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Abstract

Single-cell transcriptomics is essential for understanding biological variability among cells in
a heterogenous population. Acquiring high-quality single-cell sequencing data from a tissue
sample has multiple challenges including isolation of individual cells as well as amplification
of the genetic material. Commercially available techniques require the isolation of individual
cells from a tissue through extensive manual manipulation before single cell sequence data
can be acquired. However, since cells within a tissue have different dissociation constants,
enzymatic and mechanical manipulation do not guarantee the isolation of a homogenous
population of cells. To overcome this drawback, in this research we have developed a revo-
lutionary approach that utilizes a fully automated nanopipette technology in combination
with magnetic nanopatrticles to obtain high quality sequencing reads from individual cells
within an intact tissue thereby eliminating the need for manual manipulation and single cell
isolation. With the proposed technology, it is possible to sample an individual cell within the
tissue multiple times to obtain longitudinal information. Single-cell RNAseq was achieved by
aspirating only1-5% of sub-single-cell RNA content from individual cells within fresh frozen
tissue samples. As a proof of concept, aspiration was carried out from 22 cells within a
breast cancer tissue slice using quartz nanopipettes. The mRNA from the aspirate was then
selectively captured using magnetic nanoparticles. The RNAseq data from aspiration of 22
individual cells provided high alignment rates (80%) with 2 control tissue samples. The tech-
nology is exceptionally simple, quick and efficient as the entire cell targeting and aspiration
process is fully automated.

Introduction

Since the formulation of cell theory by Jakob Schleiden and Theodor Schwann [1] and further
discovery by Rudolph Virchow that new cells are formed by cell division, and tissues by cell
multiplication, development of technologies to interrogate biology in single cells had gained
importance. Subsequently, the discovery of DNA led to the evolution of modern genetics and
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collection and analysis, decision to publish, or genomics and has been primarily adopted to study variations within an ecosystem or organ-
preparation of the manuscript. ism. However, genetic variations among cells within a population can provide valuable infor-
Competing interests: The authors have declared mation not accessible through bulk approaches. In this regard, single-cell genomics have been
that no competing interests exist. pivotal in addressing important biological questions that are possible only through interrogat-

ing single cells. The path to acquiring single-cell genomic data is challenging as it requires the
isolation of a single cell from a population followed by amplification to obtain sufficient
genetic material for downstream analysis. It is also important for the technology to be cost-
effective and identify the artifacts introduced from cell isolation and amplification [2].

Isolation of viable individual cells from a tissue is the critical first step and generally requires
enzymes or mechanical force. It is well understood that different subset of cells within a tissue
can have different dissociation constants. Hence during enzymatic or mechanical dissociation,
it is possible that only cells from specific subsets are isolated and do not necessarily include all
of the heterogenic population. To overcome this drawback, techniques such as laser-capture
microdissection [3], microfluidic [4] and bead-based [4] methods, and fluorescence-activated
cell sorting (FACS) have been extensively employed for isolating individual cells. But these
techniques often suffer from low throughput, poor sequencing data, the need for extensive
manual manipulation, and confirmation of single-cell isolation. In this regard, nanopipettes
with pore diameters of less than 200 nm have proved to be an innovative tool for a wide array
of single-cell applications including nanoinjection [5-7], nanoaspiration/nanobiopsy [8,9],
and nanosensing—the measurement of biomolecules at subcellular levels [10-14] and electro-
chemical imaging of cell surfaces. A nanopipette based single-cell nanobiopsy platform can be
used carry out intracellular sampling while maintaining cell viability, as detailed by Actis et al.
[8]. Aspiration is achieved through voltage-controlled influx and can be used to precisely aspi-
rate volumes as small as a few picolitres. Our group has extensively used nanopipettes for aspi-
ration of RNA and has successfully performed Next-Generation Sequencing (NGS) from the
genetic material extracted with nanopipettes [8]. Moreover, our group has also published on
the technological development of a fully automated system that can very accurately insert a
nanopipette into a target cell of interest and aspirate/inject a controlled volume of material
without destroying the cell [8]. With the possibility of extracting minute volumes of material
with a fully automated nanopipette, we can deploy the nanopipette platform to extract genetic
material from multiple individual cells within the tissue.

Single-cell transcriptomics has enabled the study of cellular diversity within a heterogenous
tissue. However, currently available commercial technologies fail to provide multiple measure-
ments from a single cell, which is required for obtaining reliable data [15]. To overcome the
need for multiple sampling and to preserve spatial information, in situ hybridization (ISH) or
sequencing can be used to profile a transcriptome in fixed cells or tissues. While single mole-
cule florescence in situ hybridization (smFISH) has been the been the go-to technique for sin-
gle-cell transcriptomics [16,17], hybrid protocols using high resolution microscopy have been
used to image large copies of mRNA [18,19]. Recent innovations such as sequential FISH (seq-
FISH) [20] and amplified seqFISH [21] for temporal barcoding have also been utilized. Never-
theless, smFISH based tools are plagued by high background in tissues making it a challenge to
use with tissue samples. An alternate approach is to use tailor-made magnetic nanoparticles to
capture the mRNA from very minute quantities of the sample. Magnetic nanoparticles have
been successfully utilized for a wide variety of applications including cfDNA extraction [22],
DNA size selection [23,24], nucleic acid capture [25,26], cell separation and exosome capture
[27,28], protein binding, purification [29] and immunodiagnostics [30], immunoprecipitation
[31,32] and in vivo imaging and nanoparticle drug delivery [33,34].

From a literature review it is evident that the progress of basic scientific research and the
development of more effective therapeutics relies greatly on genomic studies of single cells
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within a tissue. Also apparent is that, isolating individual cells from a tissue and obtaining
good sequence reads is challenging and time-consuming. Keeping these factors in mind, we
have developed a novel approach using the nanopipette technology in combination with the
magnetic nanoparticles from NVIGEN to obtain high-quality sequencing reads from individ-
ual cells within a tissue. As a proof of concept, aspiration was carried out from 22 cells within a
breast cancer tissue slice using quartz nanopipettes. As described by Actis et. al. [8], the nano-
pipette was adapted as a Scanning Ion-Conductance Microscopy (SICM) platform to extract
precise quantities of cytoplasmic material. Collaboration with Yokogawa Electric ensured that
the SICM platform was fully automated and integrated with an inverted microscope. nRNA
from the aspirate was then selectively captured using magnetic nanoparticles from NVIGEN.
The single-cell RN Aseq data from the 16 individual cells within the tissue slice provided high
alignment rates (80%) with control tissue RNA extracts. The controls were not processed
using the NVIGEN nanoparticle and hybridization buffers and included six samples of nano-
pipette aspirates from individual cells within an intact tissue and two samples from cultured
cells. In addition to providing high-quality samples for sequencing, this process proved to be
exceptionally simple, quick, and efficient as the entire cell targeting and aspiration process is
fully automated.

Materials & methods
Nanopipettes & SICM setup

Nanopipettes with a mean diameter of 30 (+ 10) nm were fabricated from quartz capillaries
using the laser puller P-2000 manufactured by Sutter Instrument, Novato, CA, and were back
filled with 1 X PBS 7.4. An Ag/AgCl wire was inserted into the barrel of the nanopipette, while
a second Ag/AgCl wire was as reference/ counter electrode. The wires and the nanopipettes
are integrated to the SU10 nanopipette controller unit supplied by Yokogawa Electric. The
SU10 controller unit with its proprietary software enables fully automated control of the nano-
pipette in approaching and penetrating a single-cell within a tissue slice.

Single-cell RN Aseq library preparation

Nanopipette aspirates of sub-single-cell content were directly transferred into 8 ul each of
NVIGEN single-cell nRNA capture cocktail and processed using the NVIGEN mRNA capture
kit (Cat# K81004) containing biotinylated mRNA capture oligos, and capture and hybridiza-
tion buffers. After overnight incubation under vortexing, 70 pl of NVIGEN mRNA capture
magnetic bead-streptavidin conjugates (Cat# 61002 and 21005C) were washed in beads wash-
ing buffer and redispersed in 35 pl of elution buffer, 1 pl of which was then added to each RNA
solution and incubated with the samples under vortexing for 1.5 hours, then captured single-
cell mMRNA were magnetically separated from other contents and dispersed into 1 pl of elution
buffer. Subsequently, NVIGEN reverse transcription (RT) cocktail was applied to each sample
with 0.5 pl each of NVIGEN oligo-dT, random priming, and template switching oligos to
enable whole transcriptome sequencing. Single-cell barcodes are designed into the NVIGEN
oligos used in these experiments to enable high throughput multiplexing of large number of
single-cell RN Aseq sample preparation. 1.5 pl of NVIGEN sc-RNAseq RT enhancer buffer
(Cat# K81005-Enhance Buffer) was also incorporated in the RT cocktail to enhance the RT
yield. After cDNA synthesis, each sample went through NGS library preparation with the NVI-
GEN single-cell RNAseq library kit (Cat# K81005). Briefly, cDNA was amplified by PCR with
specifically designed primers, followed by the PCR cleanup with NVIGEN DNA sizing cleanup
Beads (Cat# K61001-Easy) at 0.5X beads vs. sample ratio. Afterwards, a second PCR reaction
was performed using NVIGEN NGS sequencing primers followed by NVIGEN DNA sizing
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beads (Cat# K61001-Easy) cleanup at 0.77 beads vs. sample volume ratio. The eluates went
through further PCR amplification with Illumina sequencing dual index primers for sample
barcoding. After the final PCR reaction, samples were cleaned-up with NVIGEN DNA sizing
cleanup beads (Cat# K61001-Easy) at 1.0X beads vs. sample volume ratio. Final RN Aseq librar-
ies were eluted into the elution buffer with library yields quantified using Picogreen (Thermo
Fisher Scientific, CA) optical method. Sc-RNAseq library profile was characterized using a
Bioanalyzer (Agilent). For sequencing, all single-cell RNAseq libraries were pooled together,
followed by a cleanup and enrichment step using NVIGEN DNA sizing cleanup beads (Cat#
K61001-Easy) at a 1.0X beads vs. RNAseq library sample ratio. The pooled and cleaned-up
library was characterized using Bioanalyzer before loading to a sequencer. All buffers, oligos
and magnetic beads for the single-cell RN Aseq library preparation were obtained from NVI-
GEN. (www.nvigen.com).

Single-cell sequencing library analysis

The sample sequencing reads were processed with Trimmomatic to trim sequencing adapters
then mapped with STAR. Mapped reads were counted with HTseq-count to get GeneCounts
and annotated with the GencodeV37 gene_type annotations. Sample sequencing FASTQ were
processed with Trimmomatic-0.36 to trim sequencing adapters then mapped to hg38 assembly
of the human genome with STAR 2.7.3a. Mapped reads were counted with HT'seq-count to get
GeneCounts and annotated with the GencodeV37 gene type annotations. Comparative plots
and correlation statistics were generated with seaborn and ggplot in Python-3.7 and R-3.3.3,
respectively.

Results and discussion

The integration of nanopipette with the SICM was achieved as mentioned in our previous pub-
lication [8] barring a few modifications. Briefly, nanopipettes with a pore diameter of 30 (+10)
nm were backfilled with 1X PBS, pH 7.2 and an Ag/AgCl electrode was inserted into the nano-
pipette. When the tip of the nanopipette is in contact with an aqueous solution, the application
of negative potential will cause a change in surface tension resulting in the movement of the
aqueous solution into the nanopipette. Since the tissue samples are usually non-aqueous, the
tissue sample slides were placed in petri dishes, and 1 mL of 1X PBS (pH 7.2) was spread onto
the slide surfaces, which was sufficient to create a thin liquid layer over the tissue slice. When
the nanopipette is lowered to interface with the aqueous layer on top of the tissue sample, a
positive bias is applied. This creates an ionic flow between the liquid-liquid interface that acts
as a feedback loop to monitor the position of the nanopipette. The custom-designed software
provided by Yokogawa Electric directs the nanopipette tip into the cell cytoplasm. The con-
trolled aspiration of the cell cytoplasm is achieved by applying a bias potential of -500 mV DC
for 40 s once the nanopipette pierces the cell membrane. A graphical representation of the
nanopipette-based aspiration process is shown in Fig 1. At the end of the 40s, the potential is
withdrawn, and the electrical circuit moves to an open state, followed by pipette withdrawal.
As shown in Fig 2A, nanopipettes with a pore diameter of 30 nm were used for our experi-
ments. Fig 2B represents the current response observed during the 40s of aspiration. The aspi-
rated content is then transferred into a 5uL droplet of the cocktail and kept at 4°C till further
processing. Commercially purchased tissue slices of a thickness of 20 um were successfully
fixed onto a molecularly modified glass slide. As a proof of concept, intracellular aspiration
was carried out on 22 individual cells from within the tissue, along with controls. Since the
nanopipette aspiration protocol has been modified compared to the one published by Actis et.
al. [8], aspiration was also carried out from two cells maintained in cultured media. The
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Approach

Penentration

Retraction

Fig 1. Schematics of the automated single-cell nanobiopsy. The schematics depicts the approach, penetration into the cytoplasm,
followed by controlled aspiration of cytoplasmic material of a single cell in an intact tissue slice, retraction of the nanopipette, and
delivery of the aspirated material into the PCR tube. Scheme is not to scale.

https://doi.org/10.1371/journal.pone.0289279.9001

comparison of the current response between single-cell aspirations in a tissue sample versus
cells cultured in a petri dish was identical proving that the aspiration was successful from sin-
gle-cells within the tissue. The use of automated nanopipettes for aspirating intracellular com-
ponents from single cells within a tissue is highly advantageous over current methods as it
ensures that the aspirate is from a single cell and the process is quick.

The sub-cellular aspirates mixed with the NVIGEN mRNA capture cocktail were pooled
and cleaned up before characterization using a bioanalyzer and sequencing. In total, 16 nano-
pipette aspirate samples were processed with the NVIGEN nanoparticle and hybridization
buffer. All the samples were successfully processed through NVIGEN’s highly sensitive RNA-
seq sample and assay workflow to generate NGS data. The bioanalyzer profiles of RNAseq
libraries from 2 single-cell nanopipette aspirates within the tissue showed the library peak cen-
tered slightly over 500bp (Fig 3A & 3B). From the data, it was also observed that the as-made
single-cell RN Aseq libraries still contained primers, adaptors, and dimers. Hence the 16 sam-
ples of RN Aseq libraries were pooled together and cleaned using NVIGEN Next Generation
Sequencing (NGS) library clean-up beads (Cat# K61001) to remove the primers, adaptors, and
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Fig 2. SEM image and Current Vs time plot. SEM image of the nanopipette tip with a pore diameter of ~30 nm (A)
and typical, current Vs time plot observed during aspiration of the intracellular matrix using -500 mV for 40 s (B).

https://doi.org/10.1371/journal.pone.0289279.9002

their dimers. As shown in Fig 3C, the bioanalyzer profile of the pooled library exhibits a clean
peak with no traces of adaptors, primers, or dimers. Experiments were conducted to under-
stand the efficiency of the different NVIGEN nanoparticles and hybridization buffers toward
library yield preparation. Fig 4 shows the RNAseq library yield for each of the 16 samples in
groups designed to compare the sample preparation conditions. As seen from Fig 4, NVIGEN
magnetic nanoparticles with Cat# 61002 provided higher RNAseq library yield than NVIGEN
nanoparticles with Cat# 21005C while using both hybridization buffers NV-1 and NV-17.
Also, experiments conducted with hybridization buffer NV1 provided higher RNAseq library
yield than Hyb-NV17 buffer while using both magnetic nanoparticles. The library yield for the
Cat# 61002 was observed to be 5.59 ng and 2.30 ng while using the Hyb-NV1 and Hyb-NV17,
respectively, while Cat# 21005C with Hyb-NV1 and Hyb-NV17 showed a yield of 2.14 ng and
1.87 ng, respectively. The data shows that the single-cell nanopipette aspirate RNA samples
from intact tissue processed using NVIGEN magnetic nanoparticle mRNA capture resulted in
higher library yield than nanopipette aspirate tissue RNA samples processed without nanopar-
ticle capture. The nanopipette aspirate RNA samples from single-cell cultured cells were also
successfully processed with NVIGEN Cat# 61002 nanoparticle capture and Hyb-NV1 buffer
with an average library yield of 3.9 ng.

rna-21-100921 rna-21-100921 c RNA-pool
| i 0% =t t 904 ! Chiaasad Rl
: 704 =4 i di o s b ealy
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Fig 3. Bioanalyzer profiles. Bioanalyzer profiles of RNAseq libraries from as-made single-cell RNAseq libraries without purifying
primers, adaptors, and dimers (Fig 3A & 3B). Fig 3C shows purified and pooled samples prior to cDNA sequencing.

https://doi.org/10.1371/journal.pone.0289279.g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0289279  August 1, 2023 6/13


https://doi.org/10.1371/journal.pone.0289279.g002
https://doi.org/10.1371/journal.pone.0289279.g003
https://doi.org/10.1371/journal.pone.0289279

PLOS ONE Isolation of RNA from single-cells within intact tissue

Tissue Nanopipette Aspirates Direct RT (n=6)- g]—ﬂ
[T} L]

Tissue Nanopipette Aspirates NVIGEN _ H
Cat# 61002 beads-Hyb-NV1 (n=4)

[ ) O ®

Tissue Nanopipette Aspirates NVIGEN _
Cat# 21005C beads-Hyb-NV1 (n=4)

Tissue Nanopipette Aspirates NVIGEN _ '_ED"

Cat# 61002 beads-Hyb-NV17 (n=4) 3 o

Tissue Nanopipette Aspirates NVIGEN _
Cat# 21005C beads-Hyb-NV17 (n=4) .ﬂ.:l_'_

Cell Nanopipette Aspirates NVIGEN _ —‘—
Cat# 61002 beads-Hyb-NV1 (n=2) H

2 4 6 8 10 12
Single Cell RNASeq Library Yield(ng)
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RNAseq data from all 24 samples were analyzed and are shown in Fig 5 through Fig 9. Gene
counts from each sample were also analyzed and plotted as shown in Fig 5. It was observed
that single-cell RNA nanopipette aspirate samples processed with the NVIGEN nanoparticles
and hybridization buffer had better gene counts with the best gene counts per sample totaling
1269 genes being identified. While the average gene count of the single-cell RNA nanopipette
aspirate samples directly processed without nanoparticle capture is 81 genes from 30477
sequencing reads with normalized gene counts per million reads of 4245. On average, the gene
counts for the 16 samples from tissue single-cell RNA nanopipette aspirate samples processed
with nanoparticles were observed to be 154 genes per aspiration. Of these, an average gene
count of 424 with sequencing reads of 271968 per cell was obtained using the NVIGEN Cat#
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Fig 5. Gene counts plot. The gene count plots revealed hundreds of genes were isolated from each of the aspirated samples.

https://doi.org/10.1371/journal.pone.0289279.9005
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61002 beads and Hyb-NV1 buffer for mRNA capture. This corresponds to 1494 gene counts
per million reads. A nanopipette single-cell tissue aspiration had the highest gene count of
28950 per million reads using the NVIGEN Cat# 21005C nanoparticles and Hyb-NV17 buffer
with 24 gene counts from 829 sequencing reads. The NVIGEN Cat# 61002 beads and Hyb-
NV17 provided an average of 1683 gene counts per million reads with an average of 60 gene
counts from 63874 sequencing reads per sample. The NVIGEN Cat# 21005C beads and Hyb-
NV1 provided an average of 2339 gene counts per million reads with an average of 109 gene
counts from 48364 sequencing reads per sample.

Similarly, for single-cell RNA nanopipette aspirate samples from cultured cells and pro-
cessed with NVIGEN mRNA capture nanoparticles, the gene counts per million reads stood at
3400, and 3321, with respective gene counts of 490 and 241 from 144090 and 72568 reads,
respectively. Fig 6 represents the data for alignment of RNAseq reads on all biotypes using the
dot size to represent the number of gene counts within each biotype for each of the 24 samples.
From the plot, it is evident that most of the sequencing reads for each sample aligned to the
protein coding region. A high correlation of about 80% could be achieved for each sample
group of the single-cell RNA nanopipette aspirate samples.

The GeneCounts for each sample were log10 transformed and plotted as a stacked bar plot
and color based on the proportion associated with each detected Gencode RNA annotation as
shown in Fig 7. Based on the proportions of the colors associated with each gene type annota-
tion, it is evident that RN As isolates from nanopipette aspiration samples compared to bulk
tissue or cell samples are highly correlated Fig 8. This is further confirmed with the frequency
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Fig 8. Clustered pairwise correlation matrix. Pairwise correlations between the Stranded GeneCounts from mapped reads were
calculated then clustered in pairwise correlation matrix. The pairwise correlation scores and clustering demonstrates high correlation in
detected genes between the various aspirations.

https://doi.org/10.1371/journal.pone.0289279.9008
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Fig 9. Frequency bar plot. Frequency bar plot representing un-stranded and 1* strand mapping, showing mapping results were
primarily correlated with the 1* strand mapping.

https://doi.org/10.1371/journal.pone.0289279.9009

bar plots (Fig 9) demonstrating the bulk of the detected genes in each of the samples to be pro-
tein coding genes, except for sample rna-37 (a nanopipette aspiration on tissue) which has
more of a proportion of IncRNA genes detected. These results have conclusively proved that
combining the nanopipette technology with the NIVGEN magnetic nanoparticles has created
a powerful tool that allows for simple, efficient, and high throughput isolation of quality
mRNA from individual cells in an intact tissue population.

Conclusion

We successfully demonstrated RNA isolation for the first time (to our knowledge) and
obtained high-quality sequencing reads from single cells in intact sliced tissue by combining
the nanopipette technology with the magnetic nanoparticles from NVIGEN. Experimental
data have proven that RNA obtained from nanobiopsies, bulk tissue, and cell samples are
highly correlated, which is evidence of the effectiveness of the technology for obtaining high-
quality reads without contamination. By pairing the nanopipette technology with the highly
sensitive magnetic nanoparticle-enabled RNA capture and sequencing library preparation
workflow, we have achieved single-cell RN Aseq with only 1-5% of sub-single-cell RNA
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content obtained from intact fresh frozen tissue samples. With the proposed technology, the
single-cell is still viable for subsequent sampling and sequencing to get longitudinal informa-
tion. This technology provides a dramatic advantage compared to most other single-cell RNA-
seq approaches that consume the entire intracellular content. This allows for new application
opportunities, including measurement of single-cell transcriptome data sequentially pre- and
post-drug treatment and continuous monitoring of therapeutic responses. By integrating the
nanopipettes with the SU10 controller unit from Yokogawa Electric, the technology is fully
automated and capable of high throughput sampling. This scientific advancement helps over-
come the challenges observed in other commercially available technologies involving physical
dissociation and isolation of individual cells from a tissue sample and amplifying the genome
of that complete single cell to acquire sufficient material for down- stream analyses. With the
worldwide commercial availability of the NVIGEN magnetic nanoparticle kit and the Yoko-
gawa Electric SU10 controller, this new technology is poised to rapidly advance our under-
standing of genomic variability within tissues as it reaches the hands of the end user.
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