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In this article, we developed a ‘‘plant on a chip’’ microfluidic platform that can control the local

chemical environment around live roots of Arabidopsis thaliana with high spatial resolution using

multi-laminar flow. We characterized the flow profile around the Arabidopsis root, and verified that the

shear forces within the device (�10 dyne cm�2) did not impede growth of the roots. Our platform was

able to deliver stimuli to the root at a spatial resolution of 10–800 mm. Further, the platform was

validated by exposing desired regions of the root with a synthetic auxin derivative,

2,4-dichlorophenoxyacetic acid (2,4-D), and its inhibitor N-1-naphthylphthalamic acid (NPA). The

response to the stimuli was observed using a DR5::GFP Arabidopsis line, where GFP expression is

coupled to the auxin response regulator DR5. GFP expression in the root matched the position of the

flow-focused stream containing 2,4-D. When the regions around the 2,4-D stimulus were exposed to the

auxin transport inhibitor NPA, the active and passive transport mechanisms of auxin could be

differentiated, as NPA blocks active cell-to-cell transport of auxin. Finally, we demonstrated that local

2,4-D stimulation in a �10 mm root segment enhanced morphological changes such as epidermal hair

growth. These experiments were proof-of-concept and agreed with the results expected based on known

root biology, demonstrating that this ‘‘root on a chip’’ platform can be used to test how root

development is affected by any chemical component of interest, including nitrogen, phosphate, salts,

and other plant hormones.
Introduction

Plants are sessile organisms that must adjust to numerous

external environmental factors during their lifecycle.1 A vital

function of the root is uptake of water and chemicals from its

environment.2,3 In turn, roots exhibit a high plasticity in many

developmental stages to comply with external environmental

factors.4 Although recent research has made progress in under-

standing the interplay between roots and their environment,5–9

a central question remains: how does signaling occur between

cells within the root upon receiving an environmental stimulus.

By controlling the local chemical environment around the roots

with high spatial and temporal resolution in vitro, we can obtain

mechanistic insights into cell-to-cell signaling in response to

a local environmental stimulus, such as nutrients or herbicides.

The classical approach to control the chemical environment

around roots or to chemically stimulate roots is to grow them on

agar plates treated with the specific chemical environment or

stimulus. However, this method is limiting in that it only allows

spatial control on the order of a millimetre,5,10 whereas devel-

opmental processes can depend on signaling between only a few

cells on the scale of tens of microns. Furthermore, the spatial and
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temporal stabilities of chemical gradients are limited on agar

plates. To solve these limitations, we developed and char-

acterized a microfluidic platform based on laminar flow to create

environments of different local chemical stimuli around a live

Arabidopsis thaliana root.

Chemical stimulation of biological samples by multiple

streams of laminar flow on the microscale has been established

for a variety of cell types11–13 and for whole model organisms.14–16

However, maintaining culture conditions and stimulating bio-

logical samples on-chip for an extended period of time remain

challenging.17–19 Here, we designed a laminar flow-based micro-

fluidic platform in polydimethylsiloxane (PDMS) to chemically

stimulate particular cells within the roots of Arabidopsis thaliana

while maintaining culture conditions over an extended period of

time. The resolution of stimulation was ten microns, which is on

the order of a single cell. A live root was introduced into the

device through a microchannel perpendicular to the flow without

dissection of the root from the plant. The leaves and stem of the

plant were placed on an agar bed outside the device while the

root was exposed to fluid flow, achieving long-term survival of

the whole plant. Different chemical stimuli were delivered to

different cells of the root by changing the flow solutions and the

flow rate of three laminar streams relative to one another. The

microfluidic platform was validated by stimulating a 10–20 mm

segment close to the tip of an Arabidopsis thaliana root with the

synthetic plant hormone 2,4-dichlorophenoxyacetic acid (2,4-D),

a derivative of auxin, and the auxin transport inhibitor N-1-

naphthylphthalamic acid (NPA).

Auxin is a hormone involved in many crucial processes in root

development, such as maintenance of stem cell position at the
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root tip,20 lateral root formation,21 and root hair growth.5 The

hormone is further known to play a crucial role in transmitting

environmental stimuli, such as gravity.22 Several bacteria in the

meta-environment of plant roots exhibit the ability to produce

auxin, which they use to influence the development of the root.23

Here, we externally applied 2,4-D and NPA by using laminar

flow in a microfluidic chip to perturb the endogenous auxin

profile of the root in a small segment. This microfluidic chip

allows for high spatial and temporal resolution of environmental

stimuli on the order of tens of microns. The response was

observed in the neighboring, unstimulated root cells using

a DR5::GFP Arabidopsis line,24 in which GFP expression is

coupled to the auxin response regulator DR5.
Experimental

Fabricating the microfluidic device

Two multilevel molds were fabricated by rapid prototyping in

polydimethylsiloxane (PDMS) using SU-8 photoresist masters

with different depths.25 The channel geometry of the PDMS

device is shown in Fig. 1. The three inlet channels in both the top

and the bottom molds had widths of 400 mm, 50 mm, and 400 mm

from left to right, respectively, and the main channel had a width

of 800 mm. The top PDMS mold contained a channel with depth

of 200 mm and alignment posts, and the bottom PDMS mold

contained a channel with depth of 300 mm and alignment holes.

The bottom mold also contained a root channel perpendicular to

the main channel, at the point where the three inlets converged.

This root channel was 100 mm in width and depth, and was used

to hold the Arabidopsis plant, with the root protruding from the

root channel into the flow. Both top and bottom PDMS molds

contained two posts in the main channel with a width of 120 mm.

These posts held the root that protruded from the root channel in

place during flow.

Prior to assembly, the PDMS molds were placed in water for

three days to remove non-polymerized PDMS from the molds.26

Both PDMS molds were then baked over night at 120 �C, plasma

oxidized, and attached to 0.2 mm thick, 1 � 3 inch glass slides.
Preparing the microfluidic device

An outlet was cut at the outer end of the root channel. The

area on the glass slide surrounding the outlet was filled with 2%

alginate solution. To form an agar bed around the outlet we
Fig. 1 Schematic of microfluidic device assembly around a live Arabidopsi

agar/alginate, located perpendicular to the main channel in a bottom PDMS

mold is not shown). The top PDMS mold was then inverted over the botto

facilitate rapid assembly. The assembled device was then clamped and flow w
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used PDMS manufactured pieces to hold the alginate in posi-

tion while it was being poured. Immediately after filling, several

microlitres of plant media were added to the alginate solution

in the root channel. The calcium concentration (8 mM) in the

plant media was sufficient to cure the alginate solution. All

channels of the bottom mold were then filled with sterile

Murashige–Skoog media (Sigma Aldrich). Murashige–Skoog

media were used for all experiments, and will herein be called

plant media.
Growth of Arabidopsis plants

Arabidopsis DR5::GFP plants were germinated and grown for

either 7 or 11 days on agar plates prepared with plant media

before being transferred to the device. The typical size of an

Arabidopsis root was 2 cm in length and 75 mm in diameter after

7 days of germination.
Placing Arabidopsis plants on the microfluidic device

The root was taken from the agar plate and positioned in the root

channel in front of the stream posts in the main channel, with the

leaves of the plant on the agar block at the outer end of the root

channel. During transfer, care was taken not to squeeze or bend

the root. To avoid leaking from the main channel into the root

channel during flow, both ends of the root channel were sealed

with alginate after the plant and root were in place. The top

mold, with tubing inserted into the inlet channels, was inverted

over the bottom mold and aligned by snapping the alignment

posts into the alignment holes without damaging the root. The

assembled molds were then clamped prior to the start of flow. To

protect the plant from dehydration, the alginate block was kept

hydrated with plant media during the experiment by adding

drops of plant media onto the agar bed. Assembly of the device

from the point of transferring the plant required one minute, and

is summarized in Fig. 1.
Controlling and visualizing fluid flow

Three converging laminar streams were flowed through the

device. Flow rates were controlled using syringe pumps (Harvard

Apparatus). To visualize the laminar streams, we used plant

media combined with either green food coloring (1 mL per 1 mL,

McCormick) or 1 mm diameter fluorescent carboxy-Fluo-

Spheres (0.5 mg mL�1, Invitrogen). To prevent the fluorescent
s root. A live Arabidopsis root was placed in a root channel filled with

mold. Both PDMS molds were attached to glass slides (glass slide for top

m mold and the alignment posts were snapped into alignment holes to

as started.
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microspheres from attaching to the surface of the plant or the

device, the carboxyl groups of the microspheres were deactivated

with 1% bovine serum albumin (BSA) solution before use.
Stimulating root segments

Root segments were stimulated with either 2,4-D in plant media

(25 mM, Sigma Aldrich) or N-1-naphthylphthalamic acid (NPA)

in plant media (100 mM, Sigma Aldrich).
Image acquisition

Fluorescence and bright field images were obtained with a Leica

DMI 6000 microscope coupled to a cooled CCD camera (ORCA

ERG 1394, 12 bit, 1344 � 1024 resolution, Hamamatsu

Photonics). MetaMorph Imaging System version 6.1r3 was used

for image acquisition.
Data analysis

Data were analyzed using Matlab 7a. The GFP fluorescence

intensity along the apical–basal axis of the root was quantified by

cropping the root from the images and summing over the pixel

intensity of each cross section. GFP fluorescence of the root at

different time points was then normalized to the maximum GFP

fluorescence intensity found at the root tip at time zero.
Fig. 2 Laminar flow around a live Arabidopsis root. (a) Schematic of the

microfluidic platform for a chemical stimulation experiment. (b)

Fluorescently labeled microspheres were used to visualize streamlines and

width of the middle, flow-focused stream in the microfluidc channel

around a DR5::GFP Arabidopsis root. The total flow rate in the experi-

ments was 200 mL min�1, where the ratios of the three inlets from left to

right image were: 10 : 1 : 10, 5 : 1 : 5, and 2 : 1 : 2 (left : middle flow-focused :

right stream). Scale bars are 200 mm. The width of the middle flow-focused

streamed increased with decreasing flow rates of the outer stream from 5 to

90 mm. The zoomed image (scale bar 75 mm) shows the streamlines around

the root segment. Bright field images were color inverted and overlaid with

the corresponding fluorescence images.
Results and discussion

Characterization of the flow profile around the Arabidopsis root

Reynolds numbers (Re) less than 2000, corresponding to laminar

flow, can be easily achieved in simple channel geometries with

a width of one millimetre.27 To confirm laminar flow27 in our

device containing an Arabidopsis root, we visualized flow by

adding fluorescence microspheres to the center stream. Fig. 2b

shows the streamlines of the microspheres under different flow

rates around a live Arabidopsis root in the main channel. A stable

interface between the three streams was achieved over 8 hours at

total flow velocities above 1 cm s�1 (�150 mL min�1), where the

Re z 4 in a rectangular duct. The flow around the root resembles

the flow around a circular cylinder placed with its normal in the

direction of flow. The stream pattern around a cylinder has been

reviewed extensively and varies with the Reynolds number.28 At

moderate Reynolds numbers between 0.5 and 70, small eddies

should form at the backside of the cylinder, possibly further

enhanced by bends and rough surfaces of the root. Taking the

direction of the flow to be the z direction, and length of the root

to be in the x direction, we were mostly concerned about eddies

or other flows that would induce mixing in the x direction, as

such mixing would decrease the spatial resolution with which the

root can be stimulated. By imaging in the x,z plane, we did not

find evidence of such eddies or such mixing. We did not perform

visualization of the flow patterns in the y direction to identify

expected eddies that provide mixing primarily in the y,z

direction, but those eddies should not significantly impact the

resolution in these experiments.

To chemically stimulate segments of the root, auxin was added

to the middle stream, and the width and position of the stream

were adjusted by adjusting the flow rates of the outer streams
This journal is ª The Royal Society of Chemistry 2010
(Fig. 2b). The width of the middle stream could be varied

between 70 mm and 10 mm. A width of 70 mm was achieved using

a flow rate of 50 mL min�1 for the two outer streams and 50 mL

min�1 for the middle stream; a width of 10 mm was achieved using

a flow rate of 200 mL min�1 for the two outer streams and 4 mL

min�1 for the middle stream. A width of 10 mm is on the order of

the average size of cells at the root tip. In all the following

stimulation experiments, a total flow rate between 0.15 and

0.5 mL min�1 was used.
Verifying viability of the Arabidopsis root in the device over days

When introducing a live root to fluid flow, it is important to

consider the shear stress of the streams and their possible

influence on the viability of the organism. The shear stress acting

on the root epidermis cells can be approximated by again making

the assumption that the root is a cylinder. The steady-state fluid

flow and shear stress around the cylinder were calculated using

a commercial finite element package, FEMLAB 3.1 (Comsol

Multiphysics), with the given channel geometry (300 � 800 mm)

and a cylinder diameter of 75 mm. Under our experimental
Lab Chip, 2010, 10, 2147–2153 | 2149



conditions, on the surface of the cylinder the simulation revealed

a maximum shear rate of �1100 s�1, corresponding to a shear

stress of about �10 dyne cm�2. In comparison, in large arteries,

the mean wall shear stress can typically be up to 40 dyne cm�2 in

regions of uniform geometry.29 Given the more robust cell wall of

plants, we expected the root to be viable under these experi-

mental shear stresses. To experimentally verify the viability of the

Arabidopsis root in the device, the growth rate of the root was

measured in the device. Ten plants were transferred to 10 devices

and incubated with the device at 45� angle to the bench in a sterile

Petri dish at room temperature over four days. In five of the

ten devices, plant media were flowed with a total flow rate of

0.2 mL min�1 (which corresponds to a shear rate of 1100 s�1) for

6 hours per day for four days. In the other five devices, flow was

only applied for 1 minute per day to exchange the media. The

average elongation rate of the roots in the device with and

without extended periods of applied shear stress was 0.76 �
0.3 mm per day and 0.80 � 0.2 mm per day, respectively, which

demonstrated that the root tissue was alive and the applied shear

stresses had no influence on the viability of the root. However,

when compared to roots growing on agar plates, the elongation
Fig. 3 Local 2,4-D stimulation of an Arabidopsis root segment using mu

corresponding fluorescence images of a DR5::GFP Arabidopsis root after diffe

the orientation in Fig. 2, to align the image with the x-axis in d and h. (a–c)

contained plant medium with 25 mM 2,4-D and food dye for visualization. (e–g

the middle stream contained plant medium with 25 mM 2,4-D and a food dy

corresponding to the above 2,4-D or 2,4-D/NPA stimulation experiments plot

the plots denote areas of 2,4-D and NPA stimulation, respectively. Red arrow

of NPA stimulation. Scale bars ¼ 250 mm.
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rate of the roots decreased by 40% in the device. We have not

investigated the cause of this discrepancy, but we assume that it

was caused by the confinement of the root in the channel.
Chemical stimulation of the Arabidopsis root with the auxin

derivative 2,4-D

To demonstrate environmental control around the Arabidopsis

root using laminar flow, we first stimulated a root segment of

DR5::GFP Arabidopsis with 2,4-D (Fig. 3a–d). In DR5::GFP

plants, GFP expression is under control of the auxin-dependent

promoter DR5, which is also susceptible to the auxin derivative

2,4-D. Endogenous auxin within the root tissue of DR5::GFP

plants leads to a low expression level of GFP in pericycle cells,

a cell group located around vascular cells of the stele in the center

of the root, and high expression of GFP around the meristem

cells, which are located at the root tip (Fig. 3a).30

In the 2,4-D stimulation experiment, all three laminar streams

contained plant media, and the middle stream was focused on

a 10–20 mm wide root segment 0.24 mm basipetal (towards the

base of the stem) from the root tip. The positions of the three
lti-laminar flow (a–c) and (e–g). Bright field images overlaid with the

rent time points of flow stimulation. Images are shown rotated 180� from

The outer two streams contained plant medium, and the middle stream

) The outer two streams contained plant medium with 100 mM NPA, and

e for visualization. (d and h) GFP fluorescence changes in the root cells

ted against the apical/basal axis of the root. Black and blue dotted lines in

s indicate location of 2,4-D stimulation and blue arrows indicate location

This journal is ª The Royal Society of Chemistry 2010



streams were visualized by adding food dye to the center stream,

and flow rates were adjusted to adjust the positions of the three

streams. Food dyes had no effect on the viability of the root or

fluorescence signal (data not shown). 2,4-D (25 mM) was added

to the media solution of the middle stream. Fig. 3a–c shows the

overlaid bright field and fluorescence images of the Arabidopsis

DR5::GFP root in the microchannel at different time points of

2,4-D stimulation. To quantify the response to 2,4-D, total GFP

fluorescence along the apical–basal axis of the root was plotted

(Fig. 3d). After two hours of stimulation, an increase of GFP

fluorescence in cells that were exposed to the middle stream

containing 2,4-D was clearly observed. The GFP fluorescence

increased in the cells exposed to 2,4-D, and also expanded in the

basipetal direction over time during stimulation. After 8 hours of

stimulation, the GFP fluorescence expanded from the cells

directly exposed to 2,4-D to 1.6 mm in the basipetal direction.

The GFP signal in the acropetal direction (towards the root tip)

also increased over time, but with a much lower intensity as

compared to the GFP signal in the opposite direction.

Induction of GFP expression in the root matched the position

of the flow focused stream containing 2,4-D (a region of 20 mm)

and thus this result demonstrated that 2,4-D was quickly and

locally taken up by the root from the fluid. The early induced

GFP signal within the root tissue stretched symmetrically over

a segment of�100 mm with the highest GFP signal at the position

of the 2,4-D stream. Rapid diffusion of 2,4-D in the apoplast can

explain the broadening of the GFP signal to an area of 100 mm

after 2 hours of stimulation.22 Interestingly, it has been

approximated that after release in the apoplast, the auxin

concentration decreases by a factor of 10 within about 42 mm.31

The so-called decay length was calculated only on the basis of the

membrane permeability and diffusion coefficient of 2,4-D.

Considering diffusion in both directions from the stimulation

area, we found that one decay length is sufficient to drop the

2,4-D concentration to a level where no GFP was expressed.

After longer 2,4-D stimulation, the symmetric GFP expression

profile was lost and GFP expression expanded strongly in the

basipetal direction with time. This is in agreement with the well-

described endogenous transport system of auxin in the close

environment of the root tip.32–35 Auxin membrane transporters

actively shuttle auxins in the basipetal direction, which explains

the lower acropetal increase of GFP measured here. Absolute

concentrations of auxin cannot be given, but after 8 hours of

stimulation, the GFP fluorescence around the meristem cells at

the root tip increased to values twice as high as what is found

under natural conditions.

An important advantage of the laminar flow technique is that

stimulation is not limited to a single chemical component, but

rather, different streams can be exploited for multi-component

stimulation in adjacent segments of the root simultaneously. We

repeated the above 2,4-D root stimulation experiment and added

NPA (100 mM) to the two flanking streams (Fig. 3e–h). NPA

inhibits the polar auxin transport system in the root.36 The result

of the experiment was plotted analogously to the previous

experiment (Fig. 3h); here, a�20 mm wide 2,4-D stream was used

to stimulate an area 0.36 mm from the root tip. Fig. 3h indicates

the same local GFP fluorescence increase after 2 hours of 2,4-D

stimulation, as observed in the absence of NPA. However, after

8 hours, it was clearly seen that the GFP fluorescence increased
This journal is ª The Royal Society of Chemistry 2010
only in a segment of 300 mm around the stimulation area, and the

broad expansion in the basipetal direction was not detected, as

evidenced by comparing the GFP profiles in Fig. 3d and h at

approximately 0.5–0.75 mm. It is notable that NPA also diffuses

in the apoplast, and after 8 h of stimulation, the segment adjacent

to the area stimulated with 2,4-D presumably also contained

a high NPA concentration. Nevertheless, the increased 2,4-D

concentration in the stimulated segment led to a GFP fluore-

scence signal comparable to the signal found in the absence of

NPA. Thus the local NPA concentration did not inhibit cellular

uptake of 2,4-D. From this we can conclude that the basipetal

expansion of auxin seen in the first experiment is indeed driven by

active transport and is thus in agreement with the classical

literature reports.37,38

Finally, we showed that the local 2,4-D increase could be

exploited to enhance morphological changes in the development

of the root with high spatial resolution. To do this, we applied

2,4-D to a small segment of the root, focusing on root hairs at the

root tip (Fig. 4). Root hairs are formed by epidermal cells called

trichoblasts. Growth rates of root hairs along the entire root can

be promoted by auxin as shown on agar plates.37 To show this

phenomenon specifically in a small segment of the root, we grew

wild-type Arabidopsis plants for 11 days on agar plates and

transferred a plant with a clear hair bulge at 0.26 mm from the

root tip to the device. The middle stream was adjusted to

surround the hair bulge. After adjusting the flow conditions,

2,4-D (25 mM) was added to the middle laminar stream. Fig. 4a

shows the laminar stream at the beginning of stimulation, with

the middle stream visualized with a dye. Time-lapse images of the

root segment with the trichoblasts cells upon 2,4-D stimulation

are shown in Fig. 4b. After 15 minutes of 2,4-D stimulation, the

hairs started to grow at a rate of approximately 2.5 mm min�1.

Control experiments with only plant media had no measurable

effect during the time of observation. Root hair growth can be

subdivided in two phases, with an initial phase of a low growth

rate (0.2–0.5 mm min�1) and a later phase of fast growth rate

(1–2.5 mm min�1).39 In our case, we observed that after 2,4-D

stimulation, the hair growth rate was in agreement with the later

phase of root hair development. Further, we observed that hairs

grew with the expected axial symmetry.1 However, after 25

minutes, hair bulges with non-axial symmetry grew from the

stimulated region. After 35 minutes, we stopped the flow of the

streams and monitored the plant over 24 hours. The end point is

shown in Fig. 4c. During the incubation time, it was clear that the

root tip grew towards the upper channel wall of the PDMS chip.

Nevertheless, the stimulated segment can easily be identified after

this time due to cell expansion induced by the increased 2,4-D

concentration (arrow in Fig. 4c). The stimulated segment

contained root hairs with different lengths. Fig. 4c also demon-

strates that only a small segment was stimulated rather than the

whole root, as it would be on an agar plate. The experiment was

reproducible using other root segments with hair bulges.
Conclusion

We used a microfluidic device to control the chemical envi-

ronment of a live Arabidopsis root, the most common model

organism in plant biology. The technique exploits multi-

laminar flow, which can stimulate 10 to 800 mm long segments
Lab Chip, 2010, 10, 2147–2153 | 2151



Fig. 4 Hair growth enhancement by local 2,4-D stimulation. (a) Flow condition around the live Arabidopsis root with position of the 2,4-D stream at

the start of the experiment. (b) Zoomed in region of 2,4-D stimulation shows time lapse of hair growth after 0, 5, 10, and 20 minutes. (c) Images of the

root taken 24 hours after the 2,4-D stimulation. Black arrows denote the position of the 2,4-D laminar stream. Scale bars ¼ 50 mm.
of a live root in a microchannel. We demonstrated for the first

time the biocompatibility and the survival of a live Arabidopsis

root in a microfluidic device. The advantages of the laminar

flow technique for local chemical stimulation and environ-

mental control have been shown in a series of experiments, in

which a 10–20 mm segment of the Arabidopsis root was

stimulated by the auxin derivative 2,4-D. All experiments

shown were designed as proof of principle, and our results on

auxin transport and root hair growth induction matched

expected results from literature. This validates the utility of

such a system in elucidating other, unknown mechanisms. The

presented technique is not limited to auxin, but rather, can be

used for any chemical component of interest such as nitrogen,

phosphate, salts, and other plant hormones to test local

environmental factors during root development. Thus, the

platform is of general interest for plant biology research.

Microfluidic devices can be used to control microbes and

microbial communities40–42 and such approaches in combin-

ation with the device described here may elucidate the

chemistry and biology of the plant–microbe interactions.43,44

Additionally, chemical stimulation can easily be performed

with temporal control by changing flow rates of the laminar

streams. The platform developed herein can be expanded to

control fluid flow around tens to hundreds of Arabidopsis roots

at the same time to obtain higher statistical values for

environmental factors during root development.
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