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We report on the development of a vertical and transparent microfluidic chip for high-throughput
phenotyping of Arabidopsis thaliana plants. Multiple Arabidopsis seeds can be germinated and grown
hydroponically over more than two weeks in the chip, thus enabling large-scale and quantitative
monitoring of plant phenotypes. The novel vertical arrangement of this microfluidic device not only
allows for normal gravitropic growth of the plants, but also, more importantly, makes it convenient to
continuously monitor phenotypic changes in plants at the whole organismal level, including seed
germination and root and shoot growth (hypocotyls, cotyledons, and leaves), as well as at the cellular
level. We also developed a hydrodynamic trapping method to automatically place single seeds into seed
holding sites of the device, and to avoid potential damage to seeds that might occur during manual
loading. We demonstrated general utility of this microfluidic device by showing clear visible phenotypes
of the immutans mutant of Arabidopsis, and also with changes occurring during plant-pathogen
interactions at different developmental stages. Arabidopsis plants grown in the device maintained normal
morphological and physiological behaviour, and distinct phenotypic variations consistent with apriori
data were observed via high-resolution images taken in real-time. Moreover, the timeline for different
developmental stages for plants grown in this device was highly comparable to growth on conventional
agar plate method. This prototype plant-chip technology is expected to lead to the establishment of a
powerful experimental and cost-effective framework for high-throughput and precise plant phenotyping.

Introduction

The recent completion of the genome sequencing projects, along
with advances in high-throughput technologies (e.g., microarrays,
next generation sequencing) have made it possible for a high-
throughput “systems approach”, to acquire a great wealth of
information about the genotype, i.e., the genetic makeup of an
organism.”” Much of the existing instrumentation and software
have also been built with the key goal of identifying and
analysing various biomolecules (e.g., DNA, RNA, metabolites).
But, information about the genotype is only useful in so far as it
allows us to make predictions about the phenotype, i.e., the
observable traits and characteristics of an organism. Phenomics is
an emerging area of science that links observations from
genotypes with the phenotypes.® However, characterization of the
complete plant phenome poses a difficult challenge, as even
plants with smaller genomes such as Arabidopsis thaliana contain
tens of thousands of genes. 12

Previous plant phenotype analyses relied on culturing seeds
and growing plants in soil pots and agarose plates using culture
facilities (e.g., greenhouse, growth chamber) under controlled
environments, and on using imaging technology to measure plant
characteristics and phenotypic changes.’**® Multi-well plates
have also been utilized for chemical screening of a large number
of seedling roots.2>2! However, there are several concerns worth
noting. First, screening of plant phenotypes using traditional
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greenhouses and growth chambers is costly and the number of
experiments is limited. Flexibility and accuracy of changing plant
growth environments are also relatively low. Second, due to the
use of soil pots and agarose plates, a relatively large amount of
chemicals and biological species is needed. Third, spatial
resolution of morphological measurements for seed, root, and
shoot phenotypes is often on the millimetre scale as soil pots and
agarose plates are not optically transparent. Real-time observation
of cellular behaviours (e.g., cell division, elongation, host-
pathogen interactions) is also not easy. As a result, low temporal
resolution may lead to missing information about progressive and
subtle changes in phenotypes during plant growth. Therefore,
while progress has been made in this area, the traditional plant
phenotyping approaches suffer from expense, labour, and time
involved in large-scale phenotypic analyses (especially under
varying environmental conditions), low spatial and temporal
resolution, low throughput for obtaining phenotype information,
and frequent manual intervention during growth and imaging.?2*

Microfluidic technology provides a powerful and flexible
platform to interrogate cellular and multicellular organisms.
General advantages of microfluidics-based bioassays include high
throughput and improved data statistic due to parallel processing,
reduction of agent consumption, fast reaction, and avoidance of
contamination. Prior developments in microfluidic devices have
greatly advanced high-throughput analyses of model organisms,
such as Drosophila melanogaster and Caenorhabditis elegans.®"
% But, microfluidic technology is still relatively underdeveloped
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and underutilized for applications in plant sciences, an area with
huge social and economic impact.

Recently, Arabidopsis root development and Camellia pollen
tube growth have been studied using microfluidic devices.®¢ A
RootChip was developed for high-throughput plant gene
expression analysis,® where Arabidopsis seeds germinated and
grew initially in conventional pipettes for several days, and then,
transferred into the chip for root gene expression studies. More
recently, a RootArray was reported, where multiple Arabidopsis
thaliana seedlings grew in the chip and their roots were imaged
by confocal laser scanning microscopy over several days.* Our
group also developed a microfluidic device for in-chip seed
germination and seedling growth at different growth temperatures
over several days, thus expanding the utility of microfluidic
technology for manipulating plant environmental conditions.
Although these approaches have advanced the use of
microfluidics in plant sciences, phenotypic measurements with
these devices were restricted only to plant roots®** and
quantitative measurements of other organ phenotypes (e.g., seed
germination, hypocotyl, cotyledon, leaf growth) was not feasible.
Therefore, the existing microfluidic devices are of limited use for
characterization of the complete plant phenome.

Here, we report on the development of a novel microfluidic
device for high-throughput phenotyping of Arabidopsis plants.
Unlike the previous microfluidic devices where the plant roots
were grown horizontally in microchannels, specimen transfer was
sometimes required after a certain period of growth, and
phenotypic measurement was allowed only for root systems over
a relatively short growth time, the present device consists of a
transparent and vertical microfluidic chip where multiple
Arabidopsis seeds can be germinated and grown vertically in the
chip, not only allowing for normal gravitropic growth of the

eed/growth media input
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Fig. 1 (a) Schematic of the plant-chip for high-throughput plant
phenotyping. (b) In-chip seed germination and plant growth. Major
plant organs and device structures are labelled and highlighted. In
this top-closed design, the main channel is closed during the growth
of the plants. (c) A top-opened design for plant phenotyping over a
longer growth period. The top part of the main channel is cut off.
The shoot system of the plants is grown outside of the top-opened
device.
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plants, but also, more importantly, making it convenient for
continuous and non-invasive monitoring of phenotypic changes
of different plant organs, including both root and shoot systems,
over various plant developmental stages. Also, in the present
device, Arabidopsis plants can grow over a longer growth period
than the existing devices (i.e., more than two weeks vs. several
days).

Methods and experimental section
Overall design of device

Fig. 1a shows the schematic of the present microfluidic plant
chip. The device allows multiple plants to simultaneously grow in
vertical direction in multiple growth regions. Each growth region
includes a funnel-shaped seed holding site on the top and a
tapered expanding microchannel on the bottom. The seeds are
germinated inside the seed holding sites. The plant roots grow
downward into the tapered channel. The main channel above the
seed holding sites allows sufficient space for the plant shoots to
grow upward (Fig. 1a). To accommodate phenotyping of different
plant species growing to different stages of interest, the number
of the seed holding sites and the structure and geometry of the
root and shoot growth regions can be flexibly changed during
device design and fabrication. In the device presented here, 26
Arabidopsis plants are distributed on two connecting floors. To
hold Arabidopsis seeds and provide enough room for seed
germination, the lower and upper openings of the funnel is
designed to be 350 pm and 725 pum wide, respectively. The root
and shoot growth region is designed to be 10 mm and 1.8 mm
tall, respectively. All the channels of the device are 400 um deep.
In the case that the main channel is closed (Fig. 1b), the plants
can grow within the device for about eleven days, during which
seed germination, and emergence and growth of plant root,
hypocotyl, cotyledon, and first two true leaves can be clearly
imaged. By opening up the main channel of the device, the plants
can grow over more than two weeks and the plant phenotypes
through later growth stages can be observed and recorded (Fig.
1c). This transparent device, in conjunction with a conventional
microscopic imaging system, can facilitate easy and high-quality
observation of plant phenotypes at the whole organismal as well
as at the cellular level.

Design for hydrodynamic trapping of seeds

Generally, individual Arabidopsis seeds are handled by sterilized
tools such as toothpicks or forceps. Due to their small size, it
would be difficult to manually pick and load seeds individually
into multiple devices for large-scale analyses. The seeds may get
contaminated or even destroyed during manual handling. To
overcome this issue, we developed a hydrodynamic microfluidic
trapping method to automatically load seeds into individual seed
holding sites of the chip. Each trapping site was patterned like a
funnel. The top opening of the funnel was large enough to allow a
seed to come in, while the bottom opening was relatively smaller
to prevent the seed from falling out of the funnel. Multiple seeds
were infused into the main channel by flowing liquid medium
through the inlet of the device (Fig. 1a). A sucking pressure was
applied at the outlet by withdrawing the fluid out of the device,
forcing the seeds to flow against the lower wall of the main
channel. As the seeds flowed by a funnel, the fluid streamlines
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(b) AP=05Pa
x=1.5mm

a=2b=04mm
H=1.8mm
P3;=0.5Pa

(c) AP=0.5Pa

a=2b=04mm
H=1.8mm
Ps=0.5Pa

(d) x=1.5mm

a=2b=04mm
H=1.8mm
P3=0.5Pa

AP=15Pa

(e) AP=0.5Pa
a=02mm
x=1.5mm
H=1.8mm
P3;=0.5Pa

(f) AP=05Pa
a=2b
x=1.5mm
H=18mm
P;=0.5Pa

(g) AP=0.5Pa

a=2b=0.4mm
x=1.5mm
H=18mm
P3;=0.5Pa

(h) AP=0.5Pa

a=2b=04mm
x=1.5mm
P3= 0.5Pa

Fig. 2 (a) A FEA model for simulating fluid dynamics during hydrodynamic trapping of a seed into a funnel-like trapping site. (b) Distributions of
fluid velocity when the seed is flowing at different distances from the lower sidewall of the main channel in the vertical direction. From left to
right, h = 0.3, 0.6, 0.75, and 0.9 mm, respectively. (c) Distributions of fluid velocity when the seed is located at different distances from the upper
left corner of the funnel in the longitudinal or horizontal direction. From left to right, x = 1.5, 1, 0.5, and 0.1 mm, respectively. (d) Distributions of
fluid velocity under different pressure drops along the main channel over a single trapping site in the longitudinal direction. From left to right, AP
=0.5, 1, 1.5, and 2 Pa, respectively. (e) Influence of the shape of a seed on the distribution of fluid velocity. From left to right, a/b = 1, 1.67, 2, and
2.25, respectively, while a is fixed at 0.2 mm. (f) Influence of the size of a seed on the distribution of fluid velocity. From left to right, a = 0.3, 0.4,
0.5, and 0.6 mm, respectively, while a/b is fixed at 2. (g) Influence of the width of the top opening of the funnel on the distribution of fluid
velocity. From left to right, W; = 0.6, 0.8, 1 and 1.2 mm, respectively, while W, is fixed at 0.3 mm. (h) Influence of the height or width of the main
channel on the distribution of fluid velocity. From left to right, H = 1, 1.5, 2, and 3 mm, respectively. In (a)-(h), the colour scale represents the
fluid velocity, where red indicates high and blue indicates low. The white lines added to the distribution profiles of fluid velocity represent the
critical streamlines.

would carry the seed entering the funnel. Since each funnel is the influences of the seed and device geometries, and the infusion
designed to allow hosting only one seed, other seeds have to flow and withdrawal flow rates on the seed trapping, we conducted
over this funnel to successive ones, allowing for a single seed to fluid dynamic simulations for the device by using finite element
be trapped. analysis (FEA) software COMSOL. A model was thus built for

To better understand the seed trapping mechanism and to study w0 the simulation (Fig. 2a). The key structural and geometrical

This journal is © The Royal Society of Chemistry [year]
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parameters include the widths of the top and bottom openings (W,
and W,, respectively) and the depth of the funnel (L), the height
or width of the main channel (H), the lengths of the semi-major
and semi-minor axes of the seed (a and b, respectively), and the
ratio of a to b or a/b. Because the present device was designed for
phenotyping of Arabidopsis plants, based on possible sizes and
shapes of different types of Arabidopsis seeds, we set reasonable
dimension ranges for the aforementioned parameters as follows: 1
<a/b<22503mm<a<0.6mm,l<H<3mm,2a<W,<4a,
W, <2b,and 2a < L < 4a.

All the FEA simulations were conducted under a rotational
equilibrium condition that a seed was assumed to move axially
without rotation while moving in the main channel. Through
extensive simulational trials, the rotational equilibrium of the
seeds was achieved at an angle of about 30 degrees between the
seed’s semi-major axis and the longitudinal direction of the main
channel. The criteria for successful seed trapping was that the
volumetric centre of the seed should be located above a critical
streamline (highlighted by the white lines in Fig. 2b-h) that starts
at the input of the main channel and ends at the upper-right corner
of the funnel.

We first studied how the pressure drop AP over a trapping site
along the main channel impacted the seed trapping. Fig. 2b shows
that when the volumetric centre of the seed was located above
one-third the height or width of the main channel from the lower
horizontal sidewall of the main channel, the seed would pass by
rather than flowing into the funnel under a low AP = 0.5 Pa. To
simplify, all the seeds in the following simulations were set to
flow against the lower sidewall of the main channel. Fig. 2c
indicates that regardless of the lateral distance x between the seed
and the funnel, the seed could be trapped into the funnel as long
as the seed was flowing against the sidewall under AP = 0.5 Pa.
But, as AP gradually increased to 2 Pa (Fig. 2d), the critical
streamline moved closer to the sidewall and overlapped the
volumetric centre of the seed (see the first panel from right in Fig.
2d). This indicates that by applying a higher AP, the seed would
pass by the funnel.

Subsequently, the influence of the shape and size of a seed on
the seed trapping was studied. The simulated results show that as
the value of a/b increased from 1 to 2.25 while keeping a = 400
pm (Fig. 3e) or as the seed scaled up in all dimensions while
keeping a/b = 2 (Fig. 3f), the seed would be trapped under a low
AP = 0.5 Pa as long as the volumetric centre of the seed was
located below the corresponding critical streamline.

In addition, the influence of the structure of the main channel
and the funnel on the seed trapping was investigated. The
simulated result shows that increasing the width of the top
opening of the funnel caused the critical streamline to elevate,
which, in turn, would make it easier to trap the seed (Fig. 2g). On
the other hand, as the width of the main channel increased from 1
to 3 mm, the seed flowing along against the lower sidewall of the
main channel would still be trapped (Fig. 2h).

It is worthwhile to point out that since dimensional variations
among different types of Arabidopsis seeds are actually minor (at
the size scale of several hundreds of micrometres), it should be
relatively easy to tune the key structural parameters of the device
to adapt to different seeds, without the need of establishing a new
model for simulations.

Experimentally, in order for the seed to flow in the lower part

e0 Of the main channel, a pulling pressure was applied at the outlet

of the device (Figs. 1a and 2a). Thus, two syringe pumps were
simultaneously used during seed trapping, one for infusion and
the other for withdrawal of fluid. We experimentally studied how
the infusion/withdrawal flow rates affected the trapping rate of
Arabidopsis seeds. Here, the trapping rate refers to the success
rate of trapping one or two seeds in a funnel. It is noted that
trapping two seeds in a single funnel was possible as the sizes and
shapes of the seeds (of even the same type) were not uniform.
Fig. 3a demonstrates that (i) as the withdrawal flow rate increased
from 0 to 20 pL/s, the trapping rate increased from 4.6 + 2.9% to
97 * 2.2%; (ii) the lower the infusion flow rate, the easier the
seed trapping, and thus, the higher the trapping rate, which
followed the trend seen in Fig. 2h; and (iii) the trapping rate
decreased gradually and then relatively abruptly with increasing
the infusion flow rate from 5 to 75 pL/s. Fig. 3b shows the
experimental result of how the width of the main channel affected
the trapping rate. As W, increased from 1.4 to 3 mm, the seeds
flowing in the lower part of the main channel relatively reduced
in quantity, and thus, the trapping rate was observed to decrease

o

=}

a

g0 from 97 + 2.2% to 16 £ 6.5% at the infusion flow rate of 20 pL/s

and the withdrawal flow rate of —20 pL/s. It should be noted that
by increasing the withdrawal flow rate, the trapping rate of the
device having a wider channel could be increased to be nearly
100% as demonstrated in Fig. 3b.
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Fig. 3 (a) Experimental result of the seed trapping rate as a function of

infusion flow rate for different withdrawal flow rates. Arabidopsis seeds
used here has a/b = 1.88 + 0.2. (b) Experimental result of the trapping rate
as a function of the width of the main channel at different infusion and

90 withdrawal flow rates. The trapping sites used here are shown in Fig. 2h.

Each measurement is the mean + standard deviation obtained from 10
measurements.
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Device fabrication

The microfluidic devices were fabricated using a conventional
soft lithography technique.*” Briefly, to master a mould for the
microchannels, a silicon wafer was first patterned with SU-8
photoresist (Microchem, MA, USA). Then, a high-resolution
transparency film (10,160 dpi, Fineline Imaging, CO, USA) was
used as a photomask in photolithography. A prepolymer mixture
of polydimethylsiloxane or PDMS (Sylgard 184, Dow Corning,
MI, USA) and its curing agent with a weight ratio of 10:1 was
poured onto the master mould and then thermally cured on a
hotplate at 90 °C for 1 hour. Subsequently, the hardened PDMS
polymer was pealed from the mould and bonded to a microscope
glass slide (75 mm x 50 mm x 0.9 mm) by using oxygen plasma
treatment. Lastly, the inlet and outlet ports of the device were
manually punched with a mechanical puncher.

It should be pointed out that the formation of the PDMS-based
structures on a glass slide is not expected to modify Arabidopsis
growth patterns. PDMS-glass microfluidic devices have been
widely used in characterization of both cellular and multicellular
organisms.®*8* Moreover, Arabidopsis plants are routinely
grown in glass flasks containing hydroponic growth media for
biochemical and physiological studies. As discussed later in
Table 1, our result shows that the growth stages for Arabidopsis
plants grown in the fabricated devices were comparable to those
grown in conventional petri dish. This further demonstrates that
materials used for the fabrication of the devices had little or even
no influence on the growth patterns of Arabidopsis plants.

Culture Media

Three different liquid culture media were prepared and used,
including tap water, Murashige and Skoog (MS) medium, and
standard medium.”® All the chemicals used were of analytical
reagent grade. Deionized water was used throughout to prepare
the three nutrient media. MS salts were purchased from Sigma-
Aldrich, MO, USA. Culture media were sterilized in an autoclave
at 15 psi at 121°C for 30 mins and stored at 4 °C in a refrigerator.
They were loaded into the device using a 3 mL syringe (Beckton
Dickinson, NJ, USA) with a microbore tubing (Cole-Parmer, IL,
USA) before the seeds were transferred into the device.

Preparation of Arabidopsis seeds

Wild-type (WT) Arabidopsis thaliana ecotype Columbia, the
immutans mutant of Arabidopsis, and transgenic Arabidopsis
seeds containing the IM promoter: green fluorescent protein
(GFP) reporter fusion construct were used in this study. GFP
activity assays were performed using confocal laser scanning
microscopy with seeds and seedlings grown within the device.
Seeds were surface-sterilized by soaking in 70% ethanol (v/v) for
1 min, followed by 50% (v/v) Clorox and 0.02% (v/v) Triton for
15 min. They were then washed three times with autoclaved
deionized (DI) water.

To trap and hold Arabidopsis seeds in the vertical device, the
lower opening size of the seed holding site must be less than the
small diameter of the oval shaped seed. But, if the lower opening
was made too small, the root growth of the seeds would be
influenced due to the limited space. Therefore, Arabidopsis seeds
were soaked in a petri dish containing autoclaved DI water for 3-
5 hrs and allowed to expand in size slightly prior to loading.
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Trapping of Arabidopsis seeds

Before seed trapping, all channels in the device were filled with
one particular culture medium of interest by using a syringe via a
tubing connection. Care was taken to avoid introducing air
bubbles into the channels. Subsequently, the soaked seeds were
sucked from the soaking petri dish up into a 500-pm-inner
diameter microbore tubing manually by a syringe. The tubing was
then connected to the inlet port of the device. After that, a syringe
pump (KDS200, KD Scientific, MA, USA) was used to inject the
seeds directly from the tubing into the device through the inlet
port at an infusion flow rate of 20 pL/s. The other syringe pump
(same model) applied a sucking pressure through the outlet of the
device at a withdrawal flow rate of -20 uL/s, forcing the seeds to
flow along the lower sidewall of the channel. It took 3—4 s to
complete the seed trapping process.

Arabidopsis plant growth conditions

After the seeds were trapped in the seed holding sites, the device
was stored at 4 °C in a refrigerator for 40—48 hrs to stratify seeds.
Subsequently, the device was placed vertically under a plant
growth light source (fluorescent daylight). The light intensity was
set to ~100 pE/m?s, and plants were grown at room temperature
(21-22 °C). The environmental relative humidity was ~40 %. For
the top-closed device (Figs. 1a and b), growth media was changed
in the device on a daily basis using a syringe pump. In the case
that the main channel was opened, the fluid level in the device
was controlled by slowly flowing growth media (2—3 uL/hr) into
the device using a syringe pump through the port where sucking
force was applied during the seed trapping process (see Fig. 1b).
The seeds germinated and the plants grew in the device, and their
growth was monitored after exposure to light (or starting from the
completion of stratification).

A microscope (MZ 205FA, Leica, Germany) with a video
camera (QICAM, QImaging, Canada) was used to image plants
growing in the device. The system was used to collect phenotypic
data of interest, including seed phenotype (e.g., germination),
root phenotype (e.g., length, diameter), shoot phenotype (e.g.,
hypocotyl, cotyledon and leaf emergence and dimensions), and
cell phenotype (e.g., cell division and elongation). All data points
reflect the average from five replicates performed on five chips,
with each chip having 20-26 plants on a device. Error bars are
standard deviations.

Results and discussion
Hydrodynamic seed trapping

Fig. 4 shows results of the hydrodynamic seed trapping method
(also see video clip in ESI). Almost all of the seed holding sites in
the device held seeds. 70-80% of these sites had a single seed
while the rest of the sites trapped more than one seed. This is
because the Arabidopsis seeds were not uniform in size and
multiple smaller seeds could be trapped into one holding site. We
observed that after a seed fell into a trapping site other seeds were
not trapped. The percentage of the trapped seeds with respect to
the total input seeds was 30—40%. The untapped seeds were
flowed out of the device.

This journal is © The Royal Society of Chemistry [year]
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Seed germination and plant growth

As a first step to optimize Arabidopsis growth within the device,
we tested three different hydroponic media (tap water, MS
medium and standard medium) previously used in conventional
10 tissue culture methods. Fig. 5 shows time-lapse images for the
development of Arabidopsis plants inside the devices containing
the three different growth media. Plant growth and development,
including root and shoot systems, were continuously monitored
up to 11 days, and images were taken at regular intervals while
15 the plants were growing inside the device. Plants grown in all
three media appeared to maintain all of the morphological and
physiological traits of plants grown in potting soil and on petri
plate.
Arabidopsis seeds generally follow a two-step germination
20 process with rupture of the seed coat in 20—24 hrs and the
emergence of the white radical following endosperm rupture in
30-33 hrs.** As shown in Fig. 5, in-chip germination of
Arabidopsis seeds was similarly comparable to the previously
reported results with observation of radical around 30 hrs in light
25 in all growth media. It should be noted that due to different
orientation of the seeds in the holding sites, the radicals of many

. A - " ) o seeds were not oriented initially downward. But, as the roots
Fig. 4 () Hydrodynamic trapping of Arabidopsis seeds. (b) Microfluidic g0\ 1onger, they tended to grow along a sidewall of the holding
plant chip after seed trapping process. (c) Magnified image showing

individual seeds trapped in seed holding sites. sites, and then, entered downward into the tapered growth region
5 0 towards the bottom of the device. Quantitative analysis of root

72 hr 120 hr 192 hr 264 hr

(b) Standard

(c) Tap water

Fig. 5 Seed germination and growth of WT Arabidopsis
thaliana plants in the vertical microfluidic device with
(2) MS medium, (b) standard medium, and (c) tap water.
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length as a function of growth time (Fig. 6a), where root length
was measured as the distance from the root tip to the base of the
hypocotyl, shows that the roots grew rapidly up to 5 days, but
slowly thereafter. Furthermore, in agreement with previously
s reported literature,**® the roots growing in tap water were
observed to be longer and thinner with sparser root hairs while
those growing in MS media and standard media were shorter and
wider with more number of root hairs. As expected, the green
cotyledons were observed to grow up towards the light and in
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Fig. 6 Major phenotypic parameters of WT Arabidopsis thaliana
plants as a function of growth time, including (a) root length, (b)
hypocotyl length, and (c) cotyledon surface area. The data were
obtained by using Matlab based on the images taken at different time
noints.
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opposite direction of the roots (Fig. 5). The emergence and
growth of the hypocotyl and cotyledon of Arabidopsis plants
growing within the device could be conveniently imaged and
quantitatively analysed over 11 days without manual intervention.
The growth of hypocotyl was similar for all plants in different
growth media (Fig. 6b). However, the growth and size of the
cotyledons was significantly influenced, with MS medium
showing the greatest increase in the surface area (Fig. 6¢). The
time-frame for emergence of cotyledons was similar in all media
with the two cotyledons emerging approximately 52—54 hrs after
exposure to light, following which they grew rapidly for 11 days
of plant growth.

To assess whether WT Arabidopsis growth and development
within the microfluidic device was similar to apriori data, we
compared our results with the plants germinated and grown on
conventional tissue culture plates.*® Table 1 shows that the
timeline for many of the plant growth stages was highly
comparable between the conventional plate method and the newly
developed device. However, slight variations between these two
methods were also observed. For example, the appearance of 2
rosette leaves is somewhat delayed (in hrs) when compared to the
petri plate method. It should be noted that petri plate-based
method generally uses gelling agar to prevent seeds from rolling,
while plants in our device grew in hydroponic media and the
seeds were held by microstructures. Thus, these discrepancies
may be caused by differences in geometric structure of growth
chambers (channels vs. plates) or the surrounding physical
environment of seeds (liquid vs. agar gel). These discrepancies
are negligibly small, and would not interfere with high-
throughput plant phenotyping as long as phenotypic comparisons
between different genotypes and plant organs can be
simultaneously observed.

Tablel: Comparison of growth stages for WT Arabidopsis plants growing
in microfluidic device and petri dish

Page 8 of 13

. - . Plate
Microfluidic device (days

Growth €% (days)

Stage Tap water MS Standard Agar45+
MS

Seed coat 08:02  12$02 10402 ND

breakage R R D

Radicle

emergence 1.2+0.2 1.7+0.3 1.2+0.2 1.3+0.4

Length of

primary root 2.240.2 2.01£0.2 2.2+0.3 ND

(0.6 mm)

Cotyledon

&hypocotyl 25402 22401 2.040.2 2.5+0.6

emergence

Cotyledons

fully opened 3.0£0.2 3.0£0.1 3.0£0.2 3.0£0.5

|2 rosette 9.0£03 8002 8003 7.3405

eaves

Note: All data exclude days of stratification.

This journal is © The Royal Society of Chemistry [year]
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0hr 12 hr 15 hr 24 hr 30 hr

72 hr 120 hr 192 hr 264 hr

Fig. 7 Time course study of growth and development of WT Arabidopsis and immutans plants growing in standard medium in the vertical
microfluidic device.
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Fig. 8 Major phenotypic parameters of WT Arabidopsis and immutans mutant as a function of growth time, including (a) root length, (b) hypocotyl
length, and (c) cotyledon surface area.

Phenotyping of Arabidopsis mutants in-chip under normal light conditions are white and/or green with

We used a well-characterized carotenoid-deficient mutant, the the green being Som_ethit lighter than WT. Seedlings V_Vith white
immutans(im) mutant of Arabidopsis”*® as an example to * cotyledons do not give rise to true leaves and are not viable after
demonstrate general utility of the present device for phenotyping

s Arabidopsis plants, at the whole organismal as well as at the
cellular level. The immutans mutant of Arabidopsis has green-
white leaves due to a mutation in the nuclear recessive gene,
IMMUTANS (IM). The im seeds have been previously shown to
germinate similar to WT Arabidopsis under various light

10 conditions. Our results show that im seeds germinate and growth
under normal light conditions also within the device (Fig. 7).
However, we further show that seed germination and radical
protrusion occurs much earlier (~12 hrs) in im when compared to
WT Arabidopsis (~20 hrs). Although the exact reason for this

15 phenomenon is not known, it is clear that the new device enables
more in-depth exploration and quantitation of the seed
germination process in a real-time manner.

Depending on the light intensity, germinated seedlings of im
give rise to green, green-white and/or white cotyledons, and Fig.'9 Qrowth of IM: GFP plants in thg vertical microfluidic device.

20 leaves. An increase in light intensity increases white sector S;;Igﬁoll ;gﬁi?r?g(jrggpzr::?i\t:el:;rescence mages (o, G) of S-deyend -
formation whereas low light conditions result in all-green plants.

Consistent with previous reports, the cotyledons of im growing

8 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 10 Confocal laser scanning microscopy images for IM: GFP seed

ling

2l

- wE
s growing in the device. (a) 1-day old seedlings at a magnification of

10x. (b) 5-day old leaves at 20x. (c) 5-day old root at 10x. (d) 5-day old root tip at 40x. (e) 5-day old cotyledons at 80x.

11 days of growth in the hydroponic medium, whereas green
coloured seedlings grow true leaves after ~194 hrs of growth
(Fig. 7). Under our growth conditions, immutans root and
hypocotyl lengths are somewhat similar to WT (Figs. 8a and b).
But, the growth of the cotyledons slows down significantly after
~8 days of growth (Fig. 8c). This is in agreement with the slower
growth phenotype of im plants versus WT Arabidopsis.

To obtain a more detailed cellular description of the
Arabidopsis im phenotype, we applied confocal laser scanning
microscopy (CLSM) and fluorescence stereomicroscopy (Leica
M205FA), and performed in vivo im gene expression analyses
using transgenic IM-GFP seeds/plants. IM promoter: f-
glucoronidase (GUS) activity assays have previously shown that
IM is expressed in all shoot and root tissues throughout
development in Arabidopsis plants.“® Similarly, in this study, we
show IM promoter-GFP activity in 1-day, 5 day and 7 day old
seedlings, with green fluorescence observed in all tissues
including root, hypocotyl, and cotyledons (Figs. 9 and 10). The 5
and 7 day old low resolution images were obtained with the
fluorescence stereomicroscope equipped with a GFP filter set to
image whole seedlings. This expression pattern was also
maintained in developing leaves and roots, with increased
expression observed in the root tips, as seen in the images in Fig.
10. Moreover, im expression was found to be restricted to the
chloroplasts within individual cells in green tissues (Fig 10e),
which is consistent with the function of IM in plants. However,
our results suggest that im is also expressed very early in the seed
germination process. This is illustrated by the presence of green
fluorescence first in regions around the embryo, even prior to
seed coat breakage and radicle protrusion. Subsequently, the GFP
fluorescence extends into the embryo and then into the protruding
radicle as the seed germinates (Figs. 11a-c). These results could
not be observed previously with GUS activity assays, perhaps due
to the fact that the GFP reporter, unlike GUS reporter, allows
nondestructive monitoring of cellular and sub-cellular activities
without the need for sample preparation or the uptake of
exogenous substrate. No GFP fluorescence was observed in non-
transgenic WT control seeds and seedlings (data not shown).

40

45

50

55

60

65

(a) | (b) (c) l
200 pm I

Fig. 11 Time course study of the seed germination process of IM: GFP
seeds growing in the vertical device. (a) 0 hr, (b) 12 hrs, and (c) 18 hrs,
after 2 day stratification.

Plant-pathogen interactions

As another example of the utility of the present device for plant
phenotyping, we show results from study of plant-pathogen
interactions. Specifically, we demonstrate early interactions of
Phytophthora sojae zoospores with wild-type Arabidopsis plants
on the vertical microfluidic device. Fungal and oomycete
pathogens such as P. sojae cause many destructive diseases of
plants and genetic approaches pose difficulty for observing early
phenotypic interactions between pathogens and plant roots and
shoots.***® P. sojae zoospores were flowed into the vertical
device with tap water at 24 hrs after the Arabidopsis seeds were
trapped into the seed holding sites. The motile zoospores swam
randomly until the root radicals emerged. High resolution images
show that the zoospores accumulated down at the root tip and
root hairs 5-10 hrs after their adhesion to the device (Fig. 12a),
and then, started invading the root and the shoot systems. At ~50
hrs, multiple dark brown spots were observed on the root, which
are the symptoms of apoptosis and cell death (Fig. 12b). Several
dark brown spots were also observed on the emerging cotyledons
and hypocotyl at later stages of infection.

These spots were observed all the way toward the cotyledon,
particularly at the intersection between the hypocotyl and root,
indicating severe invasion and growth of zoospores inside these
organs (Figs. 12c and 12d).

This journal is © The Royal Society of Chemistry [year]
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Fig. 12 (a) Formation of clusters of P. sojae zoospores on the root and

root hairs of Arabidopsis plant, observed at 31 hrs. Dark brown spots on

the root (b), cotyledon (c), and hypocotyl (d), observed at 50 hrs, 124 hrs,
s and 192 hrs respectively. Scale bars are 100 pm.

Top-opened device for phenotyping Arabidopsis plants over a
longer period of growth

In general, growth and development of WT Arabidopsis did not
10 appear to be affected during its 11-day growth in the microfluidic
device however, the device presented above used a closed-top
design, which in turn limited the space of the channels above the
seed holding site for shoot growth. Hence, the shoot phenotype
could be monitored only through the stage of emergence of two
15 rosette leaves on the plants. To accommodate developmental
stages beyond the 2-leaf stage, we further created a top-open
device in which the main channel above the seed holding site is
open to air. This allowed for observing and recording cotyledon
and leaf phenotypes over a longer period of growth. Specifically,
20 after Arabidopsis seeds were trapped, the top part of the channel
above the seed holding sites was manually cut off by a razor
blade. The level of growth medium in the device was adjusted by
slowly flowing growth medium into the device as described
earlier. Fig. 13 shows Arabidopsis plants grown for a longer
25 period of 15 days in the top-opened device in standard medium.
The standard medium allowed similar and measurable growth of
both shoot and root regions when compared to the other two
media. Similar to observations made with the closed device, we
observed radical emergence at ~32 hrs, and the hypocotyl and
30 cotyledon emergence at ~54 hrs. The two early rosette leaves
were observed at ~192 hrs, and then, more leaves emerged in the
following days. The leaves were growing upward outside the
channel while the roots were still elongating inside the channel.
At the end of 15 days, we observed 5 rosette leaves. This is
35 consistent with previous reports of plants growing on MS agar
plates where 5 rosette leaves developed at 14.7+1.8 days
(excluding 3 days of stratification).*® Thus, by simply opening up
the main channel above the seed holding sites, the issue of limited
growth space inside the device could be largely eliminated, which
40 would make it possible to observe and record plant phenotypes
through later growth stages, thus further expanding the utility of
the device for plant phenotyping.

Growth time t (hrs)

0 36 ii144

45 Fig. 13 Growth of a WT Arabidopsis thaliana plant over 15 days in the
top-open vertical microfluidic device. The inset in the bottom-left corner
shows cotyledons and leaves growing out of the vertical device.

Conclusion

Systematic characterization of plant phenotypes remains a major
so challenge due to their large genome sizes, and tens of thousands
of genes which respond differentially to various external and
internal stimuli. Because of this inherent complexity, analyzing
plant phenotypes on a large and multi-scale level with sufficient
throughput, resolution and precision has been difficult and
ss expensive. Previous work has addressed this challenge to some
extent, but these studies were mainly focused on phenotyping of
roots.*** In this paper, we demonstrate the development of a new
microfluidic device that is easy and cost-effective to use, and also
enables seamless monitoring of both root and shoot phenotypes.
s We have provided a few examples and applications of the
prototype device in this study. However, the device design can be
flexibly changed to further enhance its application in the plant
phenomics area. For example, with a top-open device (Fig 13),
plants can be grown over longer periods of time, allowing for
es different and multiple types of Arabidopsis genotypes to be
simultaneously characterized at the physiological, biochemical
and molecular level, and at various stages of growth. In fact, the
vertical device was able to sustain plant growth for over 4 weeks
(data not shown).

70 Further research and development remain to be done to realize
an ultimate screening platform for high-throughput plant
phenotyping. Other microfluidic and microsystem techniques can
be developed and integrated into this present microfluidic device.
Through microfluidic tuning, flexible control over chemical

75 concentration and composition in each growth channel can
provide a large number of different nutrimental, chemical and

10 | Journal Name, [year], [vol], 00—00
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biological environments for the plants growing in the
microfluidic device. Different means of generating concentration
gradients have been demonstrated,®>* such as using universal
concentration generator and on-chip dilution approach. Also, to
control plant growth temperature, a simple thin-film resistive
heater and temperature sensor can be integrated on the plant chip.
These types of modifications will further expand the utility of the
present device as multiple plants can be analysed under different
environmental conditions in a single experiment. Furthermore, by
employing an automated robotic imaging system, it is possible to
take a large number of images for different plant growth regions
in the devices. Therefore, we believe that the present vertical
microfluidic plant chip technology can contribute towards
establishing a powerful experimental framework for high-
throughput and precise plant phenotyping, and will create a
paradigm-shift in the plant phenomics area.
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