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We investigate for the first time the compatibility of nanovials with microfluidic impedance cytometry (MIC). Nanovials are

suspendable crescent-shaped single-cell microcarriers that enable specific cell adhesion, the creation of compartments for

undisturbed cell growth and secretion, as well as protection against wall shear stress. MIC is a label-free single-cell technique

that characterizes flowing cells based on their electrical fingerprints and it is especially targeted to cells that are naturally in

suspension. Combining nanovial technology with MIC is intriguing as it would represent a robust framework for the electrical

analysis of single adherent cells at high throughput. Here, as a proof-of-concept, we report the MIC analysis of mesenchymal

stromal cells loaded in nanovials. The electrical analysis is supported by numerical simulations and validated by means of

optical analysis. We demonstrate that the electrical diameter can discriminate among free cells, empty nanovials, cell-loaded

nanovials, and clusters, thus grounding the foundation for the use of nanovials in MIC. Furthermore, we investigate the

potentiality of MIC to assess the electrical phenotype of cells loaded in nanovials and we draw directions for future studies.

1 Introduction

Modern approaches to personalized and precision medicine call
for effective technological solutions for single-cell analysis and
sorting. These solutions can be obtained through microfluidic
devices, which enable high-throughput analysis with minimal
sample volume and feature various integrated modules
performing different functions (lab-on-a-chip).

Among the techniques employing microfluidics for single-cell
analysis, microfluidic impedance cytometry (MIC) shows the
attractive feature of exploiting cell intrinsic biophysical
properties, thereby avoiding any labelling step.1-3 By means of
MIC
measures the electrical phenotype of individual biological cells,
which is related to cell type and status. MIC has been
the label-free characterization of
mammalian cells, human pathogens, and plant cells, for
applications including viability assessment#®, subpopulation
distinction?19, antimicrobial susceptibility testing!-14 and

multifrequency electrical impedance measurements,

extensively used for
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deformability assessment.1>16 MIC has also been reported as a
tool for the non-invasive monitoring of 3D cell cultures under
continuous flow,17-18 and impedance-based microfluidic sorters
have been proposed for sorting cells upon their electrical
phenotype!®21, Emerging developments of the technique
include the use of Al-based approaches for the analysis of MIC
datal2223 and the use of MIC to enable sample preparation for
single-cell mass spectrometry.?*

In MIC, cells are suspended in a conductive fluid and pumped
through a microchannel with an electrical sensing zone where
they are interrogated one-by-one. Accordingly, the technique is
especially targeted for cells that are naturally in suspension, like
cells found in bodily fluids (e.g., blood, seminal fluid, and urine)
or ambient water (e.g., microalgae). Adherent cells can be
measured with MIC too, via trypsinization and suspension.
However, in that case, cells are not in their natural state when
the measurement occurs.

Recently, hydrogel-based microcarriers have emerged as
promising tools to boost cell analysis workflows 25729, Liu et al.2®
reported  self-orienting crescent-shape particles and
demonstrated their use as micro-buckets to carry living cells. Di
Carlo’s group?%27 introduced lab-on-a-particle systems called
nanovials as sub-nanoliter single-cell containers with open
cavities for performing functional high-throughput cell
screening. Nanovials offer the possibility of functionalizing their
internal surface to promote the adhesion of cells and molecules
in a specific way and the capability of creating uniform
compartments (dropicles?’) to facilitate cell growth and
undisturbed secretion of bioproducts. In addition, they improve
cell viability thanks to the protection against external stressors
(both chemical, like surfactants, and mechanical, like wall shear
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Fig. 1 (A) lllustration of the sample preparation protocol (MSC, mesenchymal stromal

cells). (B) Representative microscopy images of a free cell, an empty nanovial, and a cell
loaded nanovial (40 X objective, phase contrast, scale bar is 10 pm). (C) Schematic
representation of the sensing zone of the impedance cytometer, comprising three
coplanar electrodes on the bottom of the microchannel. The wiring scheme is also
indicated: an AC voltage is applied to the central electrode and the differential current
from the grounded lateral electrodes is acquired.

stress) and they are compatible with flow cytometry and single-
cell sequencing instruments.30-32 Several applications of
nanovial technology have rapidly emerged, including sorting
single T-cells based on secreted cytokines and surface marker33,
association of molecular signatures with antibody secretion in
human plasma cells,3! and combined analysis of growth-factor
secretion and transcriptomes of mesenchymal stromal cells.32
This work aims to investigate, for the first time, the
compatibility of nanovials with microfluidic impedance
cytometry. Mesenchymal stromal cells are considered as a
model of adherent cells in light of their therapeutic relevance,3*
and a simple impedance cytometry setup is used (Section 2). A
suspension of cells and nanovials is incubated, to promote cell
loading into nanovials, and then analysed with the impedance
cytometer. The results of the electrical characterization (Section
3) are validated by means of synchronized image acquisition. It
is shown that electrical signals at a single frequency can
discriminate among free cells, empty nanovials, cell-loaded
nanovials, and clusters, thus grounding the foundation for the
use of nanovials in MIC. Furthermore, the potentiality of MIC to
assess the electrical phenotype of cells loaded in nanovials is
investigated in Section 4. Finally, a discussion about
perspectives of the combination of nanovial technology and
MIC is reported in Section 5, where we draw directions for
future studies.
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2 Materials and Methods

2.1 Microfluidic impedance chip

The microfluidic impedance chip was fabricated using standard
microfabrication techniques, as previously reported.3> The chip
consists of a polydimethylsiloxane (PDMS) block containing the
microfluidic channel, bonded to a glass slide with deposited
Ti/Au microelectrodes (20 nm/200 nm). A three-electrode
layout is considered, which has previously been validated by the
authors for impedance measurements of red blood cells36 and
human cell lines.® To account for the larger dimensions of the
nanovials (35 pum outer diameter), the chip dimensions were
scaled up by a factor of three. Accordingly, the channel is 120
um wide and 60 um high; electrodes width in the flow direction
is 90 um, with a 30 um spacing. A custom-built chip holder was
used for fluidic and electric connections.

2.2 Sample preparation

Cells. Human mesenchymal stromal cells (Lonza, P5) were
grown in a-MEM (Gibco) supplemented with 10% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin (Gibco). Upon
subconfluence, cells were washed three times with phosphate-
buffered saline (PBS) and then gently detached with TrypLE
Express Enzyme (Thermo Fisher Scientific). Cells were
resuspended in a-MEM at the concentration of 10° cells/mL.

Nanovials. Biotinylated nanovials (Partillion Bioscience) with 35
um outer diameter and EZM™ formulation (i.e., cavity-localized
extracellular matrix, ideal for adherent cells) were used. Prior to
cell loading, 400k nanovials were washed in a washing buffer
(PBS, 0.05% Pluronic F127, 0.5% bovine serum albumin) via
centrifugation (200 X g, 5 minutes) and supernatant removal.

Cell loading into nanovials. The sample preparation protocol is
illustrated in Fig. 1A. Cells and nanovials were mixed at a 1:1
ratio. Namely, 0.4 mL of cell suspension, containing 400k cells,
were added to the washed nanovials (400k nanovials in 0.1 mL)
in a 1.5 mL microcentrifuge tube. Cells and nanovials were
gently mixed by pipetting. The microcentrifuge tube was
incubated for 90 minutes at 37°C. To improve loading, the
suspension was remixed by gentle pipetting after every 30
minutes. After incubation, a 5 pL droplet of suspension was
observed under the microscope (Zeiss Axio Observer),
confirming the presence of cell-loaded nanovials as well as free
cells and empty nanovials (Fig. 1B). Clusters involving more than
one nanovial and one cell were also found (e.g., two nanovials
bound together by a cell, nanovials hosting more than one cell).

Sample dilution for impedance measurements. The sample
was diluted (1:8) to obtain a theoretical nanovial concentration
of 10° nanovials per mL. Two different dilution buffers were
tested: (i) the washing buffer (1.3 S/m conductivity, 1 g/mL
density) and (ii) the washing buffer supplemented with 13%
(w/v) sucrose (0.9 S/m conductivity, 1.05 g/mL density) to
mitigate particle sedimentation (nanovial density is about 1.1
g/mL).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 In-silico analysis of position blurring. (A) Simulated differential current signals (real
part) for empty nanovials traveling close to the electrodes or close to the ceiling (red and
blue curve, respectively). (B) Simulated relationship between the shape parameter and
the electrical diameter. Eleven equispaced vertical traveling positions are considered,
assuming a minimum gap of 1.5 um from channel floor/ceiling.

2.3 Experimental measurements

Impedance data acquisition and processing. The sample was
injected into the microfluidic chip at 50 pL/min, by using a
syringe pump (Elite 11, Harvard Apparatus). The chip, syringes
and tubing were precoated with washing buffer before
measurements. A schematic representation of the impedance
measuring scheme is reported in Fig. 1C. AC voltage (4 V) at 0.5
MHz was applied at the central electrode, and the differential
current through the grounded lateral electrodes was acquired
using a standard impedance acquisition setting (HF2IS Zurich
Instruments impedance spectroscope working at 115 kHz
readout rate and 10 kHz bandwidth, following a HF2TA
transimpedance amplifier with 10 kQ gain).

The recorded impedance data streams were processed as
described in previous works. Briefly, after a correlation-based
event detection,3” a bipolar Gaussian template was used for
feature extraction.® The template is characterized by the
following features (cf. Supplementary Material, Section S1): a
complex amplitude a, a real peak-width control g, and a real

This journal is © The Royal Society of Chemistry 20xx

peak-to-peak time §. The following metrics were considered in

the analysis: s

e theelectrical diameter (D = G|al3, where G is a gain factor
depending on the electronic circuitry) and the electrical
phase (i.e., the phase of a),

e the shape parameter (i.e., ¢/8), which is a metric
correlating with particle trajectory height,3>

e the electrical velocity3¢ (v = L/&, with L = 120 pum).

Synchronized video acquisition. Simultaneously to impedance
measurements, the sample flowing through the sensing region
was imaged with a high-speed camera (Photron, Mini UX100).1°0
The frame rate was set to 2000 fps, with shutter time 30 us.
Synchronization of impedance data and video recordings was
achieved via a hardware link, and the electrical velocity was
used to estimate particle localization in the recorded images.

2.4 Finite element model

To assist the interpretation of the experimental design as well
as to delineate guidelines for the development of MIC-tailored
nanovials, we implemented a 3D finite element model of the
microfluidic system3839 (cf. Section S2 of the Supplementary
Material). The model includes the impedance chip and the cell-
nanovial complex. As detailed in Section S3 of the
Supplementary Material, an original parametric geometrical
model of the cell-nanovial complex was developed, which is
easily adaptable to mimic nanovials and cells of different sizes.
Numerical simulations to investigate position blurring (Section
3.1, and Section S4 of the Supplementary Material) and
orientation blurring (Section S5 of the Supplementary Material)
were performed. Moreover, a parametric analysis elucidating
the role of the nanovial dielectric properties (Section 4.1) as well
as a numerical investigation of the potentiality of the
methodology to assess cell viability (Section 4.3) were carried
out.

3 Results
3.1 In-silico analysis of position blurring

In this study, we used a simple coplanar electrode design. Due
to the non-uniformity of the electric field, this design exhibits
position blurring,?0 i.e., identical particles traveling at different
vertical positions produce different signals. Fig. 2A shows the
simulated differential current signals for an empty nanovial
traveling close to the electrodes (red curve) and for an identical
empty nanovial traveling close to the channel ceiling (blue
curve). The peak amplitude of the former is significantly higher
than that of the latter. To cope with this issue, in a previous
work3> we demonstrated a mitigation strategy based on the so-
called shape parameter, defined as the ratio between the pulse
width ¢ and the peak-to-peak time §. The shape parameter
correlates with particle trajectory height. Hence, it can be used
to correct the electrical diameter via calibration. Fig. 2B shows
the electrical diameter and the shape parameter for nanovials
traveling at eleven vertical positions: the shape parameter
increases for increasing particle trajectory height, while the
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Fig. 3 (A) Density plot of the shape parameter against the electrical diameter. The population of empty nanovials is highlighted with an enclosing green gate and its linear fit is
shown in red. (B) Density plot of the shape parameter against the corrected electrical diameter. (C) and (D) Histogram of electrical diameter and corrected electrical diameter,
respectively. In (D) gating thresholds are also indicated, along with the fraction of events falling in each interval (number of total events: Nyt = 3412). (E) Event rate vs time elapsed
form syringe loading (blue curve). For comparison, the event rate of an experiment with a buffer without sucrose is also shown (red curve). (F) Histogram of the corrected electrical
diameter relevant to the subset of 348 events for which simultaneous video recordings were available. Color-coded labelling into populations (C, free cells; N, empty nanovials; CN,
cell-nanovial complexes; clusters) is reported, as achieved by visual inspection of optical data.

electrical diameter decreases (see also Section S4 of the
Supplementary Material). As shown in Section 3.2, this
behaviour is found in the experimental measurements, thus
enabling the implementation of the mitigation procedure.3>

3.2 Impedance measurements results

The recorded data streams exhibited a good signal-to-noise
ratio (SNR). Typical values were 29 dB, 37 dB, and 41 dB, for free
cells, empty nanovials, and cell-loaded nanovials, respectively.
The shape of the event signals was a bipolar Gaussian, and the
standard processing algorithms could be applied.

Fig. 3A and C show the 2D density plot of the shape parameter
against the electrical diameter and the histogram of the
electrical diameter, respectively (for the sample with sucrose-
augmented buffer). While it is difficult to identify the different
subpopulations in the histogram (Fig.3C), a clearer picture is

4| J. Name., 2012, 00, 1-3
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seen in the 2D density plot (Fig. 3A). Specifically, as confirmed
by the optical inspection of the synchronized video recording,
the population of empty nanovials can be easily identified
(green gate in Fig. 3A). A higher density of empty nanovials is
noticed at low (around 0.205) and high (around 0.25) shape
parameter values, due to inertial particle focusing at two
preferential heights.*42 The relationship between the shape
parameter and the electrical diameter of the empty nanovials
can be described by a linear fit (red line in Fig. 3A):

D=c +c (%),

with ¢ =63 um and ¢, =—161 pm. Such calibration
coefficients, obtained on the empty nanovial population, can be
used to correct the electrical diameter of the whole sample®:35,
Specifically, the corrected electrical diameter is obtained as
follows:

€y
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Fig. 4 Gallery of representative events, one for each subpopulation: (A) free cell, (B) empty nanovial, (C) cell-loaded nanovial, and (D) cluster. For each event, an overlay of
consecutive snapshots is visualized (the dark band on the left is the last electrode of the sensing zone). The raw electrical signals (dotted lines) and their fit (continuous lines) are
also shown (real part in red, imaginary part in blue), along with the data point localization (red star) in the density plot of the shape parameter against the corrected electrical

diameter.

D-corr = Drefy )

_ b
Zral)

where Do = 30 um is the diameter of a sphere isovolumic with
the empty nanovial (which has a volume of 14500 um3, as
computed based on the geometric model described in Section
S3 of the Supplementary Material). Fig. 3B and D show the 2D
density plot of the shape parameter against the corrected
electrical diameter and the histogram of the corrected electrical
diameter, respectively. As expected, after correction for
position blurring, the empty nanovial population is distributed
around 30 pum in the histogram of Fig. 3D. The width of the
distribution arises from intrinsic nanovial size heterogeneity
and possible orientation effects. Another population distributed
around 34.5 um is found as well as data points at higher
corrected electrical diameters. Furthermore, data points at the
left of the empty nanovial populations are found.

The corrected electrical diameter is an accurate metric for
particle size. Accordingly, the population around 34.5 pm
reasonably represents cell-loaded nanovials, while the data
points at larger diameters represents clusters comprising more
than one cell and one nanovial. Similarly, the data points at the
left of the empty nanovial population reasonably correspond to
free cells. To confirm this interpretation, we analysed the
synchronized video acquisitions (cf. Section 3.3).

A total of about 3400 electrical events were analysed. The
measuring throughput (events per second) is reported in Fig. 3E
(blue curve). It decreases over time, due to particle

This journal is © The Royal Society of Chemistry 20xx

sedimentation.3? This effect is exacerbated at lower buffer
density, as shown by the quicker time decay of the event rate in
case of buffer without sucrose (Fig. 3E, red curve). On the other
hand, nanovial sedimentation is negligible during the
measurement of each single event. In fact, according to Stokes’
law, particle sedimentation velocity can be estimated as
follows:

_ 2pp=pb)gr?

v,
s 9Mp

, 3)
where p, and p;, denote particle and buffer density, ,, denotes
buffer viscosity (0.0015 Pa-s), g is the acceleration gravity, and
T is particle radius. Accordingly, it turns out that vs is about 16
um/s. Since the event measurement time is about 2 ms (see
traces in Fig. 4) the corresponding displacement is negligible
with respect to channel height.

3.3 Optical validation

The images of about 350 events were analysed and labelled by
inspection as free cells (C), empty nanovials (N), cell-loaded
nanovials (CN) and clusters (clust). The histogram of the
corrected electric diameter of these events is reported in Fig. 3F
and confirms the previous interpretation. It was not possible to
cross check all the 3400 electrical events with optical
investigation, due to the memory limitation of the video
acquisition system.

A representative event from each subpopulation (free cell,
empty nanovial, cell-loaded nanovial, and cluster) is presented

J. Name., 2013, 00, 1-3 | 5
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in Fig. 4. For each event, an overlay of consecutive frames is
shown, along with the raw and fitted impedance signals, and
the position of the data point in the density plot of the shape
parameter against the corrected electrical diameter.
Furthermore, a video showing twenty events is included as
Supplementary Material (Video S1). Nanovials were found to
travel with different and varying orientations along the
microchannel. Cells exhibited heterogeneous size and some cell
clumps were found. In some cases, cells or cell clumps bonded
together two or even three nanovials. The analysis of the
clusters revealed a general increase of the corrected electrical
diameter with the overall number of involved particles. The
relative fractions of the four subpopulations were as follows:
17% free cells, 33% empty nanovials, 32% cell-loaded nanovials,
18% clusters. Accordingly, nanovials with single-cell occupancy
are about 40% of all nanovials. Depending on the specific
application and on the acceptable trade-off between the
number of empty nanovials and clusters, different loading
efficiency can be achieved by varying the cell-to-nanovial ratio
during the incubation.

The optical analysis confirmed that the corrected electrical
diameter D-corr can be used to discriminate the four
subpopulations. To this aim, the following gates were
introduced (cf vertical blu lines in Fig. 3D and F):

= 15 um < D-corr < 27 um, free cells

= 27 pm < D-corr < 32.5 pum, empty nanovials

= 32.5pm < D-corr < 39.5 um, cell-loaded nanovials

= 39.5 pum < D-corr < 45 pm, clusters.

With these gates, the electrical classification (on all the
electrical events) gave the following relative fractions: 15% free
cells, 40% empty nanovials, 29% cell-loaded nanovials, 16%
clusters, which are in good agreement with the relative
fractions provided by the optical analysis (on a subset of
events). Assuming the optical classification as the ground truth,
the sensitivity and the positive predictive value (PPV) of the
classification based on the corrected electrical diameter could
be computed, for each subpopulation. The corresponding
values are reported in Table 1, while the associated confusion
matrix is shown in Fig. 5. Excellent classification results were
obtained for free cells (91.5% sensitivity, 100% PPV) and empty
nanovials (97.4% sensitivity, 93.3% PPV). Good results were
obtained for cell-loaded nanovials (86.3% sensitivity, 85.6%
PPV) and clusters (81.2% sensitivity, 81.5% PPV), with
misclassification errors mainly associated to events composed
by one nanovial and two cells or one nanovial and one large cell
(see Section S6 of the Supplementary Material).

Table 1. Sensitivity and positive predictive value (PPV) of the electrical
classification.

Subpopulation Sensitivity (%) PPV (%)
Free cells 91.5 100
Empty nanovials 97.4 93.3
Cell-loaded nanovials 86.3 85.6
Clusters 81.2 82.5
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4 Towards the characterization of cells loaded in
nanovials

4.1 In-silico analysis of the role of nanovial conductivity

Several applications of microfluidic impedance cytometry of
cells in suspension were reported in the last two decades?.
Electrical fingerprints were able to discriminate different cell
populations or cells at different states. Extending these results
to cells adherent to nanovial cavities is challenging. A central
aspect pertains the dielectric properties of the nanovial as
compared to those of the medium. Ideally, if the nanovial has
the same conductivity of the buffer (which is in the order of 1
S/m in impedance cytometry), would be
electrically invisible and, accordingly, all the functionalities
demonstrated by MIC would be inherited. To elucidate this
aspect, we carried on a parametric simulation study, varying the
conductivity of the buffer (0},) and that of the nanovial (g;,) in
the range 0—1.5 S/m. Fig. 6A and B show the heatmaps of
simulated peak signal (real part) for the empty and loaded
nanovials, respectively. Larger signals are obtained when the

the nanovial

nanovial is less conductive than the buffer (upper-right portion
of the heatmaps). If the nanovial is isoconductive with the
buffer (i.e., 0, = 0g3), an empty nanovial is electrically invisible
(cf. null diagonal entries in Fig. 6A). On the other hand, a non-
null signal is measured for a cell-loaded nanovial. In this case
the contrast — defined as the absolute relative difference
between the signal peaks of the cell-loaded and empty nanovial
—tends to infinity (cf. diagonal entries in Fig. 6C). High contrast
is also obtained at high o, and slightly different a,, (Fig. 6C).
From an application viewpoint, the ideal system is characterized
by signals with high SNR, the possibility to detect empty
nanovials, and significant contribution of the cell to the
measured signal (i.e., high contrast). Accordingly, high buffer
conductivity and slightly lower nanovial conductivity would be
optimal.

4.2 Experimental characterization of nanovial conductivity

Nanovial conductivity can be experimentally estimated by
comparing impedance signals of empty nanovials (S™@"°) with

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name

A

Peak signal (A.U.)

0.0 i 45 0.00

0.02

o (Sim)
&
o (S/m)

0.59

ARTICLE

Constrast (%)

160

140

120

100

80

60

40

0.00 05 5 [ 05 ] 32 1499 | 4123 i 2
0 0.3 0.6 0.9 12 1.5 0 0.3 0.6 0.9 1.2 15 0 0.3 0.6 0.9 1.2 15
o, (S/m) a, (S/m) o, (S/im)

Fig. 6. In-silico parametric analysis of the role of nanovial and buffer conductivities, o, and g, respectively. Heatmaps of the simulated peak signal for (A) an empty and (B) a cell-

loaded nanovial, for conductivity values in the range 0-1.5 S/m. (C) Heatmap of the contrast between loaded and empty nanovials, defined as the absolute relative difference

between their peak signals (in percentage).

impedance signals of reference beads (S¢@%5). In fact, the
following relationship holds:

Snanovial 3 fcnl\:;l[novial Vnanovial
f”’bead
M
where fhanovial gng fbead genote the Clausius-Mossotti factor
of nanovials and beads, respectively, and Vranovial gpq rbead
denote nanovial and bead volume, respectively (the reader is
referred e.g. to Refs.2*3 for the relevant theory). At low

frequency, permittivities can be neglected and the Clausius-
Mossotti factors become:

€))

Gbead pbead ’

f’na.novial ~ )
™ o, + 20,

fbead ~
c™M =

) 5)

N| -

(in the computation of fcbfj‘d, bead conductivity has been

neglected with respect to buffer conductivity). Hence, after
simple math, equation (4) gives:

2— 2a
op = 0p m, (6)

with:
Snanovial Vnanovial

a= ( Sbead )/( Vbead ) (7)
Figure 7 shows the histogram of the impedance signal for a
mixed sample composed of empty nanovials and 20 um
diameter polystyrene beads. The histogram is well described by
the sum of two Gaussian distributions with means 6.9 and 8.4.
As verified by optical analysis of simultaneous video
acquisitions, the left-hand distribution corresponds to the
empty nanovial population whereas the right-hand distribution
to the bead population. Hence, the ratio between Smanovial gpq

Sbeads j5 0,82, Since Vnovial = 14500 ums3 and Vbe2d = 4189
um3, it turns out that @« =0.24 and therefore:

o, = 0.68 g, = 0.6 S/m. (8)

Based on the analysis presented in section 4.1, the present
experimental setting (o, = 0.9 S/m and o, = 0.6 S/m) is
therefore promising for cell phenotyping applications.

This journal is © The Royal Society of Chemistry 20xx

4.3 Feasibility study of cell viability assessment

Loss of cell viability has been associated to alteration of cell
membrane properties.***> Necrotic cell death is accompanied
by changes in the cell membrane permeability that are mirrored
by anincrease in the membrane conductance Gy, ¢, - Alterations
of membrane capacitance Cy,.,, have also been reported (e.g.,
during apoptosis), with a decrease in Cp,ep, indicating a loss of
membrane structures and the rounding of the cell membrane.**
Since MIC is sensitive to membrane dielectric properties®’, we
investigated its potential for assessing the viability of cells
loaded in nanovials. Specifically, we simulated the impedance
spectra of nanovials loaded with a reference cell, a cell with
increased membrane conductance, or a cell with reduced
membrane capacitance. The parameter values used in the
simulation are reported in Table S1 of the Supplementary
Material.

As shown in Fig. 8, nanovials housing cells with permeabilized
membrane can be distinguished from nanovials housing intact
cells due to their reduced electrical diameter at low frequency
(0.5 MHz), which is however larger than the electrical diameter
of empty nanovials. Moreover, while nanovials with intact cells
exhibit negative phase shift with respect to empty nanovials,
the electrical phase housing with
permeabilized membrane is analogous to that of empty

of nanovials cells
nanovials. On the other hand, nanovials containing cells with
reduced membrane capacitance exhibit an increased electrical
diameter in the low frequency range and a membrane-
capacitance relaxation taking place at higher frequency than
nanovials with intact cells.

As a preliminary experimental verification, we performed an
experiment with MSCs treated with Triton-X (0.01%) after
incubation with nanovials. Triton-X is a non-ionic surfactant that
is widely used to permeabilize eukaryotic cell membranes, thus
increasing Gem - As shown in Section S7 of the Supplementary
Material, at 0.5 MHz the electrical diameter and the electrical
phase of treated cells change compared to untreated cells in
agreement with simulation results (i.e., reduced electrical
diameter and electrical phase similar to that of empty
nanovials).
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shift with respect to the phase of empty nanovials at 0.5 MHz.

5 Discussion & perspective

The possibility to combine nanovial technology with
microfluidic impedance cytometry is very attractive as it
represents an ideal framework for the electrical analysis of
single adherent cells at high throughput. In this work, we

explored such a possibility for the first time.
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We exploited human mesenchymal stromal cells in combination
with nanovials having an extracellular-matrix-coated cavity.
Such formulation is tailored to facilitate cell loading, without the
need for further functionalization. We used a straightforward
cytometer design, based on three coplanar electrodes operated
in a differential measurement scheme. We demonstrated that
the electric diameter at 0.5 MHz can be used to distinguish
among free cells, empty nanovials, cell-loaded nanovials, and
clusters. To achieve this result, we exploited a strategy to
compensate for positional dependence, based on the so-called
shape parameter. As an alternative, a microfluidic chip with
multiple facing electrode couples could be used, which is less
sensitive to position blurring when operated in a proper
measurement scheme.*3 However, this would require a more
complex fabrication procedure. Emerging solutions based on
wrap-around sensors can also be considered.4®

Another point to consider is nanovial sedimentation, which was
reported also in previous works using nanovials with standard
fluorescence activated cell sorters.3® We showed that by
increasing the buffer density to 1.05 g/mL with sucrose
supplementation, nanovial sedimentation was mitigated. This
represents a trade-off value, as increasing the sucrose
concentration above 13% (w/v) to achieve neutral buoyancy
can be harmful to cells. Other buffer compositions could be
investigated, e.g. based on Ficoll or Optiprep.3° The latter could
bring buffer density closer to nanovial density. On the other
hand, the resulting buffer must preserve a sufficiently high
conductivity, to obtain signals with good SNR, as well as a
limited viscosity (to allow easy flow through the microfluidic
chip). Working with neutrally buoyant nanovials would give a
stable throughput over time. To increase the overall
throughput, higher flow rates could be used (e.g., 100 or 150
uL/min) as well as higher concentration of nanovials (up to 3 X
10° per mL, unless tailored strategies for coincidence
arbitration2236 are implemented).

Thanks to its sensitivity to size, MIC could be used for label-free
monitoring of cell aggregates 4748 or cell growth into nanovials.
Moreover, the feasibility study presented in section 4.3,
encourages future works using MIC for label-free viability
assessment of cells loaded in nanovials. Also, optimization of
nanovial production processes and cell-loading protocols may
benefit from MIC as a tool for easy and fast characterization.
Furthermore, microfluidic impedance-based sorting systems%-
21 could be used in combination with nanovial technology to
enrich specific cell populations. In fact, nanovial cavities could
be functionalized to facilitate attachment of selected cell
subpopulations. Carrying adherent cells in nanovials can
facilitate repeated measurements over time (e.g., for
continuous online monitoring).

Novel formulations could be sought to further increase nanovial
conductivity. The development of conductive hydrogels and
polymers is presently an active research field,**-33 offering
promising opportunities for the development of MIC-tailored
nanovials. Incidentally, PicoShells®* are another lab-on-a-
particle system that could be explored in combination with MIC.
Picoshells have a porous PEG-based outer shell, which is
permissive for solution exchange and, therefore, are

This journal is © The Royal Society of Chemistry 20xx
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conductive. On the other hand, PicoShells are larger (90 pum
diameter) than nanovials and they are not off-the-shelf
available, as they are formed during the cell encapsulation
phase.

Finally, MIC analysis could be integrated within the cell analysis
workflows that leverage nanovial technology (analysis of
surface markers, secretions, and transcriptome), as a further
characterization step based on biophysical properties. In this
unprecedented single-cell
characterization could be achieved, with potential applications

way, an multiparametric

to cell therapy, monoclonal antibody-based drug discovery, and
biomanufacturing processing.
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