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Abstract

Much of the functionality of multi-cellular stems arises from the gpial organisation and
dynamic behaviours within and between cells. Current single-cell genomic methods only provide a
transcriptional “snapshot” of individual cells. The real-time analysis and perturbatioviraj Gells
would generate a step-change in single-cell wsial Here we describe minimally invasive
nanotweezers that can be spatially controlled ¢atract samples from living cells with single-
molecule precision. They consist of two closgdgced electrodes with gaps as small as 10-20 nm,
which can be used for the dielectrophoretic trapping of DNA and proteins. Aside from trapping single
molecules, we also extract nucleic acids for gene expression analysis from livingvitiedst
affecting their viability. Finally, we report on the trapping, and extraction of a single mitochoandrio
This work bridges the gap between single-molecule/organelle manipulation and cell biology and can
ultimately enable a better understanding of living cells.
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Introduction

Understanding the molecular diversity of seeminglgnitical cells is crucial in elucidating the genetic
heterogeneity of tissues ahorgans to aid the accurate designdi$ease models and patient-specific
therapies™. The key enabling technologies for single-cell genomics have emerged from the
convergence of advanced engineering with molecular and cellular bifloggxamples include
microfluidic ‘lab-on-a-chip’ platforms incorpoiag single-cell manipulation techniques such as
microwell-based dockifg®, electrokinetic single-cell focusitgfluorescence activated cell sortifig

* and optical tweezets' There is now a thriving community of researchers applying single-cell
technologies to deliver insights into applications such as clonal evolution in ¢aacer somatic
variations acquired in normal tissue throughout 1ffé° novel cell types and states in multi-cellular
organism&” % and the heterogeneity of bacterial populatiGhsThese methods now underpin one

of the most ambitious genomics projects aftttie sequencing of the human genome, the “Human
Cell Atlas” which aims to create a reference map of all human®teftlowever, these methods
require the removal of the target cell from its microenvironment, leading to loss of interconnection
and in most cases, its lysis. This limitation riegahe ability to perform dynamic studies as the
output is simply a “snapshot” of the cell transcriptional profile at a particular point in time.

To circumvent this problem, a number ééchniques have been developed to enable
dynamic studies of single living c&lis> For example, the insertion of non-destructive sampling
devices based on atomic force microscopy (AEMY and nanopipette®3° allowed for the
extraction of nucleic acids from individual celfsirthermore, the functionalization of AFM tips with
nucleic acid probes enabled the analyses of specific gene expression in livifig“ceéllanethod
employing fluid force microscopy texded the use of AFM tips totimacellular fluid extraction for
single-cell analysi§ Nevertheless, both fluid force micrmspy and nanopipette based extraction
strategies involve the non-specifispiration of cytoplasmic fluid, which compromises cell viability.

We report on the development of minimally invasive nanotweezers that can be spatially
controlled to extract molecular samples from individual living cells with single-molecule precisio
This biopsy method does natspirate cytoplasmic fluid and allows for the preconcentratafn
analyte in real time. This is particularly powerful technique especially for the detection of
molecular species present in low copy numbers, which are currently elusive to state-aftthe
methods. These nanotweezers igé dielectrophoresis (DEP) to trap molecules subjected to a non-
uniform electric field and are composed of two individually addressable nanoelectrodes separated

by a ~10-20 nm insulating septum. High electric field gradiehts((~ 16° V"m®) are generated
enabling the trapping of single molecules at phiagical ionic strengthsThe capabilities of the
technique were validated by performing trapping and extraction of small protein molecules (<15
kDa) and single DNA molecules from aqueous solutions. Further, we demonstrate the suitability of
the nanotweezers for use in single-cell biopsiesxtract DNA directly from the nucleus of human
osteosarcoma (U20S) cells and primary human pulmonary artery endothelial cells (HPAEC). Similarly,

RNA was extracted by sampling the cytoplasm of the HPAECs for genomic analysis, Fig. 1la. We also

show that the nanotweezer can be used to perform single organelle manipulatidnapping and
extracting single mitochondrion from primary rodent hippocampal neurons in culture. Being fully
compatible with scanning probe microscopy these dielectrophoretic probes can ultimately provide
the basis of multiple time point and spatial sampling of the same cell or tissues for genomic, gene
expression and single organelle analysis.

Results and Discussion

The nanotweezers described herein were fabricated using nanopipettes made from double-barrelled
quartz theta capillaries via laser pullfig® Two coplanar carbon electred were formed at the tip

of the nanopipette by pyroljc deposition of carboti®°. The carbon deposition was achieved by
filling the nanopipette baels with butane under an argon atrsphere (Supplementary Information,
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section 1). Field-emission scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) images of a representatimanotweezer before and after carbon deposition are shown in Fig.

1b. The nanotweezer consists of two co-planar selfipteal nanoelectrodes with dimensions of the
major and minor axes being 26 + 11 nm and 23 £ 6 nm respectively (n=10). The two electrodes were
separated by a quartz septum 10 — 20 nm in width (along the major axis). Elemental analysis of the
fabricated nanotweezer (Supplemtary Information, section 2) confirmed the presence of a
continuous carbon filling inside the nanopipette. Each nanoelectrode was individually characterised
using the steady-state current féihe one-electron reduction of h@aammineruthenium(lll) chloride
(Ru(NH)sCkE) and followed a characteristic sigmoidal response, Fig. 1c and Supplementary
Information, section 3. The electrode to electedariation was within 6 nm as indicated by the
variation in the magnitude of the limiting currents. DEP was generated by applyiA€ signal to

the nanoelectrodes via copper wires inserteddbgh the back end of the nanopipette barrels.

The application of an AC field across the elmddss creates an electric field gradient, which
can exert an attractive force (depending on the conductivity and dielectric permittivity between an
electrically polarizable particle and its surrounglimedium) on polarizable objects near this field.

This force depends on the electric field gradiemE| %) and can be used to trap and manoeuvre

particles. To trap and concentrate nanoscale entities such as biomolecules, DEP forces in the order
of fN are required to overcome Brownian motith,convective flow due to heating, and

electrohydrodynamic effectd Since gE|? is proportional to ¥ (where V is the applied voltage

and L is the distance between electrodes), dardrapping forces can be achieved either by
increasing the voltage between the electrodes by reducing the distance between th&m
However, the application of a higher voltage can lead to unwanted heat generation, bubble
formation, and electrochemical reactions and hengeot desirable for manipulating biomolecules
inside or outside of living ceffs®

In our case, the close spacing of the two coptazarbon electrodes offered the possibility of
generating high dielectrophoretic forces withbemploying high voltags. From finite element
method (FEM) calculations, field gradieni$g| ?) as high as 8\?m™ near the electrode gap could
be obtained (Fig. 1d (iBupplementary Information, section 4), which is significantly higher than
previously reported for single-cell screening platforms based ori“EE approximately two orders
of magnitude higher than metal electrode based DEP sy$fefis?® With such high field gradients,
single DNA molecules well below 200 bp, couldtta@ped, Fig. 1d (ii). A 2D plot of led|E| %)
around the nanotweezer tip was cadnscted, to visualise the strengtaf the electric field intensity
gradient and the trapping force. The projection thie field gradient along the z-axis (along the
length of the nanopipette) revealed a highly locatigeapping field at the tip. Hence, it was possible
to operate the nanotweezer at voltages as low ags 1 V ¥,,=3 V), to minimise effects associated
with heating especially in higher conductivity solutions (e.g. cytoplasmic conductance of a human
cell) as shown in Fig. le.

Single molecule trapping in solution

The effectiveness of the nanotweezer wasperimentally validated by trapping and
extracting fluorescently labelleBNA of different sizes (ranging from 22 base ssDNA to 48,502 bp
dsDNA) and small proteins such as monomesgynuclein (14.5 kDa) (Supplementary Information,
section 5-7). Visualisation of the trapping was achieved using a YOYO-1 labelled 100 pM 10 kbp
dsDNA solution containing 1 mM KCI. To draw 10 kbp dsDNA towards the tip, a minimum trapping
force of 9.92 N is requiréd which correspond to al|E| | higher than 2.5 x 189?M?, Fig 1d (ii).
From FEM simulations, the DEP trapping voluextends to approximately 300 nm from the
nanotweezer tip (Fig. 1¢i) and S3) which is sufficient to trap the DNA efficiently. Application of an
ACvoltage at a frequency of 1 MHz and a peak-to-peak voltage of 20 V, resulted in the accumulation
and concentration of DNA molecules at the nanoémer tip, Fig. 2a and 2b. Levelling of the
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fluorescence intensity was observed soon after tA€ field was turned on and attributed to
saturation of DNA accumukd at the tip. When theAC voltage was turned off, the fluorescent
intensity decreased as the moleculesely diffused away from the tip. As a control in the absence of
an ACvoltage, no fluorescence was observed confirming minimal to no non-specific adsorption of
DNA onto the carbon electrodes.

As expected, the trapping efficiency was ditpctependent on applied peak-to-peak voltage
(Vop) and frequency ff), Figs. 2c and d. The fluorescenio¢ensity and hence the number of
molecules in the trap was found to increase with increadingp to 1.5 MHz followed by a rapid
decrease. The variation of the trapping efficiency with frequency can be attributed to the change in
polarizability of DNA molecules at differe&C fields, which arises dm the variation in the
relaxation time constant of the ions surrounding the DNAt higher frequencies, the counterions
present in the solution do not have enougmg to redistribute in each alternation of th&Cvoltage
resulting in low polarizability. Since the DEP force on a DNA molecule is directly proportional to its

polarizability {%Epzi ri E2, where r is the polarizability of the molecule) this leads to a low DEP
force acting on the DNA molecule resulting in low trapping efficiency at higher frequ&ncies

Confirmation that the nanotweezer does noffedt the functional integrity of the DNA was
obtained by selective amplification of the DNA, extracted from solution by using quarditat
polymerase chain reaction (qPCR). After holdingrtaeotweezer in solution for 30 seconds, it was
gradually retracted, while th&Cvoltage was kept on. The extracted DNA was then transferred into
gPCR tubes for amplification and melting curve analysis. Fig. 2e show representative amplification
curves with a threshold cycleJ@alue of 32 + 2 corresponding to approximately 37 extracted DNA
molecules. In comparison, a positive control obtained at a DNA concentration of 0.4 ng 10 kbp
dsDNA produced & € 12 + 1 while no amplification was obsed for the negatie control whereby
the nanotweezer was held in solution without applying &@Gvoltage (Supplementary Information,
section 8). A melting peak at 84 °C was observed for both the samples and diieepoontrol
further confirming successful amplification. Similar experiments were also successfully performed
with a solution of 10 pM,;DNA (48.5 kbp), Supplementary Information, section 9.

By decreasing the DNA concentration down X060 fM it was possible to optimise the
trapping to selectively trap single molecules, Fig. 3. Time-dependent images along with pixel
intensity profiles are shown at various stages of trapping and release process Fig. 3b and c (i-iv).
Much like at higher concentrations, upon application of ¥he€ field, the molecule is first pulled
towards the nanotweezer tip. Once inside the trapping volume, the molecule stays there as long as
the ACfield is kept on. This was further demoradted for three differentnanotweezers usingDNA,

Fig. 3d. Fluorescence intensity vs time traces slnown for two tips where a single molecule is
trapped (i-ii) and another where three molecules are sequentially trapped (iii). Corresponding gPCR
amplification curves confirmed nearly 100% aifigdtion of the trapped molecules, Fig. 3e.
Furthermore, sequencing confirmed that thamplified segment was >99% identical to the
corresponding segment of DNA, Fig. 3f. A unique feature of thanotweezer is that it can be used

in combination with an XYZ positioning platform to perfoqick-and-placetype measurements
where single molecules can be trapped, moved at a velocity as high as 3® anu shen released.

This was demonstrated for 10 kbp DNA, Fig. 3g and Supplementary Information, section 10 where a
single molecule was traced using an image Kiag algorithm to follow the trajectory of the

Molecular trapping inside of cells

Having established the capability of trapping and releasing single-molecules in solution, we
used nanotweezers to perform highly localised single cell biopsies. In particular, we explored i) the
possibility of targeting different compartments such as the nucleus and cytoplasm, ii) selective
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sampling of cellular building blocks (e.g. DNA, RNA, and organelles) and iii) the yeo$atiling the
extracted material in standard biomolecular assays. Human immortalised (U20S) and primary
(HPAEC) cells were utilised with the purpose af@ang genetic material from the nucleus (Fig. 4a-

c). To visualise the extraction of DNA, U20S cells were stained using a DNA binding dye (DAOTA-
M2)*. Individual cells were approached using a micromanipulator and imaged using optical
microscopy. The nanotweezers tip was inserted into the cell nucleus, aA€Chias appliedfg = 1
MHz,V,, = 20 V). Analogous to the solution-basedrastion, DNA molecules and fluorescent beads
were concentrated at the tip as can be seenthg localised increase in fluorescence (Fig. 4d-e,
panels i and ii, Supplementary Information, section, 10). Based on numerical simulation and
characterisation of the trapping stability (Supplentey Information, section, 11 & 12), it was
reasonable to assume that the generated DEP don@s sufficiently large to rupture part of a
chromosome resulting in DNA fragments being captured around the tip. After being held inside the
nucleus for the desired time (10 s), the nanotwee tip was retracted from the cell with th&C
voltage kept on, to complete the extraction. A flascent spot at the tip confirmed the successful
extraction. The same procedure was followed for parfing label-free single cell biopsies. DNA was
sampled from the nucleus of unstained HPAEC cells and then subjected to qPCR amplification of a
target sequence in 45S ribosomal DNA (rDNA).rAgfdhe 45S rDNA sequence was amplified using

a pair of specific primers along wikCTBDNA template as the positiventrol, Fig. 4f-g. A;@alue

of 33 = 1 confirmed the presence of 45s rDNA sege on the extracted sample at the nanotweezer

tip. It was highly likely that the extracted DNAntained at least one copy of 45S rDNA as they are
present in human chromosomes 13, 14, 15, 21 and 22, with total diploid copy number ranging from
60 to >800 repeat unifs.

The ability to operate at the single molecule level was demonstrated by extracting individual
mMRNA molecules from the cytoplasm of HPAHIS. deroto-Oncogene 1 Transcription Facter $-1)
MRNA was first fluorescently labelled usingsitu hybridisation, Fig. 5&), then the nanotweezer
was positioned adjacent to the seled mRNA (Fig 5a (ii)), whicheth captured (Fidga (iii)) and
subsequently withdrawn from its original position (Fig. 5a (iv)). Also, the sampling of RNA material
was repeated using a different cell-permeable & TO™ RNASelect™) which selectively binds to
the RNA molecules inside the cytoplasm (Fig. 5b), and can be extracted as confirmed by the
fluorescent spot at the end of the tip (iii).

Due to the small trapping volume of the nanotweezer, there is a low probability of trapping
low copy number mRNAs inside the cell. This wexdfied by confirming the presence of two low
copy number mRNAs (<10®TS-1and Kruppel-like Factor-XIF-2 and one high copy number
(>1000) mRNAbeta-actin (ACTB mRNAs in the extracted sample was reverse transcribed, and the
subsequently obtained cDNA was then subjected to qPCR. A part of the sequence in the cDNA was
amplified using a pair of primers specificEdS-1, KLF&hd ACTBgene sequences. In the case of
ETS-land KLF-2 no amplification was observed. Howev&CTBwas successfully amplified as is
shown in Fig. 5¢c-dDmitting the biopsies without mRA hits (~50%), an averagev@lue of 35 + 2 for
the extracted samples was obtained corresponding to an initial copy number ranging between 45
and 179 ACTBcDNA molecules (Supplementary Information, section, 13). The possibility of
performing multiple sample extractions at difeert time points from the same cell was also
assessed. In this case, two bi@ssiwere carried out one hour apart from each other in different
cytoplasmic locations. The viabjliof the cell after the two biopsies was monitored for up to 16
hours (supplementary information, section 14) to rule out any significant cell membrane damage
during/after the extraction process.

Finally, the nanotweezers wengsed to extract subcellular structures such as organelles.
Single mitochondria were removed from the axons of primary mouse hippocampal neurons in
culture (Fig. 6a, b). The force exerted by trenotweezer was sufficient to trap and extract the
mitochondrion from the neuron (Fig. 6¢) as confirmed by the fluorescence signal decrease at the
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extraction point (Fig. 6d). The viability of extied mitochondria was validated by repeating these
experiments with mitochondria labelled wittetramethylrhodamine metkl ester (TMRM), a dye
that is readily sequestered by active mitochondria and reflects intact mitochondrial membrane
potential. Fig. 6e shows the fluorescence-time &aecorded at the mitochondrion before, during
and after the trapping. No signifiat loss in fluorescence was sdyved during the trapping and
extraction of the mitochondrion, aticating the feasibility of using nanotweezers for single organelle
transplantation.

Conclusions

We have demonstrated the fabrication and use of a nanopipette based DEP nanotweezer for
highly localised and minimally invasive extraction of intracellular molecules with sirdgeute
resolution in physiological environments. These nanotweezers are simple and inexpensive to
fabricate and are composed of two individually addressable nanoelectrodes separated by a
nanoscale septum to generate ultra-high electric field gradients required for trapping and
manipulation (extraction and release) of diéat single molecules. The nanotweezers have a
minimal footprint which enables direct access to the cell nucleus or cytoplasm without affecting
their viability.

We were able to perform extraction of oleic acids and proteins from highly dilute
solutions (down to 100 fM) while confirming thenfttional integrity of the extracted molecules and
demonstrate precise ‘pick-and-place’ operationsofgle molecules/particle. The technology allowed
us to trap and extract molecules as small as 22 bases ssDNA. Further, we successfully employed
these nanotweezers to trap efficiently and extragith high spatial accuracy, DNA from the cell
nucleus and RNA molecules from the cytoplasm, while preserving their functional integrity, from
different types of live human cells for single-cell DNA analysis and RNA for single-cell gene
expression analysis. Additionally, we also dematstt the single organellmanipulation capability
of the nanotweezers.

When used in conjunction with an appropriate positioning platform, these nanotweezers
can be used to investigate localisgedne expression by extractingRNAs from the target sites in the
cell or to track protein expression inside the cell in response to external stimuli (for example,
drug/antigen). Moreover, these nanotweezers could be easily modified and integrated with other
electrochemical scanning techniques such as scanning ion conductance microscopy (SEBM) whi
would allow for spatial and temporal quantification of gene expressionimrsingle cell.
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Figure Captions

Fig. 1. Schematic and characterisation of the DEP nanotweegzeApplication of anAC voltageon the
nanotweezer generates a highly localised electric field gradient which is suitable for targeted molecular
trapping in solution or inside a cefi, SEM and TEM micrographs of the DEP nanotweezer before (i,ii) and after
(iii, iv) carbon deposition (scale bars: i,iii 20 nm and ii,iv 200 nm), (n=10 independent microgcaphsar
sweep voltammograms recorded for each of the telectrodes for a typical nanotweezer using (Ru)Ek,
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(n=5 independent measurements); inset shows the distion of electrode radii calculated from the limiting
currents (n= 17 independent measurements).(i) Electric field gradient distribution at the nanotweezer tip
along the z-axis (x=y=f,= 1 MHzV,,,= 20 V) obtained from FEM model aii)l fflot of threshold electric field
gradient required for trapping of double-stranded DNAFEM model plot of temperature distribution around
the nanotweezer tip in different ionic strengths along the z-axis (x=y=0).

Fig.2. Trapping and extraction of 10 kbp DNiAThe DEP force generated arouhe tip is sufficiently strong

to capture freely diffusing DNA molecules in solution. Dipieration is fully reversibjeas soon as the electric
field is turned off the trapped molecules are immediately released back into the solution. Fiatelss) show
fluorescence images recorded at the nanotweezer tip during trapping and relefisind MHzV,, = 20 V) of
YOYO-1 labelled 10 kbp DNA (100 pM 10 kbp DNA in 1 mM KCI, scale bdp,F-unjescence intensity-time
trace of a typical DEP trapping experimenitFluorescence intensity at the nanotweezer tip as a function of
voltage {a = 1 MHz) andl, Frequency\(;, = 20 V). All these results were Vil independently by repeating
the experiments using 4 different nanotweezees.Mean gPCR amplification curve for the extracted 10 kbp
DNA along with positive (0.4 ng of 10 kbp DNA) angatiee controls (DI water). Error bars indicate the
standard deviation of 4 individual measurements.

Fig. 3. Nanotweezer aided single-molecule trapping and extract@ri-luorescence image showing YOYO-1
labelled 10 kbp DNA (highlighted with dashed circldehg with a bright field image displayed as an inset
(scale bars 20 um)p, andc, two different examples of trapping and release of individual DNA molecules (1
mM KCI solutionfa = 2 MHz,V,, = 10 V, scale bar 4 pm), (n=4 independent measuremedis).hree
independent fluorescence-time trace showing sing®NA trapping eventsVf, = 10 V f = 6 MHz).e,
Amplification curves obtained from the g°PCR of DEP-trapp@8lA molecules shown th Positive control is
the mean of4 individual measurements and the error bars indicates the standard devidii@equencing
showing a near perfect match between the extratieNA (Query) and aligned with the correspondjfigNA
sequence (subject)g, Pick-and-place’of single molecules. (i) The DNA molecule was capturetheat
nanotweezer tip by turning on the AC field) @nd {ii), transfer of the captured single molecule from one
position to another by moving the nanotweezer usagicromanipulator while the AC field was kept am), (
Release of the captured molecule by turning off the DEP (scale bars: i-iv 10 um, insets 2njlar)reSiults
were obtained while repeating these experims (see Supplementary Information section 10)

Fig.4. DNA extraction from the cell nuclews.Optical micrograph showing the nanotweezer inside the cell.
Opticalb, and fluorescent, a micrograph of a typical HPAEC cell showing DNA in the nucleus (blue) and RNA
(green). Scale bars 5 um, (n=5 independent micrographs). Step-by-step schednatick corresponding
fluorescent imagee of a single cell biopsj). The tip was approached and thersérted into the cell nucleus.

ii) Application of anACbias traps DNA fragments at the nanotweezers tip as can be seen by an increase in
fluorescence signal around the tipiiY In the final step, the nanotweezafong with the accumulated material

was withdrawn from the cell, and the presence of DNA wanfirmed by the fluorescence spot localised at the
very end of the tip (Scale bars: 10 um, insets 2 um), (n=4 independent measureniemd), Mean gPCR
amplification curve and typical melting curves of théragted DNA using 45S ribasal DNA specific primers.

Error bars indicate the standard datibn of 4 individual measurements.

Fig.5. mRNA extraction from the cytoplasm, Targeted mRNA trapping amtraction was performed by
labelling, via in situ hybridisation, of individualS£I mRNA molecules with FITC (shown as green dot8) (
high-resolution image of individual ETS-1 mRNA moledjlal¢ng with a superimposed bright field image
(inset). Application of the AC voltage resultdrapping of the mRNA at the nanotweezers fiip) Wwhich was

then pulled away by the subsequent withdrawal of nemeezers causing a drop in the fluorescence sigual (

Scale bars: i) 25 pm (inset: 5 pm); ii) 10 pm (insetm?; iii) & iv) 1 um, (n=4 independent measurements).

Biopsies were also performed in cells stained with a non-specific RNA dye (RNA Select®). The accumulation of
labelled mMRNA around the nanotweezers during DEP capture results in an increase in fluorescence at the



457
458
459
460

461
462
463
464
465
466
467
468
469
470

471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511

nanotweezers tipi{ii). The mRNA can still be seen & tip once extracted from the cHlii). (scale bar: 20 um
and 5 um for the insets), (n=4 independent measuremertsandd, Mean qPCR amplification and melting
curves obtained forACTBcDNA synthesised from the extractedmgae. Error bars indicate the standard
deviation of 4 individual measurements.

Fig. 6. Single organelle extractiom, Schematic of single mitochondrion extraction from the axon of mouse
primary hippocampal neurong, Mitochondria were selectively stained using MitoTracker Green and optically
visualised inside the neuron cells (scale bar 20 gnmT.he nanotweezers was positioned close to a labelled
mitochondrion {). Upon application of aACfield, the mitochondrion wa attracted towards the tipiij and

was subsequently removed from the neurain)d, This process was confirmed monitoring the variation in
fluorescence signal at the extraction point, (n=4 independent measuremestsjluorescence of TMRM
labelled mitochondrion in i) intact, ii) trapped and #éixtracted state were compared to confirm its viability
before, during and after the manipulation. (scale bars 2 pm), (n=4 independent measurements).

Materials and Methods

Materials: Potassium chloride and Tris-EDTA, used for trapping experiments were purchased from Sigma-
Aldrich. DAOTA-M2 used for DNA staining wher8Bd§0™ RNA select® was used for RNA staining and
purchased from Molecular Probes, Iftese solutions were prepared freshhilli-Q water on the day of use.

10 kbp DNA ang-DNA (both 500 pg/ml) were purchased from New England Biolabs, UK.

DNA labelling and fluorescence imagingibelled DNA samples (both 10 kbp apBNA) for imaging was
prepared by incubating 250 pM 10 kbp DNA solutioertO mM Tris 1 mM EDTA with YOYO-1 (Molecular
Probes) at a ratio of 1 YOYO-1 molecule per five base paBgnuclein (Sigma Aldrich) modified with Alexa

488 and diluted as needed. All fluorescence imagesvétebs were acquired by using an optical microscope
(IX71, Olympus) with a 60X water-immersion objective (1.20 NA, UPLSAPO 60XW, UIS2, Olympus) in
conjunction with an electron multiplying CCD cameras(@de |l, Photometrics). Illuminating of the sample

was performed with a fibre coupled 488 nm tuneablgaw lon laser (Melles Gridtjodel: 35-LAP-431-230).

Cell culture:Human bone osteosarcoma U20S cells (obtained from London Research Institute, Cancer
Research UK, authenticated and mycoplasma testethéysupplier) were grown in low glucose phenol red-

free Dulbecco’s modified Eagle mediumrmtaning 10% fetal bovine serum at 82 with 5% CQn humidified

air. Cells were seeded into an 8 well p-slide (IBIDI) at a density of 20,000 cells/200 ul fork&fare the
experiments. Primary HPAEC, (obtained from Promo@eatmany, authenticated and mycoplasma tested by

the supplier) were cultured at 37C, 5% COn EGM-2 media (Promocellhé used between passages 4-10.
HPAEC were seeded into an 8 well p-Slide (IBIDI) at a density of 20,000 cells/200 ul and left to incubate for 24
h. To visualise the extraction of DNA and RNA from the cells, the U20S cells were first stained by using DAOTA-
M2 andHPAEGising SYTO™ RNASelect™ dye respectivelyisk-tiieghmedia in the p-Slide was replaced with

fresh media containing the dye for trepecified period and concentration (5-2M, 4—-240, 2000l)..Before

imaging, the cells were washed with PBS, and thebiaton medium was replaced with fresh growth media.
Primary hippocampal cultures were prepared as fr&b6 mice. Following a 15 min treatment with 0.25%
trypsin and trituration, cells were seeded on polykine coated, round, 12-mm coverslips or 8 well p-Slide
(IBIDI) at a density of 25,000 cellsfcrithe cells were then incubated at 37 °C with 5% CO2 for 6-7 days.
Neurons were loaded with 20 nM TMRM (Life Technologies) for 30 min at 37 °C or with 200 nM MitoTracker
Green FM (Thermo Fisher) for 20 min at 37 °C. Before imaging, the cells were washed with PBS, and the
incubation medium was replaced with conditioned growth media.

Single-cell biopsiesThe nanotweezer was mounted on a micromanipulator (PatchStar, Scientifica)
perpendicular to a chambered coverglass containing the cells placed on an optical microscope (IX71, Olympus)
stage. The microscope was, in turn, mounted on a vibration isolation table (PTM51509, Thdiabisualise

the extraction of DNA, RNA or mitochondria from live, fluorescently labelled cells, the chambered coverglass
containing stained cells was then mounted on the microscope stage. The nanotweezer was then inserted into
the cell for the desired time (10-30 s), and extraction was initiated by turning on the eléield gradient

which was visualised by using fluorescence microscopyascrease in fluorescence around the nanotweezer

tip. Upon completion of the procedure, the nanotweezip was retracted from the cell while holding tie&
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voltage. The presence of a fluorescence spot at thafigr retraction confirmed the successful extraction of
target molecules. Switching off th&Cvoltage across the nanotweezer elades turns off the electric field
gradient leading to the release of DNA/RNA molecules from the nanotweezer tip. Control experiments, where
the nanotweezer was inserted into the cells, but AGfield was applied, yielded no measurable increase of
fluorescent intensity at the tip, confirming that maleles were extracted due to DEP trapping, rather than
nonspecific adsorption to the nanoscale tip.

For the extraction of DNA and RNA forther analysis, a slightly different protocol was adopted. Briefly, the
nanotweezer was approached towards the cell using mficromanipulator. The position of the nanotweezer
was monitored using light microscopy. Once the nanotrezavas inserted into the cell, a field was generated
at the nanotweezer tip by applying @&Cvoltage between the electrodes ing a standard function generator
(TG2000, TTi UK). The electric field gradient traygss and concentrates the DNA/RNA molecules around the
nanotweezer. After holding the nanotweezers tip insitle cell for a desired time (10-30 s), the tip was slowly
retracted from the cell into the air through the growth media while keeping #@voltage on. Once the
nanotweezer tip was in the air, thACfield was switched off to compie the extraction. The extracted
DNA/RNA on the nanotweezer tip was then transferred into the gPCR tube for further analysis by inserting the
nanotweezer to the tube containing 8.of 10 mM Tris HCI (pH 8.5) and breaking the very end of the
nanotweezer inside the solution.

RNAscope® in-situ hybridisation and immunostainiRgr fluorescent in situ hybridisation, cells were
processed using RNAscope® Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics) and TSA
Fluorescein System (PerkinElmegcording to the manufacturer’s protocol. Hybridisation was carried out

with target probes (Hs-ETS1-C1, NM_001143820.1.

Cell viability testThe viability of cells after the biopsy proced was confirmed by employing the trypan blue
staining method. For this, the cell that underwent the biopsy was incubated for 3 min at room temperature
with an equal volume of 0.4% (w/v) trypan blue solution prepared in 0.81% NaCl and 0.06% (w/v) dibasic
potassium phosphate. After incubation, the unbound dpdution was removed by gently washing with fresh
growth media while visualising theell using an optical microscope (IX71, Olympus) with a 60X water-
immersion objective (1.20 NA, UPLSAPO 60XW, UIS2p@lym conjunction with an electron multiplying
CCD camera (Cascade I, Photometints)faced with Micromanager 2.0.

Reverse Transcription of the extracted RRAverse transcription (cDNA synthesis) of the extracted RNA was
performed using a PCR machine (Techne TC-3000, Bibby Scientific) in an optical gPCR tube (Agilent
Technologies). The RNA trapped at the nanotweezer tip fivat transferred into the gPCR tube by inserting

the nanotweezer into the tube containing 9.of nuclease-free water and breaking the very end of the
nanotweezer inside the solution. To this.k of the reaction mix (4L of 5x iScript reaction mix and .L of

iScript reverse transcriptase, bothom iScript cDNA Synthesis Kit, Bio-RAD) was added. Following initial
priming at 25 °C for 5 min, reverse transcription wasgfigrened at 46 °C for 20 min. This was followed by the
reverse transcriptase inactitian at 95 °C for 1 min.

gPCR:All gPCR amplification experinte were carried out using a Stratagene Mx3005P gPCR (Agilent
Technologies) in an optical gPCR tube (Agilent Techiealp The qPCR primer pairs used for the amplification
were either obtained commercially or designed gsiArimer3 online software (http://bioinfo.ut.ee/primer3-
0.4.0/) and Primer-BLAST (https://www.ncbi.nlm.nih.goels/primer-blast/) and werebtained from Applied
Biosystems UK (for a list of primers used in higly, see Supplementary Information section 15). The DNA
trapped at the nanotweezer tip was first transferred into the qPCR tube by inserting the reemawinto the

tube containing 5.l.of 10 mM Tris HCI (pH 8.5) and breakihg very end of the nanotweezer inside the
solution. To this 10.L of the gPCR master mix (iTag™ é&msad SYBR® Green Supermix, BIO-RADR)dch of

the forward and reverse primers were adtieThe total volume was made up to 2Q using nuclease-free
water. Following an initial denaturation cycle of 95f6€5 min, 50 PCR cycles were performed (denaturation

at 95 °C for 15 s, annealing/extension at 60 °C for 60 s). Fluorescence data were recorded at the end of each
annealing/extension step. Melting peak analysis was performed by increasing the temperature at a rate of 0.5
°C/s from 60 to 90 °C, twonfirm the validity of PCR.

DNA Sequencingh segment of the extracte¢dDNA was first amplified using gPCR. The qPCR products were
purified by using PureLifkPCR Micro Kit (Invitrogen). The purifisainples were then sequenced using the



569 Applied Biosystems Dye-Terminator Kit and analysed on an Applied Biosystems 3730 DNA analyser (Applied
570 Biosystems, CA). The sequence analysis was teactaut using BLAST (httpislast.ncbi.nlm.nih.gov).
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