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ARTICLE INFO ABSTRACT

Microfluidic impedance cytometry allows for label-free detection of cells. But it has not yet been used to detect
large organisms, such as Caenorhabditis elegans (C. elegans) worms, due to their variable morphology and strong
motility. Here, we report on a C. elegans microfluidic impedance cytometry (CeMIC), which enables the electrical
impedance measurement of worms when flowing through a straight microchannel and the identification of their
developmental stages based on impedance signals. With the optimized configuration of impedance-sensing
structures, namely the microchannel and integrated microelectrodes, the influence of undulation and position
variation of worms upon the measured impedance can be eliminated. In signal processing, a kernel density
estimation method is employed to extract worm-length-related values that can be directly assigned to the de-
velopmental stages of worms. The accuracy for impedance-based identification of worm stages can reach 90%.
Additionally, the CeMIC device is developed into a simple and automated system for size-based enrichment of
worms. Large and small worms from a mixed population are successfully separated to different outlets after
identifying their sizes with impedance measurement. Therefore, our CeMIC system provides a promising plat-
form to measure the worm size, identify developmental stages, and prepare size/stage-homogenized populations
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for C. elegans experiments.

1. Introduction

Microfluidic impedance cytometry (MIC) allows for high-
throughput, non-invasive and label-free detection of biological samples
exposed to an electric field [1]. It is usually assembled by implementing
electrical impedance spectroscopy (EIS) in a flow-through microfluidic
device via microelectrodes. When cells pass through the sensing region
between electrodes, their morphological and dielectric parameters,
such as cell size, volume and membrane capacitance, can be detected.
Thus, MIC has been always used to identify target cells from a homo-
genized population or classify a mixture of cells into subpopulations
[2-7]. Recently, MIC has been involved in organ-on-a-chip systems to
measure the size of spherical tissues and further evaluate their growth
and response to drugs based on impedance signals [8,9]. However, MIC
has not yet been used to detect large biological samples, such as Cae-
norhabditis elegans, due to their strong motility, variable morphology
and widely-ranged size.
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C. elegans, as a well-characterized model organism, has been widely
used to understand genetic questions of developmental biology, aging
and neurobiology [10]. Its life cycle consists of embryonic, larval and
adult stages. After hatched from eggs, C. elegans enters the development
that is comprised of four larval stages (L1, L2, L3 and L4) and adult-
hood. Each larval stage is ended with a molt that is used to separate the
developmental stages. At each developmental stage, C. elegans features
different body size, morphology and behavior [11-13]. As such, the
developmental stages can be simply identified through the worm size.

Our previous studies in single-cell impedance measurement have
shown that the impedance signal acquired from a MIC system is cor-
related to the volume of detected sample, even for a non-spherical one
[14,15]. Since the size of C. elegans is vitally interrelated to its devel-
opment, MIC holds the capabilities of precisely measuring the worm
volume and further identifying its developmental stage. However, in
the aforementioned MIC systems for cell sensing, microelectrodes were
patterned closely to each other (in a distance from several microns to
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dozens of microns) due to the small size of cells. Thus, a peak was al-
ways displayed on the signal curve when a cell passed by, and then the
signal difference was easily extracted by using a baseline-to-peak or
peak-to-peak detection method to quantify the impedance contribution
of the detected cell [6-8]. For the cylindrical and curved C. elegans, in
comparison, its length varies from ~200um to ~1.2 mm and its body
may undulate actively during perfusion in the microchannel. Any
change of morphology or position that occurred to a worm when pas-
sing the sensing region may induce drastic variation of impedance
signals. Therefore, the channel and electrode configuration and the
signal processing methods in previous cell-based systems are not ap-
propriate to C. elegans application.

In this work, we presented a MIC for C. elegans (namely CeMIC) to
perform the electrical impedance measurement of flow-through worms
and subsequently identify their developmental stages with impedance
signals. Based on the three-dimensional (3D) finite-element modeling of
the impedance measurement of worms, we demonstrated that the op-
timum configuration of microchannel and microelectrodes in the CeMIC
device was suitable for the morphological features of C. elegans and can
eliminate the influence of worm undulation upon the impedance
measurement. Kernel density estimation, a nonparametric model in
statistics for the estimation of probability density function of random
variables, was employed to process impedance signals and calculate the
baseline-to-plateau current in experiments. Thus, data that were cor-
related with worm length can be stably extracted to identify the de-
velopmental stages of C. elegans. Additionally, in order to study the
potential applicability of the CeMIC device, it was developed into a
simple and automated system for size-based worm enrichment by in-
tegrating polydimethylsiloxane (PDMS) pneumatic valves and dis-
tributary channels downstream in the worm channel. With this system,
large and small worms from a mixed population were identified
through the impedance measurement and subsequently separated.

2. Materials and methods
2.1. Design of the microfluidic device (CeMIC)

Fig. 1 shows the CeMIC device, which consists of a glass substrate,
gold (Au) microelectrodes and two layers of PDMS (fluidic layer and
control layer) for worm perfusion (worm channel) and pneumatic valve
control (control channel), respectively. In order to perform the elec-
trical impedance measurement and downstream enrichment of C. ele-
gans worms, the CeMIC system features two functions: measuring the
flow-through worms by using microfluidic impedance cytometry and
subsequently steering the identified worms to target outlets.

(i) Electrical impedance measurement of worms is achieved by in-
tegrating a pair of coplanar Au electrodes (i.e. stimulating and sensing
electrodes) into a straight channel (Fig. 1). The channel is 160-um wide
and 130-pum high, and thus provides adequate space for worm perfu-
sion, especially for adult worms, which have a length from ~900 um to
~1.2mm and a diameter from ~75um to ~100um [16,17]. The sti-
mulating and sensing electrodes are 50-um wide, 200-nm thick, and
have a distance of 3000 um. Once a worm enters and flows in the
sensing region of the straight channel between electrodes, the im-
pedance signal is supposed to vary drastically and then be maintained
at a value until it flows out of the sensing region since the distance
between electrodes is much longer than the length of any worm. The
impedance variation can be measured by using an electrical impedance
spectroscope and correlated with the volume of the detected worm.
Concurrently, real-time video of each passing worm is recorded for
optical measurement of worm length. C. elegans at each developmental
stage features a specific range of worm length that results in distinct
variation of impedance signals. Therefore, the developmental stages,
which correlate to worm length, can be identified according to further
analysis of impedance signals.

(ii) For the size-based enrichment of worms, two distributary
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channels downstream in the worm channel are constructed in a “Y-
shaped” pattern and are connected to two outlets for collecting large
and small worms, respectively. The distributary channels are controlled
to open or close through pneumatic valves made of a thin layer of
elastic PDMS membrane. When compressed air with a high pressure is
applied to the control channel above one distributary channel, the
PDMS membrane in between deforms (Fig. 1b), thereby blocking the
outflow in the distributary channel. Worms are thus steered to flow in
the other distributary channel towards its outlet. Moreover, it is im-
portant to note that a segment of meander channel is designed in the
worm channel in order to extend the time duration of the worm flowing
from the sensing region to the fork of “Y-shaped” distributary channels.
This time extension can provide adequate time lag for the procedure of
identifying and steering a worm, including the acquisition and real-time
processing of impedance signals, the response of solenoid valve, and the
activation of PDMS pneumatic valves.

2.2. Device fabrication and experimental setup

The microfluidic device was fabricated by bonding a double-layer
PDMS stamp to a glass chip that has been metallized with Au micro-
electrodes. First, 150 nm Au with a 50-nm-thick titanium (Ti) layer
underneath were deposited and patterned on a 4-inch glass wafer by
using a lift-off process. The glass wafer was then diced into single chips
for bonding later. Second, PDMS (Sylgard” 184, Dow Corning, USA)
layers were fabricated by using standard soft lithography techniques. A
60-um-thick layer of SU-8 3025 photoresist (MicroChem, USA) was
spin-coated on a 4-inch silicon wafer to pattern a mold of control layer.
On another silicon wafer, SU-8 3025 was spin-coated twice to form a
130-um-thick layer followed by photolithography to obtain a mold of
fluidic layer. Both molds were then coated with trichloro
(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich, USA) in a vapor
silanization process in order to prevent PDMS from adhering to SU-8
masters. Several drops of silanizing agent were placed on a glass slide,
which was placed in a desiccator together with both SU-8 molds. The
desiccator was then maintained under a vacuum at room temperature
for about 2 h resulting in the silanizing agent to evaporate and form a
monolayer on the surface of both molds. The SU-8 mold of control layer
was transferred to PDMS with a mixture of 10:1 w/w base to curing
agent ratio. To transfer the fluidic layer to PDMS with a thin membrane
on top, a PDMS mixture of 20:1 was spin-coated on its SU-8 mold wafer
to form a layer of about 200 um thickness. Thus, a thin PDMS mem-
brane of about 70 um was realized for pneumatic valves. After cutting
the PDMS control layer into chips, control channels on chips were first
punched with holes as inlets for compressed air and were then bonded
onto the upper surface of PDMS fluidic layer through oxygen plasma
surface modification (PDC-002-HP, Harrick Plasma, USA). Afterwards,
bonded PDMS stamps were peeled off from the SU-8 mold of fluidic
layer and were punched with holes as inlet and outlets for worms.
Finally, each PDMS stamp was irreversibly bonded to a glass chip diced
before to accomplish the entire device fabrication.

The assembly of experimental setup is shown in Supplementary Fig.
S1. (i) A CeMIC device was clamped tightly between a custom-made
aluminum (Al) holder and a polymethylmethacrylate (PMMA) cover by
using plastic screws. (ii) A custom-made printed circuit board (PCB),
comprising spring contact probes, SMA connectors and a micro-
controller unit (MCU), was then placed above the PMMA cover. The
spring probes contacted electrode pads on the device when screwed to
the Al holder. (iii) For fluidic access, tubing, passing through holes in
the PMMA cover, was directly inserted into the inlet and outlet holes on
PDMS. The assembled setup was then placed on a stereomicroscope
equipped with a camera for video recording. Connection between the
assembled CeMIC setup and the peripheral equipment is schematically
illustrated in Fig. 1a. (iv) Mixed worms buffered in phosphate-buffered
saline (PBS) solution were initially loaded into a syringe, and then
continuously delivered to the worm channel at a flow rate of 30 pL/min
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Fig. 1. CeMIC system. (a) A photo of the CeMIC device with schematically-illustrated peripheral equipment for the perfusion of C. elegans mixture, the electrical
impedance measurement of flow-through C. elegans and the enrichment of stage-identified worms. (b) Cross sections of the sensing region (A-A’) and the PDMS

pneumatic valves (B-B’).

by using a syringe pump (LSP02-2 A, Longer Precision Pump, China).
To avoid the sedimentation of worms during delivery, a magnetic rod
put in the syringe was used to stir the worm suspension through a mini
magnetic stirrer. (v) A solenoid valve was connected to control channels
through tubing and was supplied with compressed air regulated at a
pressure of 150 kPa. The solenoid valve was controlled via the MCU to
implement the activation and switching of pneumatic valves. (vi) For
the impedance measurement of C. elegans, an electrical impedance
spectroscope (HF2IS, Zurich Instruments, Switzerland) and a current
amplifier (HF2CA, Zurich Instruments, Switzerland) were connected to
the stimulating and sensing electrodes on the CeMIC device via SMA
connectors on the PCB. (vii) The impedance spectroscope and MCU
were controlled with a custom-made MATLAB GUI (MathWorks, USA).

In addition, regarding the flow rate of worm perfusion during ex-
periments, we have several considerations based on the performance of
CeMIC system. (i) When worms were passing through the 3000-um-long

sensing region, video was recorded for later on manual measurement of
worm length and diameter from the extracted frames, which have to be
clear enough. As a result, the flow rate cannot be set to a high value. (ii)
The baseline-to-plateau detection of impedance signals was used to
analyze worm events via Gaussian kernel density estimation (see
Sections 2.4 and 3.2 for details), which required a certain length of
signal plateau so that the event can be detected remarkably. As such, in
order to create a signal plateau with a certain length, the flow rate
cannot be very high. (iii) In the worm enrichment experiment using the
CeMIC system, adequate time delay after signal acquisition has to be
provided for MATLAB signal analysis, solenoid valve switching, PDMS
pneumatic valve activation, and the outflow of worm. These processes
limited the applied flow rate. (iv) Due to the motility of worms, espe-
cially large worms (e.g. L4 and adult), some worms undulated strongly
and even twined together, and they might be settled in the inlet or stack
in the microchannel under a low flow rate. Therefore, we set the flow
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Fig. 2. 3D model geometry of microfluidic impedance cytometry for measuring flow-through C. elegans worms. The model structure consists of a glass substrate, a
pair of stimulating and sensing electrodes, a worm channel filled with PBS medium, and a worm. The worm (x,, Yw, 2y) is accurately positioned in the channel by
defining its yz-coordinates (yy, 2,,) of the center of one end, while the worm flowing through the channel is imitated by varying its x-coordinate (x,,) at an interval of

50 um along x-axis.

rate of worm perfusion to 30 uL/min, which brought an optimal per-
formance of the CeMIC system.

2.3. Modeling and simulation

A 3D finite-element model was established in COMSOL Multiphysics
software (COMSOL, Inc., USA) to simulate the electrical impedance
measurement of flow-through C. elegans in a microchannel. According
to the impedance sensing structure in the CeMIC device, the 3D model
consists of Au electrodes, a straight channel filled with PBS medium and
a worm passing through the channel. Fig. 2 shows the model geometry
and lists the electrical conductivity (o) and relative permittivity (e,) of
materials (glass, PBS medium, and worm) used in simulation.

The geometric parameters are as follows: the channel length is
9000 um; different values are set for the channel width (w: 160 pm,
250 um and 400pum) and channel height (h: 130 pm, 250 um and
400 um) to investigate the sensitivity of impedance measurement upon
channel geometry; the stimulating and sensing electrodes have a width
of 50 um and a thickness of 0.2 um; in order to study the influence of
electrode distance on the impedance measurement of C. elegans worms,
the distance between electrodes (d) are set to 100 pm, 500 pm, 1500 pm
and 3000 um, respectively; the worm (x,, yw, 2,) is accurately posi-
tioned in the channel by defining its yz-coordinates (y,, 2,) of the
center of one end, while the movement of worm along the channel is
imitated by varying its x-coordinate (x,,) at an interval of 50 um along
x-axis. In simulation, we defined the representative lengths and dia-
meters for worms at different developmental stages (L1-L4, and adult)
and designed various shapes to mimic morphological changes induced
by worm undulation. Curved worms were defined by using the sinusoid
along x-axis (see Section 3.1 for details). Based on the numerical cal-
culation of current density distribution, the resultant current on the
sensing electrode was obtained at different geometric conditions and
developmental stages of C. elegans worms.

In the model, a current conservation equation based on Ohm’s law
from the AC/DC module was applied. Boundary conditions and initial
values were set as follows: exterior boundaries were set to “Electric
Insulation”; interior boundaries at interfaces between different sub-
domains were set to “Continuity”; the domain of stimulating electrode
was set to “Electric Potential” with an AC signal (amplitude 1.5V at
300kHz); the domain of sensing electrode was set to “Electric
Potential” with a value of O V.

2.4. Electrical impedance measurement and data analysis

When worms were infused into the CeMIC device, the electrical
impedance measurement was carried out as follows: an alternative
current (AC) signal (amplitude 1.5V at 300 kHz) from the impedance
spectroscope was applied to the stimulating electrode; the response
signal from the sensing electrode was fed back via the current amplifier
to the impedance spectroscope. The sampling rate was set to 1.8 kSa/s.
The recorded signals in the characterization experiment were stored on
a PC for later off-line analysis, while real-time signal acquisition and
processing were performed in the enrichment experiment.

To characterize the relationship between the impedance signals and
the developmental stages of C. elegans, the magnitude curve of stored
current signals was divided into segments. Each segment, which ex-
hibits the signal pattern of a detected worm, has a time duration of 1 s
and includes 1800 sampling points accordingly. The data of each seg-
ment was then statistically analyzed by using Gaussian kernel density
estimation (KDE) with adaptive bandwidth to estimate the probability
density function (PDF) [18-21]. On the PDF curve, two noticeable
peaks, representing the signal baseline and the worm event, respec-
tively, can be found. Then, the signal variation (Al,g) of a detected
worm was simply calculated by subtraction between the current mag-
nitude values corresponding to the two peaks. Furthermore, in the
characterization experiment, real-time video was concurrently recorded
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when worms were passing the sensing region. Based on the images
extracted from the video, optical length of each worm was measured
manually in ImageJ/Fiji software (NIH, USA). Correlation between the
optical length and the cubic root of Al of detected worms was then
calculated by means of linear regression. As worms have specific ranges
of characteristic length in their life span, the developmental stages can
be identified according to the definite values of impedance signal var-
iations.

2.5. Worm enrichment

In the experiment of worm enrichment, the on-line recording and
processing of impedance signals was implemented by using the custom-
made program in MATLAB GUI. Prior to worm enrichment, the CeMIC

versus channel geometry.

device was calibrated to obtain a correlation function between the ac-
quired impedance signals and the developmental stages of worms. The
calibration was performed in the same way as that used in the char-
acterization experiment, however less worms were required in the ca-
libration experiment for saving time. Based on the returned linear-re-
gression function, threshold values of impedance signal variations for
large worms (herein L4 and adulthood) were set in the GUI program. In
order to perform the real-time data analysis, a sliding “window” of 1's
was set for signal acquisition. This window slid across the time series at
an interval of 0.2 s. Statistical algorithms, the same as those used in the
characterization, were employed in signal processing to look for the
evidence of a detected worm. Initially, valve 1 on the CeMIC device was
open while valve 2 was closed, thereby collecting small worms (L1-L3)
through outlet 1 (cf. Fig. 1a). Once the resultant 3/Al,,, of a detected



Z. Zhu et al.

worm was right in between the threshold values set before, the program
transferred a feedback signal via the MCU to the solenoid valve to
switch off valve 1 and to switch on valve 2 simultaneously. As a result,
large worms were steered toward outlet 2 for sample collection.

2.6. C. elegans culture and preparation

Strains were cultured under standard laboratory condition as de-
scribed [12]. C. elegans worms were cultured at 20 °C on Nematode
Growth Medium (NGM) agar plates seeded with OP50 Escherichia coli as
a food source. To perform the electrical impedance measurement of
mixed C. elegans, non-synchronous worms at different developmental
stages (L1-L4, and adult) were collected from the NGM plate and were
then washed three times with M9 buffer to remove any residual bac-
teria. Finally, the mixed worms were suspended in PBS buffer for ex-
periment.

3. Results and discussion
3.1. Modeling the electrical impedance measurement of flow-through worms

For C. elegans, its length ranges from ~200 um to ~1.2 mm during
its life cycle and its body undulates when flowing through the im-
pedance sensing region in microchannel. Any morphological or position
change of a worm may induce considerable variation of impedance
signals. Therefore, in order to provide an optimum detection me-
chanism for C. elegans, the sensitivity of electrical impedance mea-
surement upon the channel geometry and electrode configuration of the
sensing region as well as the characteristics of measuring worms with
the CeMIC system were investigated through 3D finite-element mod-
eling in COMSOL (Fig. 2). In simulation, representative diameters and
lengths were defined for worms at five developmental stages: ¢-25 pm
and L-300 um for L1, ¢-37 um and L-450 pym for L2, ¢-45um and L-
550 um for L3, ¢-61 um and L-750 ym for L4, and ¢-81um and L-
1000 um for adult [16].

3.1.1. Channel geometry

First, we simulated the electrical impedance measurement of an “S-
shaped” adult worm flowing along the center line of microchannel
through the sensing region (Fig. 3). The channel width and length were
set to different values while the electrode distance was fixed (Fig. 3a).
Fig. 3b-d shows the current magnitude curves which vary in the si-
mulation of different channel dimensions. We can clearly see that the
baseline current starts dropping when the worm approaches the sti-
mulating electrode, and stays at a constant value (plateau) until the
worm exits the sensing region. The rate of current variation %, re-
ferring to the result of current difference between the baseline and
plateau divided by the baseline current, was thus used to evaluate the
impedance sensitivity upon channel geometry (Fig. 3e). In the case of
the channel with a smallest cross-section of 160 um X 130 pm among
all simulated conditions, the rate of current variation reaches a highest
value, 9.97%. Additionally, the channel width and height has to be
larger than the diameter of adult worms so that they can flow through
the sensing region smoothly without piling up in the microchannel.
Therefore, the designed channel dimension (wXxh: 160 um X 130 pum)
of impedance sensing region in the CeMIC device offers the optimum
impedance sensitivity in measuring C. elegans worms, compared to
channels with larger width and height.

3.1.2. Electrode distance and worm position

Next, we studied the influence of electrode distance and worm po-
sition on the impedance measurement of C. elegans. The channel cross-
section was fixed at 160 pm X 130 um, while the electrode distance was
set to 100 pm, 500 pm, 1500 pm and 3000 pm, respectively (Fig. 4a). In
simulation, an adult worm (¢-81 um and L-1000 um) shaped into an “S”
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form in x-y plane was positioned in the middle of channel to move
along three trajectories: the center line (65 um above the bottom), the
lower midline (40.8 pm above the bottom) and the higher midline (40.8
um under the top) of the channel, respectively. When the electrode
distance is short (e.g. 100 um and 500 um, Fig. 4b,c), signal peaks
display in the current magnitude curves. Thus, the impedance variation
induced by the flow-through worm can be represented by the current
difference between the signal baseline and the peak (baseline-to-peak
current). In comparison, when the electrode distance (e.g. 1500 um and
3000 um, Fig. 4d,e) is longer than the worm length, the current dif-
ference between the signal baseline and the plateau (baseline-to-pla-
teau current) is used to represent the impedance variation. Even
through spikes at both ends of the plateau may appear on the signal
curve as the worm approaching the electrode surface (flowing along the
channel bottom), the signal plateau is still apparent for the baseline-to-
plateau calculation.

Moreover, when electrodes are closely located (Fig. 4b,c), the cur-
rent difference of the worm flowing along the channel bottom Alﬁfg
varies more drastically compared to that of the worm flowing along the
channel center AI,ﬁan and that of the worm flowing along the channel
top. However, in the case of that the electrode distance is long enough
(Fig. 4d,e), the baseline-to-plateau current is maintained at a relatively
constant value with limited disturbance from the change of worm po-
sitions. Accordingly, we calculated the rate of current variation by
M’gig%ﬁ;]'ﬁ“%, which refers to the result of the variation of current dif-
ferenceg between the two cases of worm positions divided by the current
difference of the worm flowing along the channel center. As shown in
Fig. 4f, a longer distance between electrodes leads to a smaller rate of
current variation. In particular, the impedance measurement by using
electrodes with a distance of 100 pm causes a large rate of current
variation, 122.57%, while the rate is diminished to 1.20% when the
electrode distance is above 1500 pm. Hence, the impedance variation
induced by the position change of a worm flowing through the sensing
region can be eliminated by using a pair of electrodes that keep a re-
latively long distance from each other, and the baseline-to-plateau
current can stably characterize the worm-induced signal variation.
Considering that a short distance between electrodes results in a short
signal plateau (Fig. 4d) and a long distance between electrodes may
increase the chance to detect multiple worms simultaneously in the
sensing region, herein, the electrode distance of our CeMIC device is
3000 pm for the electrical impedance measurement of C. elegans.

3.1.3. Worm shapes

In addition, when worms were flowing in the microfluidic channel,
some of them undulated randomly and some others behaved like cy-
linders. Such morphological variation of C. elegans during the move-
ment was mimicked by using various shapes of worms in modeling. The
cylindrical worm was modeled as a straight cylinder, and the undulated
worms were modeled as curved ones. It is important to notice that
curved worms were defined by using the sinusoid to simplify the geo-
metric structure of undulated C. elegans. As illustrated in Fig. 5a, the
diameter and length of worms at each developmental stage were fixed,
but their shapes were varied to seven representative ones: straight,
curved (0.5 sine, 1.0 sine and 1.5 sine) and vertically-curved (0.5 ver-
tical sine, 1.0 vertical sine and 1.5 vertical sine), respectively. For si-
mulated worms at each developmental stage, signal plateaus can be
clearly observed on current magnitude curves, and their current values
show no conspicuous change among different shapes of worms
(Fig. 5b). The result demonstrates that such sensing mechanism in the
CeMIC device eliminates the influence of worm undulation on the
electrical impedance measurement of flow-through C. elegans.

Furthermore, relationship between the baseline-to-plateau current
Al and the worm length at difference developmental stages was in-
vestigated by means of a linear regression calculation. Previous studies
have proved that impedance signals obtained from microfluidic



Z. Zhu et al.

Sensors & Actuators: B. Chemical 275 (2018) 470-482

(o
w
o
o

(9}

a  Anaduttwom 90 .
along channel ce Br(C.C)
Worm position y,,: 80 um; z,,: 65 um d= d =500 um
Top view — 280 — 85¢% =
[ | [ | i < < 4 A
Y om [ e~y 160 pm
T_;( | | Jeoum, Y = =
Side view % 260+ > 80F 2
z f 3 2
T_)x — o5 um 130 HM = = 1
— d — Q 2401 ) 751+ ‘ cc 9
Electrode distance k] k] Al
, . =} > mag|
A = o=t
e 5 5
g (Ch) L 4 L CB
Worm position y,,: 80 um; z,: 40.8 um ~ ® 220 © 0 Al
o £ = / mag
Side view ‘
Z T -E .E ' ]
T_} - e 140.8 pm 130, M o 200r- - S 65f Htd J
2 = =
along channel tog 180r - Channel center 7 60} 7]
Worm position y,,: 80 um; z,,: 89.2 um - Channel bottom
Side view ,40.8 ym - Channel top
z = —_— 1301 160 ! ! 55 ! !
I x o 2 4 6 8 2 4 6 8

d: 100 pm, 500 pm, 1500 pm, 3000 pm

Q.
®

Worm x-position (x,,) [mm]

Worm x-position (x,,) [mm]

f 140

T . 16.5 T T
32p d=1500 ym 122.57%
_ J o= _ _ | 1201
g T 5160f T T AT — AT
—_ - S 100k mag mag
F 0 AT | & AIC 2 AT
=L mag =t mag © mag
P o 15.50 & sol
2 e ks
5 2 N S 2 60
© © L ! A TCB| E -
£ g 15.0 : A]mag 3
E E . B 40 -
£ 26+ J = | 9 ,
5: 514_57 [, et S S 27.711%
Spike ~’ 20t
1.20% 1.13%
24 : : 14.0 ' :
2 4 6 8 2 4 6 8 100 500 1500 3000

Worm x-position (x,,) [mm]

Worm x-position (x,,) [mm]

Electrode distance (d) [um]
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impedance cytometry are linearly correlated to the volume of measured
samples [14,15,22,23]. Since the worm length are directly proportional
to the diameter [16], worms at five representative developmental
stages in modeling were defined as cylinders with linearly-correlated
length and diameter. Thus, Fig. 5c shows a linear relationship between
the cubic root of Al and the worm length with a high coefficient of
determination R? of 0.9995. This result suggests that our CeMIC device
enables the measurement of worm length and the identification of de-
velopmental stages by using impedance signals.

3.2. Characterizing the electrical impedance measurement of worms

In order to further investigate the capability and sensitivity of the
CeMIC system, we performed the characterization experiment. Fig. 6
shows the exemplary signal curves, images and corresponding PDF
curves of measuring C. elegans worms at five different developmental
stages (L1-L4 larval stages and adulthood). For a typical signal pattern

of measuring a worm in the CeMIC device, the current magnitude first
undergoes a sudden drop from its baseline to a lower value, and sub-
sequently maintains at this value until it rises back to the baseline.
Similar patterns have been shown in Section 3.1, and thus the experi-
mental and simulation results are in good agreement. The baseline
signal refers to the impedance of an empty sensing region filled with
PBS medium. The signal variation from the baseline to a lower current
is attributed to the contribution of a worm to the measured impedance
when the worm is detected in the sensing region. As the electrode
distance (3000 pm) in the sensing region is longer than the length of
worm, the signal variation can last for a short time duration, thereby
forming a signal plateau. No matter a short larva at L1 stage with a
length of 277.39 um or a large adult worm with a length of 1186.21 pm,
such signal pattern can be clearly observed on the current magnitude
curves (cf. blue curves in Fig. 6). The signal drop occurs when the worm
is approaching the stimulating electrode and leaving the sensing elec-
trode, whilst the plateau occurs when the worm is flowing between
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electrodes.

To evaluate the impedance contribution of a worm to the empty
sensing region, the current difference between the baseline and the
plateau has to be calculated. Regarding the CeMIC system that is ap-
plied later for the automatic enrichment of worms, the data analysis
and computation has to be fast and precise. Herein, KDE is used to
estimate the PDF from current magnitude values of all sampling points
of each detected worm. Then, two remarkable peaks displayed on each
PDF curve (cf. red curves in Fig. 6) can represent the maximum prob-
ability densities of the baseline and the plateau, respectively, and also
correspond to the currents of the baseline and the plateau. Thus, the
baseline-to-plateau current (Al,,g) of each detected worm can be simply
calculated by the subtraction between the two current values. Five
exemplary C. elegans worms at L1-, L2-, L3-, L4-larval and adult stages
in Fig. 6 show different baseline-to-plateau currents of 6.08 nA,
11.86nA, 32.70nA, 67.23nA and 220.70 nA, respectively. With the
increase of worm length along the C. elegans development, the im-
pedance contribution of the worm to the sensing region increases and
the current that the sensing electrode receives decreases. As a result, an
adult worm results in a higher baseline-to-plateau current than a short
larva, such as a L1 worm.

Moreover, two noticeable spikes at both ends of the signal plateau
can be observed on the current magnitude curves of some samples, for
example, the L4 and adult worms in Fig. 6. Generation of the spikes
could be attributed to the undulation and position variation of worms
when flowing through the sensing region, as proved by simulation re-
sults (cf. Fig. 4d,e). C. elegans, unlike cells that can be dragged to flow
stably during perfusion, may undulate actively in the microchannel and
approach or even touch the surface of electrodes when entering and
exiting the sensing region, and thus lead to a drastic change of electric
current distribution. In the conventional cell-based microfluidic im-
pedance cytometry, peak-to-peak or baseline-to-peak detection
methods were commonly used to analyze the recorded current or vol-
tage signals [6-8]. However, those methods are not applicable in this
work for the sake of spikes on signal curves. In contrast, KDE method
returns a PDF that contains all variables. Two significant variables,
referring to the events of the signal baseline and the plateau, can be
extracted. As the sampling points of spikes are always much less than
those of the signal plateau, this method eliminates the disturbance of
signal spikes in signal processing and offers a fast and precise detection
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method of the baseline-to-plateau current, Alyg.

3.3. Identifying the developmental stages of C. elegans

According to the 3D finite-element modeling and the characteriza-
tion experiment above, we have verified that the CeMIC system is
capable of the electrical impedance measurement of C. elegans and the
impedance signals are correlated with the size of worms at different
developmental stages. Herein, to identify the developmental stages of
worms by using impedance signals, we measured about 800 worms in a
mixed population by using the CeMIC system. In the off-line data pro-
cessing, the baseline-to-plateau current Al,, of each detected worm
was calculated from the recorded impedance signals via KDE algorithm,
and meanwhile the optical length of each worm was measured from the
recorded video. The correlation between the baseline-to-plateau current
and the worm length was then investigated by means of a linear re-
gression calculation. As shown in Fig. 7, the cubic root of Al is lin-
early correlated to the optical length of worms, and the coefficient of
determination R? reaches a high value of 0.97. For C. elegans worms,
their length and diameter increase accordingly with their development
and show a linear relationship in between (Supplementary Fig. S2)
[16]. Approximating the worm as a cylinder, the cubic root of worm
volume is proportional to the worm length. As proved in previous
studies, impedance signals obtained from microfluidic impedance cy-
tometry are linearly correlated with the volume of measured samples.
Therefore, the linear relationship between the cubic root of baseline-to-
plateau current and the worm length can be elucidated, and 3/Al,,, can
be used directly to characterize the worm length.

Since the development of C. elegans is interrelated to worm length,
the measured impedance signals can be used to simply identify the
developmental stages. Each larval stage is ended with a molt where a
new cuticle is synthesized and the old one is shed [11,12]. The length of
worm between the last and the next developmental stages is determined
by the length at molt [13]. According to the literature [17], we used a
linear interpolation between the lengths at each molt and defined the
length thresholds at L1/L2, L2/L3, L3/L4 and L4/adult molt as 370 pm,
500 um, 635um and 920 um, respectively. Based on the returned
equation of linear regression (y = 0.0052x + 0.35) and the corre-
sponding threshold length of worms, four threshold values of 3/Alq,
were obtained: 2.26, 2.93, 3.63 and 5.10, respectively. Using the four
criteria to identify worm stages, each detected worm was assigned to
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one of the five developmental stages (L1-L4 and adulthood) based on its
impedance signal. As a result, detected worms were successfully clas-
sified into five stages marked in different colors (Fig. 7).

Furthermore, the accuracy for impedance-based identification of
worm stages was evaluated. The actual developmental stage of each
worm was examined by using optical length. Some worms were as-
signed to a specific developmental stage according to the impedance-
based identification, but were mismatched with the length-identified
stage. Therefore, the correctly-identified worm was the one assigned to
the same developmental stage by using both impedance signals and
optical length. The accuracy of impedance-based worm identification at
each stage was then defined as the ratio of the number of correctly-
identified worms (data located in each light-colored box in Fig. 7) to the
number of worms classified by using impedance signals (data illustrated
in the same color in Fig. 7). Table 1 shows the accuracy in identifying
the developmental stages of worms measured with the CeMIC. The
average accuracy is above 90%, while it is even above 95% for large
worms at L4-larval and adulthood stages. Hence, the experimental re-
sult demonstrates that the CeMIC system features high accuracy in
identifying the developmental stages of C. elegans through electrical
impedance measurement.

3.4. Enrichment of worms using CeMIC

In addition, we used the CeMIC system to separate C. elegans worms
for the size-based enrichment. After measuring the worm length with

Table 1
Accuracy in identifying the developmental stages of C. elegans by using im-
pedance signals.

Life stages L1 L2 L3 L4 Adult

& length < 370pum 370-500pm  500-635 635-920um > 920 pm

ranges pm

Detected 155 116 109 277 137
samples

Correct 144 102 89 264 133
samples

Accuracy [%] 92.90 87.93 81.65 95.31 97.08

the microfluidic impedance cytometry, large (i.e. L4 and adulthood)
and small worms (i.e. L1-L3) from a mixed population were steered to
the desired outlets through two distributary channels, respectively. The
time-stacked images in Fig. 8a show the dynamic process of identifying
a large worm and subsequently steering it to its outlet. When the worm
was passing the sensing region (position 1), the electrical impedance
spectroscope acquired real-time current signals that were immediately
processed to determine the worm length. From position 1 to position 4,
valve 2 was closed while valve 1 was open. During this time period, the
medium flowed towards outlet 1 that collected small worms. After
identifying the detected worm as a large one, instructions were trans-
mitted via the MCU to the solenoid valve to switch on valve 2 and
meanwhile to switch off valve 1. Since the moment of position 5, the
distributary channel activated via valve 2 became free to deliver
medium towards outlet 2 for the collection of the identified large worm.
After enrichment, the collected worms were seeded on NGM agar
plates. As exemplarily shown in Fig. 8b,c, worms from outlet 2 were
mostly large while worms from outlet 1 were mainly small.

In order to test whether the CeMIC system was harmful to worms
after the enrichment experiment, we observed the collected worms on
NGM agar plates via microscopy, and compared them with the control
worms that did not flow through the CeMIC system. We did not find any
obvious morphological or behavioral differences between the enriched
and control worms, and also, we did not find any dead worm according
to the optical observation of worm locomotion. Worms started wiggling
their bodies immediately and large worms even started laying eggs, as
shown in Fig. 8b,c. Moreover, COPAS BioSorter and previous micro-
fluidic devices [24,25] have demonstrated that the flow stress resulting
from the perfusion through these devices has no harmful effect on
worm viability and behaviors, even though higher flow rates were ap-
plied in these devices than that of the CeMIC system. In addition, pre-
vious studies have shown that an electric field lower than 12 V/cm was
harmless to the activity of C. elegans [26,27]. In this work, the electric
field was lower than 10 V/cm (3 V,, AC voltage, 3000 um electrode
distance) and was applied within a very short time period when the
worm flowing through the sensing region. Therefore, the aforemen-
tioned results and facts confirmed that the CeMIC system has no adverse
effect on the activity of worms during the impedance measurement and
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Fig. 8. Enrichment of C. elegan worms with the CeMIC system. (a) Time-stacked images showing the dynamic process of steering a large worm for sample collection,
including the movement of worm in the microchannel and the valve switching after identifying the worm as a large one. (b) Large and (c) small worms seeded on agar
plates. They were collected from outlets 2 and 1, respectively. Scale bar is 1 mm.

enrichment.

Indeed, there were some worms separated by mistake, as can be
seen in Fig. 8b,c. It can be elucidated by following reasons. (i) The
motility of small C. elegans larvae was weaker than that of large worms.
Small worms usually swam with the stream during perfusion, whilst
large worms (e.g. L4 and adult) undulated strongly and even swam
against the flow. Therefore, some small worms flowing in the micro-
channel may catch up with large ones and flow towards the wrong
outlet. (ii) Although the PDMS membrane is elastic, its deformation
cannot completely block the rectangular distributary channels (cf.
Fig. 1b). As a result, small worms may squeeze through the narrow gap
between the deformed membrane and the channel wall. (iii) The au-
tomation system for impedance signal processing and feedback control
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was simply designed and programmed. Once the signal pattern of a
worm was detected via the CeMIC system, the signal acquisition was
paused for one second until the detected worm was identified and
flowed out. During the halt of signal acquisition, some worms may pass
through the sensing region without being detected. Such worms may
follow the previously-identified worm to flow out, thereby causing the
mistake of separation.

4. Conclusion

This work has presented a microfluidic impedance cytometry,
CeMIC, which enables the electrical impedance measurement of C.
elegans worms when flowing through the sensing region between
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electrodes. Compared with the conventional MIC for cells, here the
configuration of microchannel and electrodes for impedance sensing
has been optimized via 3D finite-element modeling for the application
of cylindrical and undulated C. elegans. Namely, the channel dimensions
have been designed to fit the morphology and behavior of worms, and
the distance between coplanar electrodes has been extended to 3000 pm
so that a plateau can always appear on the impedance signal curve
when a worm passing the sensing region. Similar signal patterns have
been obtained from both 3D simulation and characterization experi-
ment. The results have demonstrated that the impedance sensing con-
figuration as well as the baseline-to-plateau detection of impedance
signals can eliminate the influence of undulation and position variation
of worms upon the impedance measurement.

Since the approach of worms towards the electrode surface may
induce drastic spikes at the ends of signal plateau, conventional algo-
rithms for signal processing in cell-based MIC, such as baseline-to-peak
or peak-to-peak detection are not applicable here. Alternatively,
Gaussian kernel density estimation has been employed to efficiently
extract the baseline-to-plateau current. According to the experimental
results, we have unveiled a linear relationship between the cubic root of
baseline-to-plateau current and the worm length, which relies on the
development of C. elegans. The developmental stages (L1-L4 and
adulthood) of worms have been simply identified through the measured
impedance signals, leading to a high accuracy above 90%. As such, the
CeMIC system features accurate impedance measurement of flow-
through C. elegans worms and identification of their developmental
stages based on impedance signals.

Additionally, the CeMIC device has been developed into a simple
and automated system for the size-based enrichment of worms. By
switching the outflow channel of worms with PDMS pneumatic valves,
identified worms can be steered towards the desired outlets for col-
lection. In the proof-of-concept experiment of worm enrichment, large
and small worms have been first identified on-line through the real-
time impedance measurement and subsequently separated to flow to-
wards two outlets of the CeMIC device with a throughput of about 30
worms per minute. Although some worms have been separated mis-
takenly, several practical solutions could be used in the future study to
potentially improve the performance of the automated CeMIC system in
worm detection and enrichment. (i) As large worms are usually re-
quired for routine C. elegans experiments, small worms from a mixed
population could be filtered off through net prior to sample loading. (ii)
To eliminate the worm undulation, worms could converge in line under
sheath-flow focusing, and then be oriented lengthways into a mostly
straight configuration and flow through the microchannel one by one.
Such a high-flow-rate condition requires that the channel length be-
tween the sensing region and the distributary channels has to be ex-
tended in order to provide sufficient time delay for signal processing,
solenoid valve switching and PDMS pneumatic valve activation. (iii) In
order to ultimately perform a simultaneous separation of worms with
five stages from a mixed population, four CeMIC devices could be
cascaded sequentially so that adult worms could be isolated from the
first device, then the rest will flow through the second device for the
enrichment of L4 worms, and so on, until L1 and L2 worms could be
separated in the fourth device. Such a complex setup requires more
improvement and optimization on the robustness and stability of the
operating system and data analysis algorithm in the future study. (iv)
Optimizing both program and setup of the automated system, for ex-
ample, accelerating the data acquisition and computation, using high-
speed solenoid valve and shortening the response time of pneumatic
valve, could benefit the improvement of the speed and yield of worm
analysis and separation.

Moreover, we have compared the CeMIC system with reported
methods and devices for C. elegans sorting in terms of working princi-
ples, efficiency and features (Supplementary Table S1). These methods
and devices include hand picking, commercial COPAS BioSorter, and
microfluidic systems, such as electrotaxis-based and flow-filtration-
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based devices and our CeMIC system. Hand picking is based on the
operator’s observation under stereomicroscopy, and thus it is labor-in-
tensive and time-consuming. The output is highly dependent on in-
dividuals’ operation. The commercial COPAS BioSorter is a high-
throughput and automated instrument in worm sorting, but it is not
affordable for most research laboratories and requires sophisticated
operation and maintenance. Electrotaxis microfluidic devices are based
on the phenomenon that worms swim towards negative electric field
and worms at different developmental stages swim towards different
deflecting angles under a constant electric field [26-29]. However,
electrotaxis-implemented microfluidic devices have a trade-off between
the throughput and accuracy in worm sorting and the mechanism has
not been fully investigated. Flow-filtration microfluidic systems with a
reasonably high throughput are based on size-variable microstructures,
such as channels or pillars as filters [25,30-32]. However, such systems
usually require custom-made complex microstructures. In comparison,
the CeMIC system is an active method like hand picking and COPAS
BioSorter. It is automated without the requirement of intensive labor,
low-cost and easy-to-use. It is based on the label-free electrical im-
pedance spectroscopy and has a throughput of about 30 worms per
minute, which is comparable to the efficiency of hand picking and
electrotaxis-based microfluidic devices. Compared with flow-filtration
systems, the CeMIC system has simple and straightforward microfluidic
configurations, which could be potentially improved into a more con-
trollable and versatile system. Therefore, we believe that the CeMIC
system could be a potential platform to separate worms with specific
size or developmental stages by further optimization on the design and
operation of the system. Such platform could be employed for C. elegans
research in developmental biology and aging.
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