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Here, we report a method for time-resolved, longitudinal extraction
and quantitative measurement of intracellular proteins and mRNA
from a variety of cell types. Cytosolic contents were repeatedly
sampled from the same cell or population of cells for more than 5 d
through a cell-culture substrate, incorporating hollow 150-nm-
diameter nanostraws (NS) within a defined sampling region. Once
extracted, the cellular contents were analyzed with conventional
methods, including fluorescence, enzymatic assays (ELISA), and
quantitative real-time PCR. This process was nondestructive with
>95% cell viability after sampling, enabling long-term analysis. It is
important to note that the measured quantities from the cell extract
were found to constitute a statistically significant representation of
the actual contents within the cells. Of 48 mRNA sequences analyzed
from a population of cardiomyocytes derived from human induced
pluripotent stem cells (hiPSC-CMs), 41 were accurately quantified. The
NS platform samples from a select subpopulation of cells within a
larger culture, allowing native cell-to-cell contact and communication
even during vigorous activity such as cardiomyocyte beating. This
platform was applied both to cell lines and to primary cells, including
CHO cells, hiPSC-CMs, and human astrocytes derived in 3D cortical
spheroids. By tracking the same cell or group of cells over time, this
method offers an avenue to understand dynamic cell behavior, in-
cluding processes such as induced pluripotency and differentiation.
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vide crucial information to decipher cellular behavior related
to disease pathogenesis (1), cellular senescence (2), development
and differentiation (3). Increasingly sensitive and even single-cell
mRNA and protein detection methods have been developed,
leading to new insights into cell function, phenotype heterogene-
ity, and noise in cellular systems (4, 5). Although powerful, these
methods are hampered by the need to lyse the cell to extract the
intracellular contents, providing only a single snapshot in time
without information about prior or future states. This limitation is
particularly problematic when studying dynamic transformations,
including induced pluripotency (3) and differentiation (6), or
stochastic noise in gene expression (7-9) at the single-cell level.
Phenotype heterogeneity and fluctuations in single cells imply that
cells in parallel cultures often are not representative, highlighting
the need for nondestructive sampling from the same set of cells
repeatedly over time.

Time-resolved, longitudinal monitoring (sampling the same
population periodically) has been possible to some extent with in-
tracellular fluorescence techniques. Genetically encoded fluores-
cent protein (FP)-based biosensors are a useful tool to follow
intracellular enzymatic activity, spatiotemporal localization, and
dynamics of FP-fused proteins nondestructively at a subcellular
level (10). Although monitoring two to five species in living cells is
possible with FRET biosensors (11) and bimolecular fluorescence
complementation (BiFC) (12, 13), the number of intracellular
targets is still limited because of spectral overlap (14). The presence
of the FP label also may interfere with the function of the fused

Quantitative analyses of intracellular proteins and mRNA pro-
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protein, and validating the specificity of the sensor is crucial. Fur-
ther, the transfection of the FP gene is itself an intrusive process
(12, 13). Genetically encoded biosensors, such as quantum dot-
labeled antibodies (15-17) and molecular beacons (18), are also
used for intracellular detection but are challenging to deliver
intracellularly, and perturbation of the cell caused by the la-
beling methods and the presence of the label is still a significant
concern (15). Overall, even with the availability of FP methods,
longitudinal studies are relatively rare.

Nanotechnology provides an alternative approach by taking
advantage of nanoscale dimensions to introduce sensors into cells
or to extract small quantities of cellular contents nondestructively.
Several groups have demonstrated the insertion of high aspect-
ratio nanostructures for molecular delivery with minimal cell per-
turbation, suggesting that nanomaterials may pass through the cell
membrane without dire consequences (19-24). Extending this
approach, Na et al. (25) showed a nanowire “sandwich assay” in
which nanowires approximately 100 nm in diameter functionalized
with antibodies penetrate the cell with limited toxicity and can bind
specific enzymes for extraction. Actis et al. (26) demonstrated a
“nanobiopsy” that can extract less than 50 fL from the cytoplasm
compartments of a single cell without cell cytotoxicity and with a
success rate of approximately 70%.

Recently, the nano-sampling approach was extended using an
atomic force microscopy-based sampling platform with controlled
picoliter volume extraction, followed by a single-time point mRNA
analysis (27). This significant advance was found to be largely
nondestructive, with 86% cell viability, demonstrating that cells
may lose a fraction of their volume without apoptosis. Intracellular
protein sampling was also possible using magnetized carbon
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Cell content analysis has rapidly become one of the most im-
portant new tools for measuring cell phenotype and behavior.
However, the central limitation of current sampling technologies
is they are destructive and must lyse the cells to measure the
contents. This destruction prevents knowledge of prior or future
states of the cell, which is particularly important for dynamic cell
processes, such as development and differentiation. Here, we
show a nondestructive longitudinal sampling and analysis plat-
form that can sample repeatedly and accurately from the same
single cell or group of cells over a long time period. We demon-
strate sampling of both proteins and mRNA for cell lines as well
as human-derived cardiomyocytes and astrocytes.
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nanotubes coated with poly-L-tyrosine to extract GFP from a
cell culture, with better than 70% cell viability (28). These
promising results indicate insertion and sampling at a single
time-point is possible. However, none of these approaches re-
peatedly sampled from the same set of cells to follow their
expression over time or provided quantitative assessment of the
measured quantities compared with the actual intracellular
contents. Here, we developed the nanostraw extraction (NEX)
process to sample a small quantity of intracellular proteins and
mRNA nondestructively and periodically from the same single
cell or cells over an extended period.

Results

The NEX Process. The NEX process is based on diffusively sampling
material from inside the cell using a nanostraw (NS)-embedded
substrate. Cells of interest are cultured on a polymer membrane
with a defined region of hollow NS extending through the polymer
and protruding from the surface (Fig. 1) (23, 29, 30) Cells grow
normally over the entire polymer membrane, so that cells within

the sampling region interact with surrounding cells, avoiding cell
isolation. Intracellular samples are collected by applying an elec-
trical voltage through the NS, locally opening small holes in the
cell membrane near the NS tip. During the subsequent 2- to 5-min
interval when these pores are open (29, 31, 32), approximately
5-10% of the proteins, mRNA, and small molecules diffuse from
cells, through the NS, and into an extraction solution below the
culture well (Fig. 1 4 and B). The identity of the extraction buffer
was found not to be important as long as it was reasonably
osmolality-matched to the cell; typically a 1x PBS solution was used.
After 10 min for diffusion, the extraction buffer is pipetted from
beneath the culture well and analyzed conventionally, including
fluorescence, mRNA detection, or ELISA. The cell-culture well
then is returned to an incubator until a new sample is required.
Here, we present the NEX process and evaluate its ability to
extract and analyze protein and mRNA contents both statically
and longitudinally for several cell types. We find that the system is
nondestructive and provides quantitatively useful information
about intracellular contents for mRNA sequences and proteins.

A A
—> ” -
Pt Electrode---___ g
Intracellular Fluorescence
Extracti
Cell Culture xtraction | o,
Reservoir "=+ ——
Extrac ‘ ELISA
NS Membrane Bxu]l;faecr jon :
\\“.‘ = . 4&;
— 4 PCR
,—"'/ ITO Electrode \‘\-\_\ T
B I Active Sampling I ]
Blocking gy Polycarbonat

Polymer

Protein

NS Membrane

2 /‘ Jl&‘ i */l\‘ _*_mRNA

Intracellular Extraction *

Fig. 1. Design and operation of the NEX sampling system. (A) The system consists of a polymer membrane with protruding 150-nm diameter NS attached to
the bottom of a cell-culture dish. Sampling is performed by temporarily electroporating the cells cultured on the NS, allowing cellular content to diffuse
through the NS and into the underlying extraction buffer (pink). An aliquot of the buffer then is aspirated with a standard pipette and analyzed conven-
tionally, using fluorescence imaging, ELISA, or gPCR. (B) During sampling, intracellular species within the cell diffuse through the NS and into the extraction
buffer below the membrane. The size of the sampling region can be defined lithographically so that only the cells that grow in the active regions are sampled.
(C and D) Tilted view (45°) SEM images of the 150-nm-diameter NS (C) and the 200 x 200 um active sampling region (D). Cells outside this window are
unaffected by the sampling process. (E and F) SEM images of cells cultured on) a 200 x 200 pm active sampling region containing 42 cells (E) and a 30 x 30 pm

sampling region used to isolate and sample from a single cell (F).
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Notably, the method had >95% cell viability that enabled multi-
ple, real-time sampling over extended time periods and was well
tolerated over 20 d by astrocytes derived from human induced
pluripotent stem cells (hiPSCs). Equally important is that the
sampling process extracted species throughout the cell, providing a
comprehensive view of expression rather than a single-site ex-
traction location. The system was less accurate for some, but not
all, larger nucleic acid molecules (>16,000 nt), likely reflecting
these molecules’ slower diffusion and limited cytosolic accessibility.
NEX sampling was successful even for single cells, although the
small quantities of material extracted at this level restricted ap-
plicable analytical methods, such as commercial ELISA and PCR.
With continued improvement of single-cell assays, this limitation
may soon be overcome. Overall, the NEX process appears to be a
straightforward method to follow temporal dynamics of cellular
protein and mRNA contents nondestructively over time.

Platform Design and Operation. The NEX platform is based on a
polycarbonate membrane with 150-nm-diameter inorganic NS
extending through the polymer and protruding 1-3 microns above
the surface (Fig. 1.4 and B). This NS membrane is mounted on the
bottom of a glass cylinder 2-5 mm in diameter that fits into a 48-
or 96-well plate for cell culture. Nanostraw membranes were
fabricated as previously described (refs. 23, 29; also see Methods),
producing flat polycarbonate membranes with the NS extending
from the surface (Fig. 1 C and D). The NS heights could be
controlled by the amount of polycarbonate etched from the sur-
face. Specific cell-sampling regions were defined by blocking the
remainder of NS membrane with photolithography-patterned
polymers (Fig. S1). During cell culture, only the cells that grow in
the selected regions with exposed NS will be sampled, leaving cells
in the blocked area unaffected (Fig. 1 D and E). The size of the
sampling window can be adjusted from <1 pm to millimeters on a
side, allowing scalable sampling from a single cell to 10° cells while

maintaining cell-to-cell connectivity and communication (Fig. 1 E
and F).

Cells grown on the NS demonstrate normal cell behavior and
mRNA expression (23, 29, 33). Previously, we found that NS with a
diameter of 100 nm or smaller spontaneously penetrate the cell
membrane, allowing the delivery of small molecules into cells.
Larger NS (150 nm and above) instead are engulfed by the cell
membrane without causing membrane rupture (23). However,
access to the cytoplasm can still be gained by applying short electric
pulses (10-35 V) to open temporarily small pores on the cell
membrane at the NS—cell interface (29). The cell membrane
recovers 2-5 min after the pulses (29, 31, 32), and the cells
evolve unperturbed. To prevent systemic cytosolic leakage
during our experiments, we chose to use 150-nm-diameter NS
and to use the electrical pulsing as a “valve” to gate sampling
(Methods). We therefore can choose when cells release con-
tents through the NS while maintaining their membrane in-
tegrity throughout the remaining culture period.

Real-Time, Longitudinal Sampling from Cell Subpopulations and Single
Cells. We evaluated the NEX sampling process for quantitative
analysis of intracellular protein concentrations within the same set
of cells over time. We first chose to compare the NEX-extracted
GFP fluorescence with the GFP fluorescence of the sampled cells
using microscopy. GFP-expressing CHO cells were cultured on the
NS membrane with an active area of 200 x 200 pm mounted on a
2-mm glass cylinder (Methods). Cells were sampled every 4 h for 16
h total (five time points; Fig. 2). Dynamic changes in expression
were examined by lipofectamine transfection with a plasmid con-
taining RFP at the 8-h time point, the expression of which became
observable at 12 and 16 h. At each sampling point, the NS well was
removed from the incubator and was washed with PBS to remove
possible contaminants, and the GFP and RFP intensity of the cells
on the NS window was measured with fluorescent microscopy
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Fig. 2.

Longitudinal sampling of GFP/RFP from the same subpopulation of CHO cells. (A) Fluorescent microscopy images of GFP (green channel) and RFP (red

channel) of a culture of 38 cells on a 200 x 200 pm NS sampling region (white dashed squares). Images were taken every 4 h just before the NEX sampling
process was performed. RFP transfection was performed after the 8-h time point. (B) Normalized cellular GFP contents from fluorescence microscopy com-
pared with the NEX-extracted GFP quantities. No statistically significant difference was observed between the relative extracted GFP level and relative in-
tracellular GFP expression level from cells at each time point. Error bars indicate the SD of the underlying signal (n = 2, P > 0.05 for both factors; two-way
ANOVA). (C) Normalized RFP fluorescence intensity compared with the extracted quantities. A small background signal was present before RFP transfection,
but the clear increase in extracted RFP correlated with the actual increase in RFP expression. Error bars denote SD (n = 2, P < 0.05 between time points; P >
0.05 for extracted to fluorescence; **P < 0.01; ***P < 0.001; post hoc Tukey test). (D) Cell viability as a function of time (sampling points). Cultures showed
>95% viability immediately after sampling and >100% over time as the cells divided.
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(Fig. 24). A series of short electrical pulses was applied for 20 s,
opening small holes in the cell membrane at the NS tips (29),
and the cellular proteins were allowed to diffuse through the
NS and into the extraction buffer for 10 min. The NS well then
was returned to the incubator, and the amount of GFP/RFP in
the extraction buffer was analyzed with fluorescence using
isotachophoresis (ITP) (34) to concentrate the proteins selec-
tively (Methods) (Fig. S2). Normal cell morphology was observed
throughout the experiment, and cell viability was >95% per
sampling on average (Fig. 2D), indicating that the cells were
healthy during and after the sampling process. Experiments on
sister cultures (Fig. S3) did not show qualitative differences.

Fig. 2B shows the quantitative comparison of the cells’ GFP
fluorescence by microscopy and the NS-extracted GFP/RFP in-
tensities of the 38 cells in the active NS region. The measurements
were normalized to the highest value in each run to account for
the different number of cells present and were averaged to provide
SDs. The mean GFP expression level in the sampled cells did not
show a significant change, as expected for a stably expressing
protein. The NEX-extracted GFP followed this trend accurately.
The relative NEX-measured GFP levels did not show significant
statistical difference with the GFP expression level in cells at any
of the five time points (P > 0.05 for both time and extracted vs.
fluorescence comparison; two-way ANOVA). However, in most
NEX experiments, the extracted GFP signal was significantly
lower at the first time point, suggesting that the initial extraction is
less efficient and that a pre-electroporation process might be
needed to active the NEX system. Thus, although not rising to the
level of statistical deviation, the initial data point usually should be
discarded; however, we show all samples in this work.

The NEX also can follow temporal dynamics, namely the change
in RFP as the cells begin to express RFP fluorescent proteins after
transfection (Fig. 2C). Extracted RFP levels were equal to the
background fluorescence for the first three time points and then
increased quickly at 3 and 4 d, in agreement with microscopy im-
ages (P < 0.001; two-way ANOVA). No significant difference was
observed between NEX-extracted amounts and the fluorescence
imaging (P > 0.05; two-way ANOVA). Thus the sampling process
also could measure dynamic changes in cell expression over time.

Encouraged by the results on this subpopulation of 38 cells, the
active NS area was reduced to 100 x 100 pm to sample a single cell
(Fig. 3). The cell was sampled once a day for a 4-d period; RFP
contents were analyzed using ITP (Fig. 3. A-D) and were compared
with fluorescence microscopy images (Fig. 3E). After sampling at
day 2, the cells were transfected with an RFP plasmid using lip-
ofectamine. One cell in the NS active area fluoresced on day 3 and
intensified on day 4.
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Fig. 3. Longitudinal sampling of RFP from a single CHO cell. (A-D) Fluores-
cent microscopy images of a single RFP-expressing cell on a 100 x 100 um
sampling region (white dashed squares). RFP transfection was performed after
the day 2 sample point. (E) Calibrated RFP quantities in the cell fluorescence
compared with the extracted quantities. The extracted RFP amounts followed
the increase in RFP expression within the cell.
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Fig. 4. Sampling spatial distribution. (A and B) Fluorescent microscopy images
of GFP of a culture of 26 cells on a 200 x 200 pm NS sampling region (white
dashed squares). (Scale bar, 50 pm in A and B.) (A) GFP-expressing CHO cells
before sampling. (B) GFP-expressing CHO cells immediately after sampling.
Locally diminished GFP intensities (dark spots) were observed in the cells after
sampling, corresponding to the locations where GFP was removed from the
cells. Brightness was increased to highlight the spots. (C) Diagram of the finite
element model of sampling through the NS. The cell was treated as a 20 x 20 x
1 um source connected to the extraction buffer by varying numbers of NS
14 pm long and 150 nm in diameter. (D) The percentage of the cell’s initial GFP
that diffuses into the extraction buffer as a function of time and the number
of NS (the dashed line indicates the GFP extraction level after 2 min of dif-
fusion from six NS).

The absolute quantity of RFP in both cells and the ITP focus
zone was determined by calibrated analyses of the fluorescence
intensity. Calibration curves using known concentrations of RFP/
GFP in microfluidic channels were measured and showed a linear
relationship between concentration and fluorescence intensity
(Methods and Fig. S4). Fluorophore quantities then were calcu-
lated by accounting for the volume of the channel or cell and the
integrated fluorescence intensity per unit area. Fig. 3E shows the
calibrated mass of cellular and extracted RFP from a single cell.
The extracted RFP expression trend and the actual cell concen-
tration were in good quantitative agreement relative to their initial
baselines. The total RFP mass inside the cell was 1.7 pg and 2.0 pg
at day 3 and 4, respectively, compared with 120 fg and 150 fg for
the extracted RFP at those sampling points. These values corre-
spond to an extraction yield of 7% and 8% of the total cellular
RFP at the third and fourth sampling points, respectively.

Spatial Distribution and Efficiency of Sampling. An important ques-
tion from the longitudinal results is whether the NEX process
reflects the contents of the entire cell or samples only a single site.
We assessed the spatial distribution of NS extraction from the
decrease of GFP intensity within GFP-expressing CHO cells
during sampling. CHO cells were cultured overnight on a pat-
terned membrane with a 200 x 200 pum region of approximately
40,000 exposed NS (Fig. 44). During the 2-min sampling period,
GFP diffuses from the cells and through the NS, leaving a region
of lower fluorescence intensity (dark spots) in the cell where the
membrane was opened (Fig. 4B). Therefore, the location and
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number of open NS can be visualized by the dark spots in the cells.
Twenty-four of twenty-six CHO cells showed spots during sam-
pling, demonstrating that most cells within the sampling region are
penetrated and sampled through the NS. The multiple penetrating
NS (dark spots) were observed to be distributed throughout the
cell bodies, with little difference between the soma and peripheral
regions (Fig. S5). No observable change in cell shape was found
after the 2-min sampling period, corroborating the notion that the
molecular transport through the NS is diffusion driven. NEX thus
appears to sample from all regions of the cytoplasm, providing a
comprehensive view of the intracellular contents.

The total GFP extracted from the cells during sampling could be
measured from the difference in fluorescence intensity before and
after sampling. The average GFP in a cell was 0.50 (+0.44) pg
before sampling and was 0.47 (+0.38) pg after sampling as calcu-
lated from a calibrated volumetric GFP intensity curve (Fig. S4).
The GFP extracted from these 24 cells was 680 fg from the change
in fluorescence intensity, or 6% of the initial cell concentration.
This fraction is also similar to the percentages in single-cell ex-
traction (7% and 8%). Because we know the amount of material
the cells lost, we also calculated the collection efficiency. The
calibrated amount of GFP measured in the extraction buffer during
this same experiment was 230 fg, or ~30% of the total amount lost
from the cell, a reasonable collection efficiency indicating that the
material loss during extraction and handling is not limiting. To-
gether, these results show that extractions were made from most of
the cells within the sampling region, multiple NS penetrate the cell
at one time, molecules were sampled from multiple regions of a
cell, and cell contents were extracted and analyzed with reasonable
collection efficiency

In theory, the amount of material extracted should be a function
of the cellular concentration, the diffusivity of the species, and the
NS geometry (23). The extraction was simulated as a purely dif-
fusive transport process using a finite-element model (COMSOL

HSP 27 (pg/ml)

C

Multiphysics) of a cellular volume 20 pm in diameter and 1 pm tall
connected to the 1x PBS extraction buffer through a set of NS
14 pm long and 150 nm in diameter (Fig. 4C). The expected per-
centage of the total GFP extracted from the cell as a function of
time for a GFP diffusivity of 87 pm?/s (35) is shown in Fig. 4D and
agrees with our experimental observations. For six penetrating NS,
close to the observed number of spots per cell (Fig. 4B), approxi-
mately 9% of the total GFP diffuses into the extraction buffer over
the 10-min extraction interval; this value corresponds well with the
7% and 8% GFP measured from the single-cell experiments.

Longitudinal Sampling of Proteins from hiPSC-Derived Cardiomyocytes
and Astrocytes. NEX can be used to sample contents not only of
cell lines but also of cell types derived in vitro from hiPSCs, an
ability that will be essential in future applications related to cell
differentiation and disease modeling. We assessed longitudinal
extraction and off-platform analyses of nonfluorescent heat-shock
protein 27 (HSP27) from hiPSC-derived cardiomyocytes (hiPSC-
CMs) measured with ELISA (Fig. 5). Heat-shock protein is up-
regulated when exposed to external stressors and is thus suitable
for studying transient processes (36).

To obtain a detectable protein signal, we increased the hiPSC-
CM plating on our NS platform to 100,000 (+ 25,000) cells because
of the 10.9 pg/mL detection limit of HSP27 ELISA (Affymetrix),
which is not sensitive enough to detect the intracellular extraction
from small cell populations. After 7 d in culture on the NS, the
hiPSC-CMs began beating. Even under stress from the continuous
beating, the NS did not break and were not pulled from the cells,
allowing sampling even from this actively moving tissue (Fig. S6).
Intracellular extractions were obtained every 24 h for 5 d. At day 2,
the cells were stressed by exposure to a heat shock (44 °C for
30 min), which is expected to up-regulate the synthesis of HSP27.
A sister culture not exposed to the heat-shock perturbation was
sampled at the same time points as a negative control.
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Fig. 5. Longitudinal sampling from hiPSC-derived cardiomyocytes and astrocytes. (A and B) Longitudinal HSP27 extraction from the same hiPSC-CMs for 4 d.
(A) The cardiomyocytes were stimulated by increasing the temperature to 44 °C for 30 min before sampling at day 2. An up-regulation of HSP27 was observed at
day 3 (n = 4; *P < 0.05; Tukey’s post hoc test, one-way ANOVA). The HSP27 level started to drop at day 4. (B) Non-heat-shocked hiPSC-CMs were longitudinally
sampled for 4 d (n = 4, P> 0.05; one-way ANOVA). (C) Representative images of astrocytes derived from hiPSCs in 3D cultures (hCS) and cultured in monolayer on
NS. Astrocytes are labeled fluorescently with a lentiviral reporter (hGFAP::eGFP) and immunostained with an anti-GFAP antibody. The morphology of astrocytes
was maintained even after 20 d of culture and repeated sampling on the NS platform. Arrowheads indicate structures that are approximately 1 pm in size, possibly

NS that are surrounded by processes.
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The NS platform followed the temporal expression and up-
regulation of HSP27 in human CMs. Starting with a relatively low
concentration at day 1, there was a small, not statistically signifi-
cant increase in the HSP27 level 2 h after heat-shock perturbation
at day 2, suggesting delayed expression of HSP27. At day 3, the
HSP27 level increased to about five times higher than on days 1
and 2 (n = 4, P < 0.05; one-way ANOVA) and then decreased at
day 4 and 5. In contrast, the HSP27 level in the control was rel-
atively constant all five days (n = 4; P > 0.05; one-way ANOVA).
The first extraction point showed lower extraction levels in both
sets of data, similar to the observations in the GFP sampling ex-
periment. The small up-regulation of HSP27 in the control sam-
ples indicates a minimal stress response because of sampling, and
Calcein AM labeling confirmed >90% cell viability for both the
sample and negative control. These results demonstrate the fea-
sibility of using NS to extract and measure nonfluorescent proteins
from beating hiPSC-CMs.

To assess the influence of the long-term culture on the NS plat-
form and repeated sampling process on neural cell types, we exam-
ined the viability of astrocytes derived from hiPSC in 3D human
cortical spheroids (hCSs) (37). Approximately 50,000 astrocytes and
neurons derived from 132-d-old hCSs were plated on the NS plat-
form (Fig. S7) and were electroporated using the protocol used
for the cardiomyocytes once per day for 20 d. Astrocytes were
fluorescently labeled with a cell-specific reporter (h\GFAP::eGFP), as
previously described (38). Cell morphology was followed every day
during the sampling period, and despite their high overall reactivity to
various stimuli and cell injuries, human astrocytes cultured on the NS
tolerated the platform and the daily sampling well, with insignificant
morphological changes between day 1 and day 20 (37, 38).

mRNA Expression Levels in hiPSC-CMs. mRNA transcriptomics is a
powerful method to detect gene expression, cell phenotype, and
cell-to-cell heterogeneity. With the advent of efficient reverse
transcription and single-cell sequencing, multiple mRNA sequences
can be detected simultaneously and with higher sensitivity than
proteins (39). To test whether the mRNA extracted from primary
hiPSC-CMs are statistically related to the actual concentrations
inside the cell, we first performed a NEX extraction of mRNA for
2 min and compared it with the mRNA expression for a lysed sister
cell preparation (Methods). The NEX extract was pipetted from
below the well, amplified with RT-PCR using a random primer,
and sequenced with a single-cell BioMark system (Fluidigm). The
results were compared with the positive control (z = 2) obtained by
lysing a sister culture of hiPSC-CMs and a negative control without
the electroporation step (rn = 4). Both controls were amplified and
analyzed in the same manner as the mRNA samples. Among the
48 genes, 25 were cardiac-related genes, including potassium voltage-
gated channel subfamily J, member 2 (KCNJ2) and several integral
membrane proteins [e.g., phospholamban (FLN) and sodium voltage-
gated channel alpha subunit 5 (SCN5A)], 13 were genes related to
stem cell differentiation, and 10 were housekeeping genes.

The mRNA from the NEX extracts were in good quantitative
agreement with the lysis control samples. All genes with nonzero
quantities from lysis were also detected in the NEX extraction, that is,
44 gene detections for each sample. No false positives were observed,
because the four mRNA that were not detected in the positive
controls were also not detected in the cell extraction. The change in
the cycle threshold (ACt) of each gene (excluding the statistically
unmatched genes) in the extraction was strongly correlated with the
positive control (R = 0.89, P < 0.0001) (Fig. 6C). Notably even large
genes such as SMAD family member 2 (SMAD2) (10,428 nt) were
sampled successfully (Table S1). After sampling, the hiPSC-CMs
showed healthy morphology, and the green fluorescence from the
calcein AM stain indicated >95% cell viability. Negative controls
without an electric field showed no detectable signal (Fig. S8).

Statistical ¢ test analyses of the 44 detected mRNA sequences
revealed that only seven genes were significantly different from the
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control (P < 0.05, ¢ test). The lower detection efficiency of the seven
unsuccessful genes could be caused by several factors, including
lower diffusion rates resulting from size or binding to structures
within the cell. We intentionally did not include a statistical multiple
testing correction, because such a procedure, although maintaining
the overall type I error rate, increases the chance of type II errors
(the chance that differentially extracted genes are not discovered)
(40). Fig. 6B shows a slight statistical difference between the sizes of
the unmatched and matched mRNA (P < 0.01; ¢ test), suggesting
larger molecules are more difficult to extract during the 10-min
extraction period (although the result was heavily influenced by
ryanodine receptor 2 (RYR2) at 16,562 nt). Subcellular localization
of the mRNA also may affect the sampling efficiency, because
mRNAs that code for proteins found in the plasma membrane were
unmatched statistically more often (P < 0.05; ¢ test) (Fig. S9).

Significantly, NEX sampling could be repeated on the same set of
actively behaving primary cells to provide longitudinal mRNA
measurements. Fig. 6D shows the mRNA expression levels of 18
different genes from approximately 15 hiPSC-CMs measured once
per day for 3 d. Note that these cells were active and beating at the
time they were sampled (Movie S1). The presence of additional cell
monolayers makes exact cell counting difficult; however, on average
15-20 cells were observed in the 100 x 100 pm sampling region. The
measured expression levels were remarkably consistent, demon-
strating the precision of the sampling and analysis process. Of the 18
genes, 15 were highly consistent over 3 d, thus indicating that the
variations in myosin light chain 7 (MYL7), troponin C1, slow skeletal
and cardiac type (TNNCI), and actin beta (ACTB) are likely signif-
icant and may reflect fluctuations in gene expression (7-9).

Although the NEX process extracts only a fraction of the total
contents of the cell, the extraction quantities in Fig. 6 show these
sampling events are consistent and can provide a meaningful rep-
resentation of the quantities within the cell. It is not yet known
whether the quantity extracted for each individual cell is always the
same, although initial results from the single-cell measurements (Fig.
3) and fluorescence microscopy of individual cells after sampling
(Fig. 4) suggest they may be. More work is necessary to determine
the relationship between the cellular and extracted quantities for a
particular mRNA sequence to report internal concentrations quan-
titatively based on the NEX results alone, but it is clear the NEX
process has the capacity to measure the change or lack of change in
mRNA expression over time in the same set of cells.

Currently the sensitivity of mRNA sequencing systems is not
able to measure NEX extracts from single cells, instead requiring
approximately 15-20 cells. This requirement agrees well with the
approximately 7% extraction efficiency, corresponding to approx-
imately 1.1-1.4 cellular equivalents per sample. With the increasing
sensitivity of single-cell mRNA assays, this limitation may soon be
overcome, enabling repeated mRNA measurements from a single
cell over an extended time period.

Discussion

Measuring dynamic intracellular processes and capturing cellular
heterogeneity, especially at the single-cell level, has become an area
of active investigation in molecular and cellular biology. Despite
rapid technological advancement in the sampling modalities and
sensitivity (4, 5, 41), these methods are still limited by the need to
lyse the cell for sample extraction. Here, we describe an NS-based
sampling platform for longitudinal, nondestructive extraction and
quantification of proteins and mRNAs from living cells. The pro-
cedure itself is quite straight-forward, locally porating a small area
of the cellular membrane near the NS and allowing the cellular
contents to diffuse into an underlying extraction buffer. The pro-
cess requires simple equipment and a common voltage supply and
should be feasible in most laboratories.

There was some initial concern that extraction through passive
diffusion would bias the results significantly and would sample only
a few of the possible species; however such has not been the case.
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Fig. 6. mMRNA expression level in extractions from hiPSC-CMs. (A) mRNA expression level in NS-extractions from living cells (black bars) and from lysed cells (gray
bars) in ACt (normalized to GAPDH) (42). A higher ACt represents lower mRNA expression; the baseline ACt was set to 40 cycles to indicate no expression. Of the
48 genes, seven genes are found to be statistically different from the lysis control (n = 4 for living cell extraction; n = 2 for cell lysis; *P < 0.05; **P < 0.01; t test
with 95% Cl, pooled SD. (B) mRNA sizes of matched and unmatched genes; *P < 0.05, t test, shows a slight difference in the detection of larger and smaller
genes. (C) Correlation of ACt of the 40 matched genes in living cell extractions with the mRNA expression level in cell lysis (R> = 0.89, P < 0.0001). Unmatched
genes are indicated as unfilled circles. (D) Longitudinal mRNA expression level of approximately 15 hiPSC-CMs on the 100 x 100 um NS platform over 3 d. Fifteen
of eighteen genes showed consistent gene expression, demonstrating the reliability of the sampling process. Error bars indicate the SD of technical duplicates.
(E) Microscopy image of approximately 15 hiPSC-CMs after day 3 sampling. These cells were actively beating (Movie S1) but could still be sampled successfully.

Proteins and mRNA were sampled consistently over a wide range
of sizes and with similar percentages of the cellular content as the
smaller species. Although there was a slight preference for smaller
mRNA (Fig. 6B), this preference was largely the result of the in-
fluence of RYR2; without that data point there would have been no
statistical difference. Further tests over a much larger range of
proteins and genes will be needed to establish quantifiably reliable
species. However, the successful analysis of a large fraction (41/48)
of the mRNA sequences suggests that a sufficient number of genes
can be monitored to make meaningful biological assessments.
Another important aspect is that the NEX process was non-
destructive, as evidenced by >95% cell viability after each sampling
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event. Minimal morphological changes were observed even after
daily sampling for 20 d of human astrocytes, which are known to
react promptly to perturbations. Cell viability is a critical metric for
longitudinal studies. For example, 80% cell viability per sample can
take an average of three samples before cell death, whereas 95%
viability gives an average of 14 samples. This consideration will be
especially important for longitudinal measurements of single cells
in which cell apoptosis terminates the experiment.

Several other key features make NEX suitable for longitudinal
studies of cell biology. First, the extracted molecules are spatially
separated from the cell culture, allowing simple collection using a
pipette or microfluidic device. This collection method ensures that
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future analytical technology improvements can be combined with
the NEX process as the sampling platform. Second, the patterned
NS sampling region allows scalable numbers of cells to be analyzed
while maintaining the normal cell-to-cell connectivity and com-
munication important for cell development and differentiation.
Third, the NS platform was compatible with all cell types tested,
including CHO cells and hiPSC-derived cells (cardiomyocytes or
neural cells derived in 3D cultures).

We believe that this sampling technique will be useful for
studying dynamic cellular activity or transformations, for example,
for tracking signaling pathways during the differentiation of plu-
ripotent stem cells in vitro and capturing cellular heterogeneity.
The throughput could be increased by integrating microfluidics
to sample from a number of independent cellular wells at once,
similar to 96-chamber single-cell analysis designs. Such systems
could increase the understanding of the cellular mechanisms be-
hind cell development, differentiation, and disease pathology from
bulk populations down to single cells.

Methods

NS and Patterned NS Fabrication. The NS membrane is based on 15-pm-thick
(+15%) track-etched polycarbonate membranes (GVS) with 1 x 108 pores/cmz,
often used for water filtration and cell culture. A 10-nm-thick Al,O3 layer is
deposited on the membrane using atomic layer deposition (ALD) at 110 °C,
including the insides of the track-etched pores which will become the NS walls.
The NS are formed by reactive ion etching (RIE) of the Al,O3 with BCl; and Cl,
in argon [300 W, 40 standard cm3/min (sccm) BCl3, 30 sccm Cly, 5 mTorr, 5 min]
from the top surface to reveal the polymer, followed by oxygen plasma
etching to remove the polymer and expose the inorganic NS. To fabricate the
photolithographically defined sampling regions, a 5-pm-thick positive photo-
resist film (MEGAPOSIT SPR2203 i-Line photoresist; Dow) was spin coated on
the surface of the ALD-coated polycarbonate membrane using a spinning
speed of 3,500 rpm for 60 s (Fig. S1). Next, the photoresist-coated membrane
was baked at 95 °C for 2 min to evaporate resist solvent and then was exposed
to a square pattern of intense UV light for 5 s. After exposure, the membrane
was developed by immersion in the MF-26A developer (Shipley) for 60 s. The
aluminum oxide surface in the sampling region was etched away by RIE,
leaving a polycarbonate surface inside the sampling region. Finally, the poly-
mer was etched away by oxygen RIE to form the NS.

Sample Preparation for SEM. The NS membrane was prepared for SEM imaging
by sputter coating with about 10 nm of Au/Pd. Biological samples were pre-
pared by fixing in 2% glutaraldehyde with 4% paraformaldehyde (PFA) in 0.1 M
Na Cacodylate buffer (pH 7.3) for at least 4 h, staining with 1%0sO, for 10 min,
and dehydrating in a series of 30, 50, 70, 90, and 100% ethanol with 10 min of
incubation at room temperature for each solution. The dehydrated sample
was dried by critical point drying in 100% EtOH with liquid CO, and then was
sputter coated with about 10 nm of Au/Pd for SEM. Samples were imaged in
an FEI Sirion scanning electron microscope.

General Sampling Protocol. To perform the sampling process, the cells of in-
terest were first cultured on the NS membrane within a 2- to 5-mm glass cylinder
with appropriate cell medium on top (Fig. 1B). This culture tube remained
within a 96- (or 48-) well plate in an incubator until a sample was desired. The
sampling process was performed in five steps. First, the cells were washed three
times with 1x PBS, and the cell-culture medium was changed to PBS to elimi-
nate possible contaminants. Second, the NS cylinder was placed on top of a
droplet (1-15 pL) of extraction buffer consisting of PBS (or TE buffer for the ITP
assay, as explained below) on an indium tin oxide (ITO) electrode (Fig. 1A). A
platinum wire was immersed into the cell-culture buffer to act as the counter
electrode. Third, 10-35 V (between anode and cathode) square electric pulses
(200-ps pulse duration, 20-Hz repetition rate) were applied between the two
electrodes (across the NS membrane) for 20-60 s. The pulses temporarily
opened pores in the cell membrane, allowing freely diffusing intracellular
proteins and mRNA to diffuse through the NS to the extraction buffer on the
underside of the NS membrane. We have observed an increased flux of mol-
ecules when the polarity of the electric field is the opposite of the charge of the
analytes. When extracting negatively charged molecules (e.g., mRNA), the ITO
electrode was kept at positive potential, and it was kept at negative potential
when extracting positively charged molecules. Fourth, after the electro-
poration, the sampling device remained on the extraction buffer for another
10 min to allow diffusion of additional cytosolic content. Because the extrac-
tion process depended mainly on molecular diffusion, the total amount of
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extracted molecules was expected to depend on both diffusivity and concen-
tration. Therefore, a longer diffusion time was expected to be required for the
extraction of larger molecules, because of their lower mobility. Finally, the
extracted molecules were collected beneath the NS membrane for further
analysis by pipetting up the extraction buffer.

ITP Preconcentration. ITP was conducted in a 50-pm-wide, 20-pm-deep cross-
channel design glass microfluidic chip (NS 12A; PerkinElmer). The leading elec-
trolyte (LE) and trailing electrolyte (TE) buffers were 200 mM Tris and 100 mM
HCl, and 25 mM Tris and 150 mM of glycine, respectively. One percent poly-
vinylpyrrolidone (PVP) was added to both the LE and the TE to suppress electro-
osmotic flow. All reagents were obtained from Sigma Aldrich. The TE buffer
also was used as the extraction buffer in cell sampling. To preconcentrate GFP,
first, the microfluidic channel and LE reservoir were filled with 3-10 uL of LE,
and then the 1- to 5-uL mixture of TE and GFP sample solution was injected in
the TE reservoir. Next, the anode and cathode were placed in the LE and TE
reservoirs, respectively. An electric field with 1,100 V (Keithley) was applied
between the electrodes. The GFP ITP focusing zone formed and electromigrated
toward the anode right after the electric field was applied. The GFP intensity
was stabilized 2 min after ITP began.

GFP and RFP Concentration and Intensity Calibration and Quantification of GFP/
RFP Total Mass in a Cell. GFP/RFP standard solutions (Abcam) were injected in a
10-pm-wide, 12-pm-deep glass microfluidic channel (PerkinElmer). The average
fluorescence intensity of each standard solution in the channel was recorded
and normalized to the channel dimensions to determine the intensity per unit
volume. GFP/RFP calibration curves were generated based on the fluorescence
intensity versus protein concentration, which were linear (Fig. S4). To measure
the GFP/RFP concentration in a cell, an average cell height of 2 pm was taken
based on the imaging of a number of different cells. To quantify the total GFP/
RFP mass in a cell, the measured GFP/RFP intensity from the cell was first di-
vided by the assumed height to get the intensity per unit of height and then
was calibrated by the standard curve to get the GFP/RFP concentration. Finally,
the total mass of GFP/RFP in the cell is the product of the concentration of the
protein and the measured area and assumed height of the cell (i.e., the
cell volume).

HSP27 Extraction from hiPSC-CMs. To obtain a detectable protein signal, we
increased the cell population on our NS platform to 50,000 (+25,000) cells
because of the detection limit of HSP27 ELISA (10.9 pg/mL) (Affymetrix), which
is not sensitive enough to detect the intracellular extraction from small cell
populations. Intracellular extractions were obtained every 24 h for 5 d. Cells
were washed in PBS before each sampling to remove loosely adsorbed pro-
teins. At day 2, the cells were stressed by exposing them to a 30-min heat
shock at 44 °C, which is expected to up-regulate the synthesis of HSP27. The
day 2 extraction was collected 2 h after the heat shock. Cells not exposed to
the heat-shock perturbation were also sampled as a negative control.

mRNA Extraction from hiPSC-CMs. mRNAs were extracted using the NS fol-
lowed by amplification and analysis using RT-PCR and quantitative PCR (qPCR).
The generation and use of iPSCs and their derived cells were approved by the
Institutional Review Board at Stanford University School of Medicine. Fibro-
blasts for reprogramming were collected and de-identified following informed
consent. To average out stochastic fluctuations associated with small numbers
of cells, we chose to culture 100,000 (+ 50,000) cells in an NS well. The cells were
rinsed with PBS buffer to remove extraneous or excreted material; then
sampling was performed for 2.0 min as described above. Because mRNA de-
grades rapidly in the presence of RNase, carrier RNA (Sigma Aldrich) and RNase
inhibitor (Thermo Fisher Scientific) were added to the extraction buffer to
make a mixture with 1 pg/mL carrier RNA and 1 U/uL RNase inhibitor before
sampling. The mRNAs in the extraction buffer were reverse transcribed to
cDNAs with Oligo(dT)20 (Thermo Fisher Scientific). Next, the cDNAs were
preamplified for 15 cycles and purified using DNA Clean & Concentrator-5
(Zymo Research). The preamplified cDNAs were amplified with the 48 gene
primers and analyzed by gPCR in an integrated fluidic circuits (IFC) Fluidigm
chip following standard protocols (Fluidigm).

Table 1. Preamplification conditions

Parameters Hold 15~20 cycles
Temperature 95 °C 95 °C 60 °C
Time 10 min 15s 4 min
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mRNA Extraction Analysis. To preamplify the extracted mRNA, 0.5 pL dieth-
ylpyrocarbonate -treated water, 0.5 pL Oligo(dT), and 0.5 pL dNTP reagent
were mixed with 5 pL mRNA extraction. The mRNA solution was mixed and
briefly centrifuged and then was heated at 65 °C for 5 min and incubated on
ice for at least 1 min. Two microliters of 5x SuperScript IV buffer (Thermo
Fisher Scientific), 0.5 uL DTT, 0.5 pL RNase inhibitor, and 0.5 pL SuperScript IV
Reverse Transcriptase (Thermo Fisher Scientific) were added into the
annealed RNA solution. The combined reaction mixture was incubated at
50 °C for 20 min; then the reaction was inactivated by incubating the mix-
ture at 80 °C for 10 min. Ten microliters of pooled assay mix and 20 pL
TagMan PreAmp Master Mix (Applied Biosystems) were added to the com-
bined reaction mixture. The mixture was preamplified at the conditions
shown in Table 1.

Finally, the preamplified cDNA was purified using DNA Clean & Concentrator-5
and was eluted in the provided 6 pL DNA elution buffer. The preamplified cDNA
was detected by using Fluidigm Dynamic Array IFC for Gene Expression.

Culturing, GFP Extraction, and Immunocytochemistry of hCS-Derived Astrocytes.
hCSs were derived from iPSCs as previously described (37). The generation and
use of iPSCs and their derived cells were approved by the Institutional Review
Board at Stanford University School of Medicine. Fibroblasts for reprogram-
ming were collected and deidentified following informed consent. The gen-
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eration of neurons of deep and superficial cortical layers is followed by
astrogenesis in hCS, and after approximately 10 wk in vitro cortical neurons
are accompanied by a network of nonreactive astrocytes. For sampling ex-
periments, hCS at day 132 in vitro were enzymatically dissociated and plated
on NS at a density of 500,000-750,000 cells per device. The day after plating,
plated astrocytes were labeled with a viral reporter (hGFAP::eGFP). For GFP
sampling, cells were maintained on the NS for up to 20 d with daily medium
changes. Short electrical pluses (45 V, 200-us pulse width, 20-s duration) were
applied to cells every day. For immunocytochemistry, the cells on NS were
fixed with 4% PFA for 10 min and were immunostained with an anti-GFAP
antibody to label astrocytes, an anti-MAP2 antibody to label neurons (MAP2),
and anti-Actin antibody to label filaments (37).
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