respectively: 30 seconds, 1 minute, 2 minutes, 4
minutes, and 6 minutes. Once all samples were homogenized in the PIXUL, the 96-well
microplate was removed from the PIXUL, and the plate adhesive film was removed. Each
sample was then gently pipetted up and down 10 times to mix the tissue suspension, and the lysis
efficiency of each sample was assessed by taking 10 puL of each brain tissue sample suspension
and mixing it with 10 pL of trypan blue dye. Then, 10 uL of each mixed solution was deposited
onto a glass slide and observed under the microscope.

Nuclei Filtration Using Cell Strainers Protocol

Once lysis efficiency was assessed, each samples were carefully removed from the
96-well microplate and individually filtered through a 70 um cell strainer. Then, the observed
nuclei yield was assessed for each sample by mixing 10 pL of trypan blue dye with 10 puL of a
sample suspension. Then, 10 pL of each mixed solution was deposited onto a glass slide and
observed under the microscope.
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Finalized Protocol: PIXUL High-Throughput Brain Single Nuclei Isolation
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Fig 14. Workflow diagram illustrating the finalized, high-throughput mouse brain single-nuclei
isolation protocol using the PIXUL. [Figure created in https.//BioRender.com]
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CryoCore Protocol: Extracting Frozen Mouse Brain Tissue Cores

The finalized high-throughput brain single-nuclei isolation protocol is detailed as follows.
A 96-well microplate was prepared and placed on ice next to the CryoCore. The CryoBox,
containing both the CryoTray and CryoBlock, was then removed from the freezer and placed
next to the CryoCore. The CryoCore was then loaded with 1X PBS, and the hand-held rotary tool
was used to extract two identical 10 brain tissue-core samples, which were placed in columns 1
and 2 of row D in the 96-well microplate. A clear, adhesive film was then applied on top of the
96-well microplate, and the plate was then spun down at 500g for 5 minutes. The clear, adhesive
film was then removed to aspirate the PBS solution from each sample. Then, 250 pL of the
optimized lysis buffer was administered to each brain tissue sample, and each sample was gently
mixed by pipetting up and down 10 times. The rest of the wells in columns 1 and 2 were each
filled with 250 uL of water. Once all wells were loaded, a new clear, adhesive film was applied
on top of the 96-well microplate in preparation for the homogenization step using PIXUL.

PIXUL Brain Tissue Homogenization Protocol

The 96-well microplate was carefully loaded into the PIXUL using a hand-held plate
holder, and the PIXUL settings were adjusted to the following settings: Pulse (N) = 20, PRF
(kHz) = 1, Burst Rate (Hz) = 50, and Time Duration (min) = 2. Once the processing time was
completed, the 96-well microplate was removed from the PIXUL, and the plate adhesive film
was removed. Each sample was then gently pipetted up and down 10 times to mix the tissue
suspension, and the lysis efficiency of each sample was assessed by taking 10 puL of each brain
tissue sample suspension and mixing it with 10 puL of trypan blue dye. Then, 10 pL of each
mixed solution was deposited onto a glass slide and observed under the microscope.

Nuclei Filtration Using Cell Strainers Protocol

Once lysis efficiency was assessed, each sample was carefully removed from the 96-well
microplate and individually filtered through a 70 um cell strainer. Each filtered suspension was
transferred to a labeled 1.5 mL LoBind tube and centrifuged at 500g for 5 min at 4°C. Once
centrifugation was completed, a pellet was observed at the bottom of each tube, and the lysis
buffer above each sample was aspirated.
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Fig 15. Pellet containing nuclei was observed at the bottom of the sample tubes after
centrifugation.

After the lysis buffer was aspirated, 150 pL of nuclei wash buffer was added to each
sample tube, making sure to mix each suspension by pipetting up and down 10 times. Both
nuclei suspensions were then filtered through a 40 pm cell strainer, and the filtered suspensions
were placed in new 1.5 mL LoBind tubes. These tubes were then centrifuged again at 500g for 5
mins at 4°C, and the supernatant above each pellet was aspirated and replaced with 150 pL of
nuclei wash buffer, making sure to pipette each suspension up and down 10 times. The two
sample tubes were centrifuged again at the same settings, and the supernatants were removed and
replaced with 150 pL of nuclei wash buffer again, making sure to pipette each suspension up and
down 10 times. The centrifugation and aspiration steps were repeated once more, except that 90
uL of nuclei wash buffer was dispensed to both sample tubes and gently mixed by pipetting up
and down 10 times.
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Hemocytometer: Calculating Final Nuclei Concentration

To calculate the final concentration of the two nuclei suspensions, the hemocytometer
chamber surface and the coverslip were first cleaned with 70% ethanol. Then, the coverslip was
positioned over the chamber, and, for each sample tube, a 1:1 solution was prepared by mixing
10 pL of the final nuclei suspension with 10 pL of trypan blue by gently pipetting up and down
five times. Once prepared, 10 puL of this mixed solution was carefully loaded into the V-shaped
well between the chamber and coverslip of the hemocytometer, which was then positioned under
the microscope for counting.

* Green top/right edges = count nuclei
* Red bottom/left edges = don't count nuclei

Fig 16. Microscope view of the grid layout of a hemocytometer. Grids A, B, C, and D are the
only grids in a hemocytometer used for counting. [Figure created in https://BioRender.com]

Once under the microscope, all of the nuclei in grid A of the hemocytometer were
counted using a hand-held tally counter, making sure to exclude any nuclei that touched the
bottom and left edges of the grid. Once the nuclei count was made, it was multiplied by 2 to
account for the dilution by trypan blue dye and was recorded for later calculations. This process
was repeated for grids B, C, and D in the hemocytometer, and the final nuclei concentration for
each brain tissue sample was calculated using the following formula.

Total nuclei/mL = 2*([nuclei count in grid A] + [nuclei count in grid B] + [nuclei count in
grid C] + [nuclei count in grid D])/4 * 10* [nuclei/mL]
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Results:

Preliminary Experiment 1: Optimizing the Lysis Buffer Recipes

When the lysis and nuclei wash buffers from the 2022 Bomsztyk liver single nuclei
isolation protocol were tested against the first preliminary experimental protocol, the nuclei
suspension consistently failed to filter through the 40 um cell strainer. Additionally, when the
observed nuclei yields were observed using trypan blue dye, multiple nuclei aggregates were
present. One possible explanation for these findings is that the lack of BSA content in the lysis
buffer led to the aggregation of the nuclei, which increased the viscosity of the suspension and
prevented the suspension from passing through the 40 um cell strainer. Given these findings, the
lysis buffer from the 2022 Bomsztyk liver single nuclei isolation protocol was omitted from both
the second and third preliminary experiments, as well as from the finalized single-nuclei
isolation protocol.

When the lysis and nuclei wash buffers from the Jayadev lab were tested against the first
preliminary experimental protocol, it was apparent that most of the nuclei were predominantly
localized near large cellular aggregates, and when these sample suspensions were filtered
through both the 70 pum and 40 pum cell strainers, the nuclei yields were significantly lower. A
possible explanation for this observation is the lack of stabilizing salts and pH buffers in this
lysis buffer, which created a hypotonic environment that led to the excessive lysis of both
free-floating nuclei and large cell clumps. This would explain why most of the nuclei released
were from these large cell clumps, and that these large cell clumps likely didn’t filter into the
final nuclei suspensions, leading to the significant reductions in nuclei yields.

Before Filtration After Filtration Steps

(2nd Lysis Buffer) Jayadev Lab Lysis Buffer

Fig 17. Lysis and filtration of brain tissue samples using the Jayadev lab lysis and nuclei wash
buffers. Suspensions were filtered through both the 70 pm and 40 pm cell strainers. Scale bar is
100 pm.
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Unlike the buffers used in the 2022 Bomsztyk liver single nuclei isolation protocol,
sample suspensions using the Jayadev lab lysis and nuclei wash buffers were able to successfully
pass through both the 70 pm and 40 pm cell strainers, likely due to the BSA content in the lysis
and nuclei wash buffers limiting the aggregation of nuclei. However, the lack of free-floating
nuclei before filtration and the significant reductions in final nuclei yields after filtration
prompted us to conclude that this lysis buffer was not fully optimized. This lysis buffer was
therefore omitted from the second and third preliminary experiments, as well as from the
finalized single-nuclei isolation protocol.

When the optimized lysis buffer and the Jayadev lab nuclei wash buffer were tested
against the first preliminary experimental protocol, there was a noticeable increase in
free-floating nuclei and fewer cellular and nuclei aggregates. Although the nuclei yield after
filtration was noticeably lower, intact, free-floating nuclei were still present in the final
suspension. Given that the nuclei suspensions using the optimized lysis buffer were able to
successfully filter through both the 70 um and 40 pum cell strainers, and a significant number of
free-floating, intact nuclei were present in the final nuclei suspensions, this lysis buffer and the
Jayadev lab nuclei wash buffer were considered to be the most optimized buffers and were the
only buffers incorporated in the second and third preliminary experimental protocols as well as
in the finalized single-nuclei isolation protocol.

Before Filtration After Flltering

(3rd Lysis Buffer) Optimized Lysis Buffer

Fig 18. Lysis and filtration of brain tissue samples using the optimized lysis buffer and the
Jayadev nuclei wash buffer. Suspensions were filtered through both the 70 pm and 40 pm cell
strainers. Scale bar is 100 pm.
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Preliminary Experiment 2: Optimizing the Number of Tissue Cores for each Sample

When the two-tissue core sample was homogenized in the PIXUL, very few nuclei were
visible, and when the sample was filtered through the 200 um cell strainer, the observed nuclei
yield was even lower. When the four-tissue core sample was homogenized in the PIXUL, the
nuclei yield after homogenization was slightly higher than the two-tissue core samples. Similarly
to the two-tissue core sample, when the four-tissue core sample was filtered through the 200 um
cell strainer, the observed nuclei yield was lower but still higher than the two-tissue core sample
after filtration. When the six-tissue core sample was homogenized in the PIXUL, the observed
nuclei yield was higher than the four-tissue core sample before filtration. When the six-tissue
core sample was filtered through the 200 um cell strainer, the overall observed nuclei yield was
lower but still higher than the four-tissue core sample after filtration. When the eight-tissue core
sample was homogenized in the PIXUL, the observed nuclei yield was higher than the six-tissue
core sample, and when the eight-tissue core sample was filtered through the 200 um cell strainer,
the observed nuclei yield was lower but still higher than the six-tissue core sample after
filtration. Finally, when the 10-tissue core sample was homogenized in the PIXUL, the overall
observed nuclei yield was the highest out of all the samples processed, and although the overall
yield did decreased after filtration through the 200 um cell strainer, the 10-tissue core sample still
had the highest observed nuclei yield out of all of the samples homogenized. Based on this
experiment, it was concluded that increasing the number of brain tissue cores was generally
correlated with a higher nuclei yield after lysis and filtration. It’s important to note that all
samples still had cell and nuclei aggregates present right after homogenization and after
filtration. Based on these results, the 10-tissue core sample was regarded as the most optimal
number of tissue cores to add to a sample and was therefore the number of tissue cores used for
each sample in the third preliminary experiment, as well as in the finalized brain single-nuclei
isolation protocol.
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After Filtration Through 200 pm
Cell Strainer

Before Filtration

Number of Brain Tissue Cores Used: 2 Cores

Fig 19. Lysis and filtration of a brain tissue sample with 2 cores: very few intact nuclei were
observed right after lysis. Fewer nuclei were observed after the nuclei suspension was filtered
through a 200 um cell strainer. Scale bar is 100 um.

After Filtration Through 200 pm

Before Filtration Cell Strainer

Number of Brain Tissue Cores Used: 4 Cores

Fig 20. Lysis and filtration of a brain tissue sample with 4 cores: compared to the 2-core sample,
more nuclei were observed right after lysis and filtration through a 200 um cell strainer, however,
the nuclei yield was still very low. Scale bar is 100 pm.
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After Filtration Through 200 pm
Cell Strainer

Before Filtration

Number of Brain Tissue Cores Used: 6 Cores

Fig 21. Lysis and filtration of a brain tissue sample with 6 cores: compared to the 4-core sample,
more nuclei were observed right after lysis and filtration through a 200 pm cell strainer, however,
the nuclei yield was still very low. Scale bar is 100 pm.

After Filtration Through 200 pm

Before Filtration Cell Strainer

Number of Brain Tissue Cores Used: 8 Cores

Fig 22. Lysis and filtration of a brain tissue sample with 8 cores: compared to the 6-core sample,
the nuclei yield right after lysis and filtration through a 200 um cell strainer was much higher.
Scale bar is 100 pum.
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After Filtration Through 200 pm
Cell Strainer

ORIy )
-

Before Filtration

Number of Brain Tissue Cores Used: 10 Cores

Fig 23. Lysis and filtration of a brain tissue sample with 10 cores: compared to the other samples,
the 10-core sample yielded the most nuclei right after lysis and filtration through a 200 um cell
strainer. Scale bar is 100 um.

Preliminary Experiment 3: Optimizing the PIXUL Settings

Immediately after the 10-tissue core sample was homogenized in the PIXUL for 30
seconds, there was a considerable amount of cell aggregation and very few nuclei present. Right
after these samples were filtered through the 70 um cell strainer, the observed nuclei yield was
even lower. When the 10-tissue core sample was homogenized in the PIXUL for 1 minute, there
was a significant increase in nuclei yield before filtration and less cell aggregation. Although the
observed nuclei yield after filtration through the 70 um cell strainer was noticeably lower, the
final nuclei yield was still higher than the 30-second homogenization duration. When the
10-tissue core sample was homogenized in the PIXUL for 2 minutes, the observed nuclei yield
before filtration was noticeably the highest out of all samples processed, and although the yield
was significantly lower right after filtration, this 2-minute duration sample still had the largest
observed nuclei yield out of all of the samples.
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After Filtration Through 70 pm
Cell Strainer

Before Filtration

PIXUL: Homogenization Duration: 30 sec

Fig 24. PIXUL homogenization duration of 30 seconds: before and after filtration of the nuclei

suspension. Before filtration, few nuclei were observed, and they were primarily near large cell

clumps. After filtration through a 70 um cell strainer, fewer nuclei were observed. Scale bar is
100 um.

After Filtration Through 70 pm

Before Filtration Cell Strainer

PIXUL: Homogenization Duration: 1 min

Fig 25. PIXUL homogenization duration of 1 minute: before and after filtration of the nuclei
suspension. Free-floating nuclei were observed before filtration, and multiple nuclei were
observed after filtration through a 70 um cell strainer. Scale bar is 100 pm.
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After Filtration Through 70 pm
Cell Strainer

Before Filtration

PIXUL: Homogenization Duration: 2 min

Fig 26. PIXUL homogenization duration of 2 minutes: before and after filtration of the nuclei
suspension. Free-floating nuclei were observed before filtration, and multiple nuclei were
observed after filtration through a 70 um cell strainer. Scale bar is 100 um.

In direct contrast, when the 10-tissue core sample was processed in the PIXUL for 4
minutes, the number of free-floating nuclei was noticeably fewer than the 2-minute duration
sample. Additionally, there was significantly more nuclei aggregation, and when this sample was
filtered through the 70 pum cell strainer, the nuclei yield was significantly lower and very
comparable to the 30-second duration sample. When the 10-tissue core sample was homogenized
in the PIXUL for 6 minutes, there was significant lysis of both cells and nuclei, thus yielding the
lowest observable nuclei yield out of all samples processed. As expected, when this sample was
filtered through the 70 pum cell strainer, the observed nuclei yield was the lowest out of all
samples. Based on these results, the 2-minute homogenization duration was deemed to be the
most optimal homogenization duration to maximize the number of nuclei released from the brain
cells. This 2-minute homogenization duration was therefore used in the finalized brain
single-nuclei isolation protocol.
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After Filtration Through 70 pm
Cell Strainer

Before Filtration

- P

PIXUL: Homogenization Duration: 4 min

Fig 27. PIXUL homogenization duration of 4 minutes: before and after filtration of the nuclei
suspension. Nuclei were mainly observed in clumps before filtration, and very few nuclei were
observed after filtration through a 70 um cell strainer. Scale bar is 100 pm.

Before Flltration After Filtration Through 70 pm Cell
Strainer

PIXUL: Homogenization Duration: 6 min

Fig 28. PIXUL homogenization duration of 6 minutes: before and after filtration of the nuclei
suspension. Significant lysis of both cells and nuclei was present, and very few nuclei were
observed after filtration through a 70 um cell strainer. Scale bar is 100 pm.



Sabrina Gim, 38

Finalized Protocol: PIXUL High-Throughput Brain Single Nuclei Isolation
Trypan Blue Nuclei Staining Results - Assessing Lysis Efficiency and Nuclei Integrity

Three separate trials were conducted using the same finalized, high-throughput brain
single nuclei isolation protocol developed in this paper, which essentially yielded 6 identical
sample replicates. Right after the samples were homogenized using the PIXUL, they were
stained with trypan blue dye and examined under the microscope to assess the lysis efficiency.
Samples 3, 4, and 6 yielded the highest number of observable free-floating nuclei, while sample
1 yielded the lowest. It’s important to emphasize that all samples contained both free-floating
and aggregated nuclei, and although excessive cell debris and lysis of both cells and nuclei were
observed in all samples right after tissue homogenization, samples 2 and 5 noticeably had the
most lysed cellular and nuclei debris right after sample homogenization using the PIXUL.

After all of the samples were filtered through the 70 pm and 40 pum cell strainers, they
underwent a series of wash steps to remove any remaining cell and nuclei debris and to preserve
the remaining, intact nuclei. Afterwards, these samples were stained with trypan blue dye and
observed under the microscope. As expected, samples 3, 4, and 6 contained the most
free-floating nuclei, however, a considerable amount of cellular debris and lysed nuclei remained
in all samples. The excessive cellular and nuclei debris observed in samples 2 and 5 right after
tissue homogenization was significantly reduced after the wash steps were completed.

After Flltering and Wash Steps

After PIXUL Homogenization

Mouse Tissue Sample 1

Fig 29. Trypan blue staining of replicate 1 was performed right after tissue homogenization and

after all of the wash steps were completed. Intact free-floating nuclei were observed after tissue

homogenization, and after the wash steps were performed. Replicate 1 noticeably had the fewest

observed nuclei. Cellular debris and lysed cells, and nuclei were observed during both stages of
the protocol.
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After PIXUL Homogenization After Flltering and Wash Steps

g

v

Mouse Tissue Sample 2

Fig 30. Trypan blue staining of replicate 2 was performed right after tissue homogenization and
after all of the wash steps were completed. Intact free-floating nuclei were observed after tissue
homogenization, and after the wash steps were performed; however, significant cellular and
nuclei debris were observed right after tissue homogenization. After the wash steps were
completed, the cellular and nuclei debris were reduced, and replicate 2 had more observed nuclei
than replicate 1.

After PIXUL Homogenization After Flltering and Wash Steps

Mouse Tissue Sample 3

Fig 31. Trypan blue staining of replicate 3 was performed right after tissue homogenization and
after all of the wash steps were completed. Replicate 3, as well as replicates 4 and 6, had the
most observed intact free-floating nuclei after tissue homogenization and after the wash steps

were performed. Cellular and nuclei debris were observed right after tissue homogenization and

after the wash steps were completed.
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After PIXUL Homogenization After Filtrating and Wash Steps

Mouse Tissue Sample 4

Fig 32. Trypan blue staining of replicate 4 was performed right after tissue homogenization and
after all of the wash steps were completed. Replicate 4, as well as replicates 3 and 6, had the
most observed intact free-floating nuclei after tissue homogenization and after the wash steps
were performed. Cellular and nuclei debris were observed right after tissue homogenization and
after the wash steps were completed.

After PIXUL Homogenization After Flltering and Wash Steps

Mouse Tissue Sample 5

Fig 33. Trypan blue staining of replicate 5 was performed right after tissue homogenization and
after all of the wash steps were completed. Intact free-floating nuclei were observed after tissue
homogenization, and after the wash steps were performed; however, similarly to replicate 2,
significant cellular and nuclei debris were observed right after tissue homogenization. After the
wash steps were completed, the cellular and nuclei debris were reduced, and replicate 5 had more
observed nuclei than replicate 1.
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After PIXUL Homogenization After Flltering and Wash Steps

Mouse Tissue Sample 6

Fig 34. Trypan blue staining of replicate 6 was performed right after tissue homogenization and
after all of the wash steps were completed. Replicate 6, as well as replicates 3 and 4, had the
most observed intact free-floating nuclei after tissue homogenization and after the wash steps

were performed. Cellular and nuclei debris were observed right after tissue homogenization and

after the wash steps were completed.
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Hemocytometer Results

The final nuclei concentrations of all six replicates were calculated using a
hemocytometer, a manual cell counter. The final calculated nuclei concentrations for samples 1,
2,3, 4,5,and 6, was 9.35 x 10° nuclei/mL, 1.67 x 10° nuclei/mL, 2.01 x 10° nuclei/mL, 1.83 x
10° nuclei/mL, 1.48 x 10° nuclei/mL, and 1.95 x 10° nuclei/mL, respectively. The average nuclei
concentration was calculated to be 1.65 x 10° nuclei/mL, and the standard deviation was
calculated to be 3.56 x 10° nuclei/mL.

Replicate Name Final Calculated Nuclei Concentration
(nuclei/mL)
Sample 1 9.35 x 10° nuclei/mL
Sample 2 1.67 x 10° nuclei/mL
Sample 3 2.01 x 10° nuclei/mL
Sample 4 1.83 x 10° nuclei/mL
Sample 5 1.48 x 10° nuclei/mL
Sample 6 1.95 x 10° nuclei/mL
Total Average 1.65 x 10° nuclei/mL
Standard Deviation 3.56 x 10° nuclei/mL

Table 6. Final calculated nuclei concentration of all 6 replicates in units of nuclei/mL. The
average nuclei concentration and its standard deviation were calculated.
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Given that the nuclei outputs for manual isolation protocols, nuclei isolation kits, and
semi-automated isolation protocols are 7.0 x 10° - 1.2 x 10° nuclei/mL, 7.0 x 10° - 1.04 x 10®
nuclei/mL, and 9.09 x 10° - 1.18 x 107 nuclei/mL, respectively, the averaged calculated nuclei
concentration of 1.65 x 10° nuclei/mL is very comparable to the nuclei output of these other
isolation methods.

Protocol Type Final Calculated Nuclei Concentration
(nuclei/mL)

Manual Single-Nuclei Isolation 7.0 x 10° - 1.2 x 10° nuclei/mL

Nuclei Isolation Kits 7.0 x 10° - 1.04 x 10® nuclei/mL

Semi-automated Single-Nuclei Isolation 9.09 x 10° - 1.18 x 107 nuclei/mL

Finalized PIXUL Single-Nuclei Isolation 1.65 x 10° nuclei/mL

Table 7. Comparing the final, average nuclei concentration achieved by the finalized PIXUL
brain single-nuclei isolation protocol to the nuclei concentration outputs from other existing
single-nuclei isolation methods

Discussion:
Trypan Blue Nuclei Staining - Assessing Lysis Efficiency and Nuclei Integrity

Although free-floating, intact nuclei were observed in all six replicates after tissue
homogenization and after the filtering and wash steps were completed, there were some
noticeable differences in tissue homogenization and observed nuclei yield between the replicates.
Samples 3, 4, and 6 had noticeably the largest intact observed nuclei yield right after the tissue
homogenization step and the filtering and wash steps. Compared to the other samples, sample 1
had the least observed nuclei yield right after the tissue homogenization step and the filtering and
wash steps, while samples 2 and 5 had a larger nuclei yield than sample 1 but not as large as
samples 3, 4, and 6.

In addition to this observation, samples 2 and 5 noticeably had the most lysed cellular and
nuclei debris right after tissue homogenization, but this debris was visibly reduced after the wash
steps. A significant amount of cellular and nuclei debris was present in all samples, even after the
wash steps were performed. These resulting discrepancies in tissue homogenization and cell lysis
could be explained by several factors. One potential factor is that all samples were still
suspended in the lysis buffer when they were stained with trypan blue and observed under the
microscope, which could have resulted in additional lysing of cells and intact nuclei. It’s also
important to acknowledge that the lysis of cells and release of nuclei was not completely uniform
throughout any nuclei suspension. For all samples, right after tissue homogenization, some
regions of the nuclei suspension contained multiple free-floating nuclei, while other regions had
multiple cell and nuclei aggregate clumps, even after the filtration and wash steps. Some of these
cellular and nuclei clumps likely failed to filter through and remain in the nuclei suspension after
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the wash steps were performed, which would explain the lower intact nuclei yield for all
replicates. Lastly, the mouse brain is small, and the difference in the samples might reflect
different regions of the brain. These studies need to be repeated in frozen human brains, where
there would be better control for sampling specific brain regions. In future experiments, the lysis
buffer from each sample would likely need to be aspirated and replaced with the nuclei wash
buffer immediately after the homogenization step to prevent extended lysing and production of
cellular and nuclei debris when the lysis efficiency for each sample is assessed with trypan blue
dye.

Despite optimizing the PIXUL settings for this specific isolation protocol through the
preliminary experiments, excessive cellular and nuclei debris were present right before filtering,
which was likely due to the excessive lysis of both nuclei and cells during the tissue
homogenization process. The PIXUL settings will likely need to be further optimized and tested
against mouse and human brain tissue samples. Additional follow-up experiments can either
focus on further reducing the Pulse or Time Duration settings, as decreasing the pulse setting or
the time duration could reduce the amount of ultrasound energy focused into each well and
prevent excessive cellular and nuclei lysis. It may also be worth experimenting with lower burst
rates to further minimize the amount of focused ultrasound energy into each well. Additionally,
the presence of excessive cellular and nuclei debris after the wash steps is a significant concern
for those who want to use the nuclei for gene sequencing applications. This debris will likely
make it difficult to target the intact nuclei for sequencing, and there’s a high likelihood that the
DNA contamination from the lysed cells could interfere with the accuracy of snRNA-seq.
Although some of this debris is likely extracellular DNA released from the lysed cells, some of
this debris is also myelin debris, as the brain contains a significant amount of neuronal tissue.
Additional wash steps could help remove this myelin debris; however, myelin can also be
removed using sucrose gradients and myelin removal beads. [25, 26]. In addition to decreasing
the accuracy of gene sequencing applications such as snRNA-seq, extracellular DNA can lead to
the aggregation of both cells and nuclei. This could explain the persistent number of cellular and
nuclei aggregations observed in all six sample replicates. A potential method to minimize this
extracellular DNA would be to incorporate enzymes, such as DNase I, into the isolation protocol
to digest this extracellular DNA. [Ling]

Hemocytometer

Although the final average nuclei concentration was 1.65 x 10° nuclei/mL and samples 1,
2, 3,4, 5, and 6 had a final nuclei concentration of 9.35 x 10° nuclei/mL, 1.67 x 10° nuclei/mL,
2.01 x 10° nuclei/mL, 1.83 x 10° nuclei/mL, 1.48 x 10° nuclei/mL, and 1.95 x 10° nuclei/mL,
which are all comparable nuclei yields found in other manual and automated nuclei isolation
protocols, the standard deviation value of 3.56 x 10° nuclei/mL is substantially large and likely
suggests that the final nuclei concentration outputs from this protocol are highly variable and
inconsistent. In this case, future experimentation is required to determine whether these results
are truly inconsistent or not, however, based on the trypan blue staining images obtained after the
homogenization step and after the wash steps, it’s likely that the lysis and homogenization of
samples are not uniform or consistent enough to generate reliable, reproducible results. It’s also
important to consider that discrepancies in nuclei concentration calculations could likely be due
to user error when observing the nuclei loaded into the hemocytometer. Using a hemocytometer
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to count nuclei is prone to subjective bias, and many users may have trouble distinguishing
between free nuclei and debris.

Although automated cell counters are not suitable for counting nuclei derived from brain
tissues due to the excessive cellular debris produced from these tissues, it’s important to
recognize that using a hemocytometer to calculate nuclei concentrations is not an optimal cell
counting method for high-throughput applications, as it is time-consuming and can lead to
significant eye strain and fatigue. Given that this protocol is designed to generate nuclei at a
high-throughput rate, it’s worth exploring tools such as flow cytometry to count nuclei more
accurately and at an efficient rate. Additionally, future experiments are needed to evaluate the
feasibility of processing more than two samples simultaneously to determine whether this
protocol can efficiently and consistently yield a high number of nuclei from multiple samples.
The time it takes to complete this protocol with two samples is around 2.5 hours, which is not
nearly as efficient as the 6 minutes that The Singulator 100 by S2 genomics can achieve when
processing two samples. [20] The inefficiency of this finalized isolation protocol is likely rooted
in the constant transferring of samples to LoBind tubes. Given that the temperature-modulated
centrifuge used in the Bomsztyk lab only uses micro-tubes, the only feasible way to centrifuge
samples at 4°C was to transfer these samples from the 96-well plate to LoBind tubes. To increase
the efficiency of this protocol, it’s worth exploring methods to limit the repeated transfer of
samples. For this protocol, it may be worth investing in a temperature-modulated 96-well plate
centrifuge for further protocol optimization.

Experimental Challenges:

There were a number of challenges during the development of this high-throughput brain
single-nuclei isolation protocol. Notably, optimizing the lysis buffers took approximately 3
months to complete, as most of the time was spent experimenting with the lysis buffer used in
the Jayadev lab. There were many samples where this lysis buffer was able to produce a
significantly high yield of nuclei; however, despite using the same number of brain tissue cores
and PIXUL settings, there were many instances where results varied and produced a significantly
lower nuclei yield. This variability in the lysing of brain tissue samples prompted us to shift our
focus to developing a more optimized lysis buffer. The final optimized lysis buffer produced
more consistent nuclei yields and was therefore the only lysis buffer integrated in the final
protocol. Though it is important to note that the current protocol still produces variations in
tissue homogenization and cell lysing, which need to be further optimized.

Additionally, optimizing the PIXUL settings took significant effort and time. For nearly 2
months, most of the experiments were focused on optimizing the PIXUL settings, and initially,
the 4-minute tissue homogenization duration was thought to produce the highest nuclei yield.
However, despite keeping experimental conditions identical, this homogenization duration often
produced variable observed nuclei yields. Despite producing some of the largest observed nuclei
yields in the lab, this homogenization duration was not chosen as the most optimized PIXUL
setting for the final protocol, given the nuclei yield inconsistencies. The 2-minute duration was
able to achieve more consistent nuclei yields compared to the 4-minute duration and was
therefore preferred over the 4-minute duration.
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The most prominent challenge that occurred during the development of this protocol was
the persistent presence of both cellular and nuclei aggregates in all samples, despite the
optimization of the lysis buffer and the PIXUL homogenization settings. The most probable
explanation for this is the notion that lysed brain cells often release extracellular DNA that
significantly contributes to the aggregation of both cells and nuclei. For future experiments, it’s
worth exploring enzymes, such as DNase I, that can digest this extracellular DNA to reduce both
DNA contamination and cellular and nuclei aggregation in final nuclei suspensions.

Although this novel, high-throughput protocol was able to achieve final nuclei
concentrations that were very comparable to nuclei concentration outputs from manual isolation
protocols, nuclei isolation kits, and semi-automated single nuclei isolation protocols, a
significant amount of cellular and nuclei debris and aggregation was present in all replicates,
even when the samples were filtered and underwent multiple wash steps. The excessive cellular
and nuclei debris after homogenization was likely due to extended sample suspension in the lysis
buffer and unoptimized PIXUL parameters for tissue homogenization. Additionally, some of the
cellular and nuclei debris present after filtration and the wash steps is likely myelin debris, which
needs to be removed following filtration and the wash steps. To reduce the amount of excess
cellular and nuclei debris after homogenization and filtration, it’s important to alter the protocol
so that the lysis buffer is immediately aspirated and replaced with a nuclei wash buffer right after
homogenization, and it’s important to consider adding a myelin removal step either by using
sucrose gradients or myelin removal beads.

The presence of cellular and nuclei aggregation is likely due to the presence of
extracellular DNA, which can enhance the aggregation of both cells and nuclei. Additionally, this
extracellular debris can interfere with the accuracy of gene sequencing applications, such as
snRNA-seq. To reduce the amount of extracellular DNA in the nuclei suspensions, it’s worth
exploring the integration of enzymes, such as DNase I, into the final protocol to digest these
extracellular DNA contaminants.

Finally, this protocol takes approximately 2.5 hours to completely process two brain
tissue samples, making it significantly less efficient than other single-nuclei isolation protocols.
Future experiments should focus on further optimizing the PIXUL settings and limiting the
number of repeated sample transfers between the 96-well plate and LoBind tubes. Investing in a
temperature-modulated 96-well plate centrifuge could be a solution to reduce the number of
sample transfers in this protocol and improve the overall protocol efficiency. These experiments
will help improve the protocol and generate more reliable and reproducible nuclei yields that are
suitable for high-throughput gene sequencing applications.
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