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ARTICLE INFO ABSTRACT

Keywords: Primary cell wall (PCW) is a rigid yet flexible cell wall surrounding plant cells and it plays key roles in plant
Impedance spectroscopy growth, cell differentiation, intercellular communication, water movement and defence. As a technique widely
Microfluidics

used to study the characteristics of mammalian cells, electrical impedance spectroscopy (EIS) is rarely used in
plant science. In this work, we designed and fabricated an EIS based biosensor coupled with microfluidic plat-
form to investigate the formation process of PCWat the single-cell level. Arabidopsis mesophyll cells with
completely regenerated PCW showed significantly higher impedance values compared to the nascent protoplasts
without PCW, demonstrating that PCW formation caused a dramatic change in cell electrical properties. The
device could also discriminate plant mutant cells with modified PCW compositions, thus provided a novel tool for
physical phenotyping of plant cells. The dose-dependent effects of exogenously applied auxin on PCW regen-
eration were corroborated on this platform which revealed its potential to sensitively detect the influences of in
vitro stimuli. This work not only provided one novel application of impedance-based biosensor to characterize a
plant-specific developmental event, but also revealed the promises of EIS integrated microfluidic system as a
sensitive, time-effective and low-cost platform to characterize single plant cells and make new scientific dis-
coveries in plant science.

Single plant cell
Primary cell wall (PCW) regeneration

1. Introduction mechanical and functional properties (Houston et al., 2016; Sakamoto

et al., 2018). PCW is flexible to enable growth and is of sufficient me-

Cells all have a cell membrane and plant cells go one step further to
have a cell wall - an essential constituent that not only contributes to the
success of plants colonizing the land by its complexity and recalcitrance,
but also supplies our planet with many products such as food, wood and
textiles. A full understanding of how plant cell wall is formed has been a
hot-spot with vigorous research in the area of plant science and has
continuously provided new insights into biotechnological innovations.
In addition to providing mechanical supports (Bidhendi and Geitmann,
2016; De Lorenzo et al., 2019; Le Gall et al., 2015; Somerville et al.,
2004), plant cell wall also plays key roles in plant growth, cell differ-
entiation, intercellular communication, water transportation and de-
fense against various stresses (Bidhendi and Geitmann, 2016; Le Gall
etal., 2015). Two types of cell wall, namely primary cell wall (PCW) and
secondary cell wall (SCW), exist in plants and they both consist of a
network of interconnected polymers with diverse biochemical,

* Corresponding author. author.
** Corresponding author. author.

chanical strength to withstand the turgor pressure of the protoplast;
while SCW is thick, inflexible and deposited between PCW and plasma
membrane (PM) (Kumar et al., 2016; Zhang et al., 2018b). In this work,
we focus on the de novo biosynthesis of PCW since it is chemically
distinct, flexible, generally not lignified and more importantly, easier to
deconstruct and faster to rebuild.

PCW consists of a network of rigid cellulose microfibrils (CMFs)
embedded in a hydrated gel-like matrix containing non-cellulosic
polysaccharides such as hemicellulose and pectin (Broxterman et al.,
2018; Cosgrove, 2005; Novakovic et al., 2018; Tenhaken, 2014; Turner
and Kumar 2018). The CMFs are synthesized by the cellulose synthase
complexes (CSCs) located at plasma membrane (PM) and the matrix
polysaccharides are produced in Golgi apparatus before being secreted
into the wall for targeted deposition via vesicle transport (Oikawa et al.,
2013). PCW is a complex structure that undergoes dynamic changes
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during plant growth and development; however, it is hard to monitor the
fate of one same cell along its full development (Sakai et al., 2019)
through conventional methods due to the long culture period and low
spatiotemporal resolution (Sanati Nezhad, 2014). The emergence of
spectroscopy tools such as scanning electron microscope (SEM), trans-
mission electron microscope (TEM) and atomic force microscope (AFM)
(Braybrook, 2015; Cosgrove, 2018; Fromm et al., 2003; Gierlinger,
2018; Turner and Kumar 2018) have dramatically extended our un-
derstanding of the structural and biomechanical properties of PCW,
whereas these visualization methods hardly provide complete and
timely information of cell wall. Other easier, more direct and more
convenient alternative biophysical tools are still highly desirable to
understand the components and organization of PCW at single-cell level.

Based upon potentiometric, amperometric, or conductivity mea-
surements, electrochemical sensors offer a wide range of applications
including disease monitoring, drug discovery, environmental moni-
toring and food analysis. Electrochemical biosensors not only combine
the electroanalytical sensitivity with its inherent biological selectivity
but also are inexpensive, portable, and simple-to-operate compared to
the conventional analytical tools (Karimi-Maleh et al., 2019; Ronkainen
et al., 2010). Electrical impedance spectroscopy (EIS) has been widely
used to measure the dielectric properties of cells and to assess cell status
such as membrane permittivity and cytoplasmic conductivity (Tran
et al., 2018; Zhang et al., 2018a; Zheng et al., 2013). One of the major
advantages of EIS is that it is free of label or biochemical markers (Song
et al., 2013) and identifies cell properties in a non-invasive manner (Li
et al., 2018; Xu et al., 2016). Moreover, it is easy-to-use and flexible for
design and fabrication. In recent years, benefiting from the integration
with microfluidic techniques (Gawad et al., 2000; Giaever and Keese,
1984; K’Owino and Sadik, 2005; Liu et al., 2020; Tsai and Wang, 2016;
Xu et al., 2016), EIS has been extensively applied in the field of cell
biology, cancer research, drug screening and environmental safety
monitoring. Nevertheless, such a technological advance has been pri-
marily applied to animal and microbial cells, and very limited work has
been conducted on plant cells so far (Jiang et al., 2014; Libault et al.,
2017). In this study, we incorporated the microfluidic platform with
microelectrodes to implement single-cell electrical impedance spec-
troscopy analysis on Arabidopsis mesophyll protoplast to characterize
the plant-specific PCW regeneration process. The proposed microfluidic
EIS device was fabricated not only to efficiently trap individual plant
cells, but also to accurately monitor one unique biological program of
plants without label and invasion. Our results demonstrated the capacity
of such a device to differentiate plant mutant cells with varied PCW
properties from their wild-type counterparts, thus providing a new
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phenotyping tool for single plant cells. Moreover, the varied cell elec-
trical properties induced by auxin, one vital plant phytohormone, during
PCW regeneration were investigated using the proposed method. By
demonstrating the competence of this device to perform quantitative
analysis on PCW reconstruction on the level of single cells, we envi-
sioned the promises of EIS, when integrated with microfluidic, to offer
versatile platforms for collecting novel biological information of distinct
plant cells and help us gain new insights into complex plant biological
phenomena at an unprecedented level of details.

2. Materials and methods

2.1. Design of the impedance-coupled microfluidic device for single plant
cell analysis

The impedance-based microfluidic device is comprised of a poly-
dimethylsiloxane (PDMS) layer which contains microfluidic channels
for single plant cell trapping and three coplanar microelectrodes which
are patterned on the bottom glass substrate for the purpose of applying
electrical field and measuring differential current signals. Fig. 1A is a
schematic diagram of the microfluidic channels for single-cell trapping,
which is accomplished based on the hydrodynamic trapping mechanism
(Tan and Takeuchi, 2007, 2008). Basically, the microfluidic channel is
divided into two paths. Path 1 refers to the single cell trap, which con-
tains two symmetrical semicircular structures with a radius of 30 pm
(appropriately equivalent to the plant cell size as ~30-50 pm) and
connected by a narrow channel with a width of 20 um. Path 2 refers to a
bypass channel with a width of 80 pm and is designed to have a higher
flow resistance than Path 1. Under hydrostatic force, a cell is more likely
to flow into Path 1 when the trap is empty. Once a cell is trapped at the
semicircular trap, Path 1 will be blocked, and immediately exhibits a
higher flow resistance than Path 2, in which case the following cells will
flow into Path 2 and bypass the trapping cell. The height of the micro-
fluidic channel is 70 pm to ensure a high trapping efficiency.

For impedance measurement, three parallel microelectrodes with
width of 20 pm are located by 60 pm spacing underneath the trapping
zone. The middle electrode is at the center of the two semicircular
trapping structures and acts as an excitation electrode. The differential
impedance measurement is conducted between the side two electrodes
to eliminate the interference or noise caused by unexpected disturbances
in the aquatic environment such as the changes in temperature and pH
(Gawad et al., 2004).

Fig. 1. Microfluidic impedance spectroscopy plat-
form for monitoring single plant cells. (A) Schematic
diagram of the microfluidic chip for single plant cell
trapping. The microfluidic channel was divided into
two paths, Path 1 and Path 2. Three parallel imped-
ance sensing microelectrodes (yellow color) were
located underneath the trapping zone. (B) Schematic
diagram of the impedance sensing setup. The middle
electrode was patterned at the center of the two
semicircular trapping structures and acted as an
excitation electrode. (C) Microscope image of a
trapped Arabidopsis mesophyll cell. Flow direction
was from left to right. (D) Real-time current response
of a captured cell showing that once a cell was trap-
ped in the sensing trap, the current signal was
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2.2. Experimental procedure for impedance measurement of single plant
cell

The detailed experimental procedure for impedance measurement of
single plant cell is described in Supplementary Information. In brief,
after a calibration process performed before each test, the cell suspen-
sion is continuously pumped into the microfluidic chip by a pressure-
driven pump (Fluidgent MFCS EZ, France) under a constant driven
pressure of 10 mbar. An impedance analyzer (Zurich Instruments HF2IS,
Switzerland) is employed to apply the excitation electric signal (1 V,
ranging from 1 kHz to 10 MHz, with 30 points per decade of frequency)
on the middle electrode. The differential current responses on the side
two electrodes are pre-amplified by 1000 A/V through a current pre-
amplifier (Zurich Instruments HF2TA, Switzerland) and recorded by
the impedance analyzer. The imaginary component of the differential
current versus frequency is extracted to elucidate the change on mem-
brane compositions during PCW regeneration. The acquired data are
processed and analyzed by a Matlab program and plotted by Origin. An
inverted fluorescence microscope (Olympus IX53, Japan) attached with
a CCD camera (Olympus DP73, Japan) is used to observe the micro-
fluidic device and capture cell images.

2.3. Microfluidic device fabrication

The microelectrodes, comprised by 50 nm Ti and 200 nm Au, are
patterned on the BF33 glass substrate by a conventional lift-off process.
The master molds of the microfluidic channels are fabricated by a
standard photolithography process using the negative photoresist SU-8
(Micro Chem). The microfluidic channels are fabricated by a conven-
tional soft-lithography technique using PDMS (Mcdonald and White-
sides, 2002; Ng et al., 2002) (Dowcorning Sylgard 184). In brief, the
PDMS base and the curing agent are mixed at a ratio of 10 (base):1
(curing agent). The well mixed PDMS is poured on the master mold and
vacuumed to further eliminate the bubbles generated during mixing.
The master mold together with uncured PDMS is then baked under 95 °C
for 30 min to cure the PDMS film. After peeled off from the master mold,
the PDMS film is cut into individual PDMS chip and punched for liquid
inlets and outlets. The PDMS chip and glass substrate are aligned and
irreversibly bonded after an oxygen plasma treatment. The fabricated
device is then attached to a PCB board, and the connection with external
instruments is achieved by wire bonding the microelectrodes to the gold
pads on PCB board and plugging the PCB board into a self-designed
connector.

2.4. Arabidopsis protoplast isolation and PCW regeneration

All plants used in this study are Arabidopsis thaliana in Columbia-
0 (Col-0) ecotype background. The rswl-1 (CS6554), prc1-1 (CS297)
and polygalacturonase (CS859528) mutants are obtained from the Ara-
bidopsis Biological Resource Center (http://abrc.osu.edu). Plants are
grown in a greenhouse with a cycle of 16 h light/8 h dark under fluo-
rescent white light at 20 °C.

Arabidopsis mesophyll protoplasts are isolated according to the
method previously reported with minor modification (see Supplemen-
tary Information) (Yoo et al., 2007). In brief, the healthy and fully
expanded Arabidopsis leaves (3-4-week-old, as shown in Fig. S1) are
washed, sliced into fine strips (0.5-1.0 mm) and immediately trans-
ferred into the freshly made enzyme solution (1.5% cellulase R10, 0.4%
macerozyme R10, 0.4 M mannitol, 20 mM KCl, 10 mM MES at pH 5.8).
The reaction is heated for 10 min at 55 °C and cooled down to room
temperature before adding 10 mM CaCly, and 0.1% BSA and being
incubated in darkness at 26 °C for at least 3 h. After the enzymatic
digestion, the enzymatic digestion is stopped by an equal volume of W5
solution (154 mM NaCl, 125 mM CaCly, 5 mM KCI, 2 mM MES at pH
5.8). Protoplasts are obtained by filtering the solution through a 75 pm
nylon mesh into 50 ml round-bottom tubes with 20 ml W5 solution.
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After centrifugation at 100g for 6 min, the pellet is re-suspended in
culture medium (0.32% B-5 medium, 0.25 M mannitol, 4 mM MES at pH
5.8, see Supplementary Information) by gentle swirling. Then the solu-
tion is centrifuged at 100 g for 6 min again and after decanting the su-
pernatant, protoplasts are re-suspended in culture medium at a
concentration of approximately 10° cells/ml as determined by a he-
mocytometer. Next, the protoplasts are transferred into 24-well culture
plates and incubated in the dark at room temperature for further anal-
ysis. In exogenous auxin stimulation experiments, the protoplasts are
incubated together with 5, 50 and 250 pM 1-naphthylacetic acid (NAA).
The viability of cells is determined using the fluorescein diacetate (FDA)
staining method (Larkin, 1976) and the regenerated primary cell wall of
protoplasts is stained with fluorescent brightener, Calcofluor white
(Nagata and Takebe, 1970). All chemicals are obtained from
Sigma-Aldrich, except for Cellulase R10 and Macerozyme R10, which
are purchased from Yakult Pharmaceutical Ind. Co., Ltd. (Japan).

2.5. Scanning electron microscopic observation

Cells are fixed with 2.5% glutaraldehyde (pH 6.0) at 4 °C for 2 h, and
washed with 0.4 M mannitol before replaced with 30%, 50%, 70%, 80%,
90%, 100% ethanol solutions for 15 min. They are dehydrated twice
with 100% ethanol, and placed on a slide glass whose surface is pre-
treated with poly-L-tyrosine to lyophilize the cells with vacuum
freeze-drying equipment. The specimens are slightly coated with 9 nm
layer of gold by an ion spatter coater, and the coated-specimens were
observed with a scanning electron microscope (Inspect F50, Thermo
Fisher Scientific, USA) at 20 kV.

3. Results and discussion
3.1. Single plant cell trapping and monitoring on a microfluidic device

In order to perform impedance measurements on single plant cells, a
suspension of Arabidopsis mesophyll protoplasts at an approximate
concentration of 1 x 10° cells/ml was introduced into the microfluidic
channel. The fluid flow direction was from left to right driven by a
pressure pump and a single plant cell was captured in the left trap (e.g.
the sensing trap) with the right trap facing to the left remaining empty
(e.g. the reference trap) (Fig. 1A). The excitation electric signal was
applied on the middle electrode while the differential current responses
on the side two electrodes are pre-amplified by 1000 A/V and measured
by the impedance analyzer (Fig. 1B). After being successfully captured
in the sensing trap with an empty reference trap (Fig. 1C), a single plant
cell was measured for its real-time differential current (Fig. 1D).
Notably, different from animal cells, plant cells are structurally fragile
without the protection of cell wall and some spikes were observed in the
differential current curve, which was likely caused by the cellular debris
from cell lysis during cell preparation process. In order to avoid such
background noises, the protoplast preparation procedure needed to be
optimized to obtain uniform and synchronous plant cells and an isotonic
environment should be provided to ensure the cell integrity. During the
impedance measurements, the driven pressure was decreased to 2 mbar
to minimize the fluid shear stress-induced cell rupture. Besides, similar
results should be obtained from two sets of devices with adequate bio-
logical and experimental replications. To summarize, as shown by a
previous study focusing on the differentiation process of mouse em-
bryonic stem cell (mESC) using electrical impedance measurements on a
similar microfluidic device (Zhou et al., 2016), our work demonstrated
that plant cells could also be efficiently captured for concomitant elec-
trical impedance measurements at single cell level.

3.2. Electrical equivalent model for plant cell wall formation

In this work, plant cell is defined as a single shell model (Morgan
et al.,, 2007; Sun et al., 2008) (Supplementary Information), which is
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composed of a conducting sphere of cytoplasm and an insulating thin
shell (cell membrane plus cell wall) (see Fig. S2A in Supplementary
Information). Composed of species-specific amounts of various proteins
and a double layer of lipids, the single shell is as thin as 5-10 nm and
isolates the cytoplasm from the ambient medium. Fig. 2A shows an ideal
electrical equivalent model representing a plant cell suspended in the
culture medium in the single-cell trapping device. The total complex
impedance of a suspended plant cell and that of the medium in the
reference trap are referred as Zp;y and Zp,q, respectively. When taking
into consideration the electrical double layer capacitance (Cg) between
the coplanar electrode surface and the medium electrolyte, the overall
impedance measured between the excitation electrode and the sensing
electrodes are referred as Zgense and Zy, respectively. The measured
currents and the differential impedance could thus be obtained by
subtracting the I,s and Zys from the Isense and Zgense, respectively (Malleo
et al., 2010) and the derivation of Zsese and Zyes from Isense and Ief is
described in Supplementary Information.

Since PCW is a regenerated structure closely attaching to the original
cell membrane, the changes in the dielectric property of the newly
formed cell “coat” composed of plasma membrane plus PCW are
analyzed in this study using the single shell model. As shown in Fig. 2B,
after PCW regeneration, the total membrane capacitance (Cpem-+wa) iS
presumed to be different from that of original protoplast (Cpen) due to
their divergent compositions and thickness, which is mainly related to
the changes in the imaginary part of the measured currents (see the
derivation of electrical equivalent model in the Supplementary Infor-
mation). Thus, we used the imaginary parts of the differential current
and impedance to characterize the changes in the dielectric property of
cell membrane caused by PCW regeneration in the following analysis.
Meanwhile, considering that the total impedance was dominant by the
electrical double layer capacitance in the low frequency range (f < 100
kHz) and the cytoplasm properties could be characterized at the high
frequency range (f > 10 MHz) (McGrath et al., 2017), we narrowed
down the frequency range to 100 kHz to 2 MHz in order to focus on the
impedance changes induced by the membrane composition and to
eliminate the influence of the double layer capacitance.

3.3. EIS characterization of single plant cell at different PCW wall
regeneration status

In order to test the possibility of using EIS to characterize PCW, we
prepared Arabidopsis mesophyll cells at three status of cell wall status,
including protoplasts without PCW (after 0 h incubation), cells at
transition phase (after 12 h incubation), and cells with fully regenerated
PCW (after 24 h incubation). At each phase, cells upon impedance
measurement were concomitantly stained with a fluorescent brightener
which conjugates with cellulose within PCW and emits blue light under
the excitation of ultraviolet light, to verify the correlation between the
newly regenerated PCW structure and the impedance parameters of
plant cells. Besides, SEM was applied to directly visualize the micro-
structure of newly formed PCW. Fresh protoplasts released from leaves
were spherical and appeared transparent with chloroplasts lying
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beneath the plasmalemma (Fig. 3A-a), and florescent staining
confirmed that the smooth surface of these cells was devoid of cell wall
components (Fig. 3B-a). In contrast, after 12 h of incubation, some faint
fibrillar network imprints with random distribution appeared on the
membrane surface (Fig. 3A-b) accompanied with a faint but detectable
blue signal in the fluorescence image (Fig. 3B-b), implicative of the
deposition of cellulose at this time-point. After 24 h, the whole cell was
covered with the fibrillar network and the membrane became invisible
(Fig. 3A—c). With the fibrillar network getting thick and convoluted, a
strong fluorescence signal gradually emerged (Fig. 3B-c) with finer
structures appearing as fibrils embedded within the surface, which could
be due to the removal of amorphous components during the fixation and
dehydration procedures (Burgess and Linstead, 1976). Thus, optical
characterizations confirmed distinct morphological properties and mi-
crostructures of cells at different PCW regeneration status, and validated
the potential of using EIS to directly detect the formation of primary cell
wall. The EIS measurements of single cells at different PCW regeneration
status were shown in Fig. 3C-E. In a given frequency range from 1 kHz to
10 MHz, 100 kHz to 2 MHz yielded the highest sensitivity in discrimi-
nating cells at different PCW phases as judged by the imaginary part of
impedance spectra (Fig. 3F). This result was in agreement with the
previously published work suggesting that the maximum difference
occurred around 1 MHz for the changes in cell membrane capacitance
(Gawad et al., 2004). In this work, when the electrical excitation fre-
quency was set in the range from 100 kHz to 2 MHz for a better reso-
lution, the impedance imaginary parts of highest magnitude were
observed for 24 h cells with fully regenerated PCW when compared to
protoplasts and cells at 12 h. This result was consistent with SEM results
that the entire surface of protoplasts was covered with a thick and
convoluted network of PCW materials after 24 h of regeneration, which
resulted in decreased capacitance of cell membrane and PCW, and in
turn increased the impedance imaginary parts of cells. Notably, indi-
vidual cells in the same population exhibited fluctuations in their
impedance responses, which was likely due to the various extents of
their PCW regeneration and the heterogeneity in other characteristics
such as cell shape and the final cell location during the trapping process
(Zhou et al., 2016). Despite of this, the averaged impedance spectra still
represented the typical impedance response of a particular cell popu-
lation, and the increment in the imaginary part of the overall impedance
of cells from 0 h to 24 h implied the dramatic changes in their membrane
capacitance (Fig. 3F). Taken together, the results described above
demonstrated that the proposed device could recognize the behavior of
single plant cell and efficiently monitor PCW regeneration process at
optimized frequencies in a real-time manner, which holds the promise to
be extended to monitor other complex biological activities of plant cells.

3.4. Impedance measurement of PCW regeneration of mutant cells

One of the most interesting studies of plant cells is to understand
PCW biosynthesis and its regulation at the molecular level. As an inte-
gral part of plant genetics, the study of mutants has enormously pro-
gressed gene functional analysis by establishing a connection between

Cell wall
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Fig. 2. Electrical equivalent model of a plant cell inside the microfluidic impedance system. (A) An ideal electrical equivalent model representing a plant cell
suspended in the culture medium in the trapping device. (B) Schematic diagram illustrating the change of the equivalent models before and after the regeneration of

plant primary cell wall.
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Fig. 3. Impedance spectrums of single plant cells at
different status of primary cell wall regeneration. (A)
Scanning electron micrographs of cells following 0 h,
12 h and 24 h of regeneration, in each figure, high
magnification of the whole cell is shown on the right.
(B) In situ fluorescence images of PCW (blue) for
single plant cells at different time-points (0 h, 12 h
and 24 h), respectively. (C) (D)and (E) The imaginary
part of impedance for single plant cells at different
status (0 h, 12 h and 24 h), respectively. (F) The
average imaginary part of impedance of (C) (D) and
(E). Each experimental data point shows the average
value of ten cells. Error bars show the standard de-
viation. . (For interpretation of the references to color
in this figure legend, the reader is referred to the Web
version of this article.)
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the absence of specific gene in an organismal or cellular context and the
resultant phenotypic changes. For conventional transgenic approach,
plants are usually grown for a long time before gene functions to be
analyzed at the level of entire plant, organ, or tissue, in which case
transitory phenotypes have a big chance to be masked by the cellular
complexity of the analyzed sample and the functional redundancy of
gene family members.

As mentioned above, the impedance measurement could monitor the
PCW regeneration status of individual plant cells and thus potentially
provide a convenient tool to test cell mutant with different PCW
composition. We then used the proposed device to characterize cells
from several Arabidopsis thaliana mutant lines that are defective in genes
related to PCW composition. As the most abundant and useful
biopolymer on the earth and the major component of PCW, cellulose is a
crystalline polysaccharide providing mechanical strength which is cen-
tral to plant morphogenesis. Cellulose is synthesized by structures
embedded in the plasma membrane known as cellulose synthase (CesA)
complexes (CSC) or particle rosettes before being secreted (IVicFarlane
et al., 2014). In this work, rsw1-1 and prc1-1 mutants defective in CesA1
and CesA6, respectively; were used since that both mutated genes are
required to deposit cellulose in PCW (Arioli et al., 1998; Fagard et al.,

Frequency(Hz)

2000). Possessing fewer rosettes than WT plants, rsw1-1 mutant shows
temperature-sensitive reduction in its cellulose synthesis and accumu-
lates non-crystalline -1, 4-glucan (Arioli et al., 1998; Turner and Kumar
2018). The prc1-1 mutation causes a structural deregulation in PCW of
growing cells and is also impaired in the production of cellulose as
rswl-1 (Fagard et al., 2000). We also included another mutant defective
in polygalacturonase, which is involved in hydrolyzing pectic poly-
saccharides within PCW and the middle lamellae (Alonso et al., 2003;
Caffall and Mohnen, 2009), instead of being directly involved in the
biosynthesis of PCW.

Three types of Arabidopsis mutant cells were then analyzed for their
respective impedance responses during PCW regeneration process at a
frequency range set from 100 kHz to 2 MHz in parallel with the wild-
type (WT) cells. As shown in Fig. 4, at the nascent protoplast stage,
three types of mutant cells showed similar impedance values as WT cells
(Fig. 4A). After 12 h, WT and polygalacturonase mutant cells showed
relatively higher impedance magnitudes than those of rswi-1 and prc1-1
mutants (Fig. 4B), demonstrating that the defects in cellulose biosyn-
thesis of the latter two mutants retarded the progress of PCW formation,
changed the ultrastructure of their respective PCWs and resulted in
decreased impedance values at the 12 h time-point. However, at 24 h
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Fig. 4. Impedance spectrums of wild-type, rswil-1, prc1-1 and polygalacturonase
mutants of Arabidopsis thaliana cells at frequency ranging from 100 kHz to 2
MHez. (A) (B) and (C) showing the average imaginary part of impedance for four
cell types at different PCW regeneration status (0 h, 12 h and 24 h). Each
experimental data point shows the average value of ten cells. Error bars show
the standard deviation.
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(Fig. 4C), the impedance spectra of four cell types reached similar
values, indicating that at this stage, PCW regeneration of all cell types
have been accomplished and no more significant variation in their
impedance characters could be detected. Thus, it appeared that rswi-1
and prc1-1 mutant cells were only negatively affected in cellulose scaf-
fold assembling at the early stage of PCW regeneration, and such a
temporary delay did not cause a final difference in their cellular elec-
trical properties when compared to polygalacturonase mutant and WT
cells. This explanation agrees with the previously published results that
both mutants only display visible phenotypic abnormalities under
limiting growth conditions (rswi1-1 cells at stimulated metabolic rate
when grown at 31 °C (Arioli et al., 1998)), or in specific organs under-
going rapid cell expansion (rswl-1 cells in expanding root cells during
mitosis (Arioli et al., 1998) and prcl-1 cells during hypocotyl cell
expansion (Fagard et al., 2000)). Under these circumstances, fast cel-
lulose synthesis and correct cellulose microfibril alignment are highly
desirable (Sugimoto et al., 2001) to counteract the thinning of existing
walls, which occurs as cells expand (Cosgrove, 1997), and to deposit
cellulose in the new walls of dividing cells (Samuels et al., 1995). Such a
rate demand for cellulose biosynthesis probably also occurs at the early
stage of PCW regeneration, while at the later phase, the normal func-
tions of the mutated genes could somehow be fulfilled or compensated,
either through the deaccelerated local rates of cell wall synthesis or
through the redundant functions of other gene family members. Previ-
ously, the complementary roles in PCW biosynthesis among CesA family
members have been demonstrated for CesA2, CesA5, CesA6 and CesA9
(Griffiths et al., 2015; McFarlane et al., 2014).

To summarize, these results proved that the proposed impedance
methodology enables a rapid and sensitive characterization of transient
and subtle morphological abnormalities at single-cell level, which is
difficult to be achieved in intact plants. Particularly, it has a high po-
tential for early phenotyping screen of transgenic cells and could be
employed as a complement to traditional plant approaches to obtain a
more comprehensive view of gene functions.

3.5. Impedance measurement of in situ effects of auxin on PCW formation

Associations between hormone signaling and cell wall biosynthesis
have long been suggested; however, the majority of relevant studies
during recent decades have supported the hormone actions on cell wall
architecture through indirect means. As a critical player involved in
almost all aspects of plant growth and development, auxin performs a
prominent regulatory role in cell wall architecture, particularly in cell
wall loosening and cell expansion (Mockaitis and Estelle, 2008).
Considering that the effects of auxin on PCW formation have not been
effectively investigated at single-cell level, we analyzed the impedance
responses of cells undergoing PCW regeneration upon auxin stimulation.

The effect of auxin on cell growth has been reported to be dose-
dependent, with low and high doses eliciting distinct responses (Teale
et al., 2006). Fig. 5 shows the effect of NAA (1-Naphthaleneacetic acid),
a synthetic auxin derivative at concentrations of 5, 50 and 250 pM on
cell impedance spectrum during PCW regeneration. Compared with the
control group after 24 h, addition of 5 or 50 pM NAA had positive im-
pacts on cell impedance responses indicating that these two concentra-
tions of NAA significantly promoted the synthesis of PCW. In contrast,
cells treated by NAA at 250 pM negatively influenced PCW regeneration
and resulted in diminished impedance responses (Fig. 5). Such
dose-dependent effects of auxin on cell impedance were consistent with
a previous work using labeled glucose to detect the isotope incorpora-
tion into matrix polysaccharide synthesis (Baker and Ray, 1965), in
which the authors demonstrated that a definite promotion of cell wall
synthesis was induced by auxin at a concentration as low as 0.16 pM and
the largest promotion of synthesis occurred at 1.6 and 16 pM IAA;
however, at concentrations higher than 161 pM, a strong inhibition of
cell wall synthesis was manifested (Baker and Ray, 1965). Thus, taken
auxin as an example, our results confirmed the potential capacities of the
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Fig. 5. Impedance spectra of Arabidopsis thaliana wild-type cells stimulated by
three concentrations of 1-Naphthaleneacetic acid (NAA). Measured frequency
in a range between 100 kHz and 2 MHz. Each experimental data point shows
the average value of ten cells. Error bars show the standard deviation.

proposed platform to study plant cell responses to a variety of chemical
and biological stimuli such as ions, salts, macromolecules as well as
external cues to reveal the regulatory mechanisms associated with the
plant cell system.

4. Conclusions

By integrating micro-scale electrodes with structured microfluidic
channels, this study designed a non-invasive impedance platform to
quantitatively assess single plant cell status during PCW regeneration, a
process involving complex assembly and deposition of a variety of
cellular components. By capturing single plant cells and simultaneously
monitor the variations in their impedance parameters, the impedance
device provides a powerful tool for botanists to understand this plant-
unique phenomenon. This system also demonstrated its capability to
discriminate wild-type cells from mutant cells with modified PCW
properties and to corroborate the dose-dependency of auxin effects on
PCW regeneration process at single-cell level. Taken together, this study
laid a foundation for the development of more powerful biosensors to
understand plant cell wall biosynthesis and its regulation at single-cell
level. By providing highly precise and rapidly accessible cell/reagent
handling capabilities, the impedance spectrum also envisioned high-
throughput systems in a fully automated fashion and might be
extended to plant cell cultivation, phenotypic screening, highly efficient
cell transformation and gene expression at the single-cell resolution.
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