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in cellular processes, such as mechanotransduction of biochemi-
cal signals, that are triggered upon mechanical stimulation of the
cell. Application of this external stress on different regions of the
tube has been shown to cause anisotropic expansion of the cell
wall due to the non-random reorientation of cellulose microfib-
rils10.

The turgor pressure of pollen tubes and root cells has been
measured by piercing the cell wall with a pressure probe filled
with oil and measuring the pressure needed to maintain the
oil/cytosol meniscus at its original position11,12. The pressure
probe technique is both invasive, thereby preventing repeated
measurements, and difficult to perform on smaller cells (less than
20 µm in diameter). Non-invasive techniques include micro-
indentation using a Cellular Force Microscope (CFM)13–15, and
constant strain rate tensile tests provide mechanical data at the
micro scale16,17. For highly localized properties at the submi-
cron scale, nano-indentation by Atomic Force Microscopy (AFM)
and acoustic microscopy have been used18. These techniques
rely on recording the force resulting from indenting the cell sur-
face with a small probe. Depending on the scale of indentation
and the indentor shape, the force-indentation data reveals sev-
eral parameters such as cell wall elasticity, turgor pressure, and
cell geometry. Local indentation techniques generally require the
sensor tip to be placed perpendicular to the surface of the pollen
tube, which is difficult to achieve due to its cylindrical shape. Re-
cently, Lab-on-a-Chip (LOC) approaches have also been exploited
for studying the biomechanics of pollen tubes in a controlled en-
vironment. Properties like the bending stiffness19, tube penetra-
tive forces and elongation rate have been studied20. These LOC
setups for pollen tube analysis do not target specific pollen grains,
and the computer models built so far have not considered the ef-
fect of turgor pressure. The deformation of the pollen tube under
an externally applied force can be up to one order of magnitude
larger when the effect of the turgor pressure is not taken into ac-
count21,22, rendering this parameter essential to characterizing
the tubes.

In this study, we propose a LOC device with integrated mi-
crovalves to trap and orient lily (Lilium longiflorum) pollen tubes
in a channel and exert a controlled uniform external pressure on
the tube with a polydimethylsiloxane (PDMS) membrane. The
change in the lateral diameter of the tube with increasing pres-
sure is measured, which when combined with finite element mod-
eling, allows for the quantification of the mechanical properties of
pollen tubes with different diameters. This soft indentation tech-
nique produces a continuous deformation of the pollen tube over
a larger area resulting in a more representative measurement of
mechanical properties than localized indentation.

Materials and Methods

LOC Design and Quantification of Pollen Tube Properties

To achieve the task of efficiently trapping single pollen tubes and
subjecting them to compressive forces, a microfluidic chip con-
sisting of three modular layers was developed (Fig. 1A). The top
layer provides pneumatic actuation to the microvalves to trap the
pollen tubes inside the inlet channel, and to indent the pollen

tube. The middle layer is the PDMS membrane, which acts as a
flexible impermeable barrier between the top and bottom layers.
The bottom layer is the fluidic layer consisting of microchannels
for introducing the pollen tubes into the chip and regulating their
growth direction (Fig. 1B).

The pollen grains (mean diameter: 110 µm) are injected into
the inlet microchannel dispersed in their optimal growth medium.
Upon germination, tubes of sufficient length exhibiting vigorous
vesicle fountain flow are maneuvered towards the compression
microchannel by regulating the flow rate in the inlet and outlet
microchannels (Movie S1 and Movie S2). These grains are ori-
ented so that their tubular growth is directed along the central
axis of the compression microchannel and then trapped in place
by the actuation of the trapping microvalve to prevent sliding. As
the pollen tube grows along the compression microchannel, the
flow control channels are constantly adjusted to position the tube
along the central axis of the microchannel (Fig. 1C). The pollen
inlet and outlet channel are fabricated with a height of 170 µm to
ensure the pollen tube can pass through without stacking in the z
direction, while the compression microchannels are 33 µm high
(H) and 80 µm wide (W) to allow the PDMS membrane (t = 8
µm) to reach the top of the pollen tube without significant defor-
mation (Fig. 1D and E). An automated pressure control system
is used to regulate the pressure applied on the PDMS membrane
(Fig. S1 and Movie S3). The membrane deforms under pressure
into the compression microchannel and laterally compresses the
tube (Fig. 1F). The extent of pollen tube deformation depends on
its internal turgor pressure T, initial diameter D0, wall thickness
h, and its cell wall properties. Two pollen tubes can be trapped
simultaneously in the chip (Fig. S2), and each can be compressed
at four locations along the tube.

Fabrication of the Microfludic Device

The fabrication of the chip follows standard procedures for PDMS.
It begins with the construction of a mold on a SU-8 negative
photoresist (MicroChem Corp.) using standard photolithographic
techniques. To fabricate the 1st layer of the SU-8 mold, SU-8 2035
is spin-coated on a silicon wafer at 3000 RPM for 30 seconds. The
SU-8 is then baked for 1 minute at 65 ◦C and for 12 minutes at
95 ◦C on a hotplate. After soft-baking, the resist is cooled down
to room temperature naturally and exposed to UV light using a
photo mask for 200 mJ/cm2 at i-line. The post-exposure bake
step is then carried out by baking the resist for 1 minute at 65
◦C and for 5 minutes at 95 ◦C in order to cross-link the SU-8.
For the preparation of the 2nd layer of the SU-8 mold, a layer
of SU-8 50 is spin-coated at 1000 RPM for 30 seconds, followed
with a soft bake of 15 minutes at 65 ◦C and 40 minutes at 95
◦C. After cooling down, it is exposed to 400 mJ/cm2 from the i-
line. The SU-8 layer is then post baked and developed to obtain
the SU-8 mold. Alignment of the two exposures is realized by a
marker. The microfluidic chip is fabricated by soft lithography of
the PDMS compound in the constructed SU-8 mold. The PDMS
layer is simply peeled off the mold after curing.

The control layer for providing gas actuation to the microvalves
is fabricated using standard soft lithography and replica-molding
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Fig. 1 Lab-on-a-Chip (LOC) design for measuring the mechanical properties of pollen tubes. AC: Air channel; FCC: Flow control channel. (A) 3D

design of three PDMS layers: A control layer for air actuation, a fluidic layer for the injection and manipulation of the pollen tubes, and a middle layer

consisting of a deformable PDMS membrane for indenting the pollen tube through external pressure. (B) Top view of the LOC device with different

layers aligned with markers (microchannels in black are from the control layer; microchannels in yellow are from the fluidic layer). (C) Illustrates the

working principle of the device: a pollen tube is trapped inside the compression channel and is indented laterally whilst growing. (D) Scanning electron

micrograph of the SU-8 mold for fabricating the fluidic layer of the LOC. (E) Scanning electron micrograph of the PDMS fluidic layer of the LOC. (F)

Schematic view of the pollen tube cross section pressurized inside the channel.

techniques. First, SU-8 3025 is spin-coated on the silicon wafer
at a speed of 2000 RPM for 30 seconds, resulting in a thickness of
35 µm. After baking at 95 ◦C for 12 minutes, UV light exposure is
conducted under the shadow mask. The SU-8 mold is developed
then developed. Finally, the PDMS is poured on the SU-8 mold
and solidified for 24 hours at room temperature. After peeling off
the PDMS from the wafer, it is trimmed and cleaned for oxygen
plasma bonding.

To achieve an easily deformable thin membrane, we fabricated
a PDMS membrane with a 20:1 wt. curing ratio of prepoly-
mer/curing agent with a thickness of approximately 8 µm. The
uncured PDMS is spin-coated onto a silanized wafer at a speed
of 7000 RPM for 30 seconds. Silanization of the silicon wafer
is needed before spinning in order to facilitate the release of the
PDMS membrane from the silicon surface. Trimethylchlorosilane
is used as the silanizing agent for the chemical vapor treatment
of the wafer for 30 minutes before fabrication. The PDMS-coated
wafer is then heated at 80 ◦C for 30 minutes. Following this pe-
riod, the temperature of the hot plate is decreased naturally to
avoid thermal residual stresses from occurring inside the PDMS
membrane.

A biopsy punch is used to generate a hole on the air control
port of the control layer. A plasma asher is then used to bond the
air control layer and PDMS membrane. After bonding, through

holes are made on the flow control port, the pollen inlet and the
pollen outlet ports. The device is bonded with the flow channel
after plasma treatment of the bonding surface. The alignment
among different PDMS layers is conducted under a microscope.

Determination of PDMS properties and Deformation

PDMS is a hyperelastic material that can be modeled with a
Mooney-Rivlin (MR) function. For an isotropic incompressible
material, the Mooney-Rivlin strain energy density function may
be expressed as

Ws =C10(I1 −3)+C01(I2 −3)+
1

2
κ(I3 −1)2,

where

I1 = λ
2
1 +λ

2
2 +λ

2
3 ,

I2 = (λ1λ2)
2 +(λ1λ3)

2 +(λ2λ3)
2,

I3 = (λ1λ2λ3)
2 = 1.

C10 and C01 are empirically determined material constants, κ is
the initial bulk modulus, I1, I2, and I3 are the first, second and
third invariants of the left Cauchy-Green strain tensor and λ1, λ2
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Fig. 2 Top view images of the LOC during indentation. MV: Microvalve.

(A) Bright field micrograph of a pollen tube that is trapped at the inlet of

the compression channel and grows along the channel. (B-D) Images of

the pollen tube without and with applied pressure to the PDMS

membrane. High resolution images of the pollen tube indentation shows

the increase of the diameter from D0 to Dl when under applied pressure

P. The applied pressure P in (B), (C) and (D) correspond to 0, 0.08 and

0.14 MPa, respectively. (E) Optical image of a pollen tube inside the

compression channel with an applied external pressure P=0.14 MPa on

the PDMS membrane.

and λ3 are the principal stretches. The Cauchy stress is defined as

σii = λi

∂Ws

ϑλi

,

where i = 1,2,3 represent the principal directions. A uni-axial
tensile test is conducted on the PDMS to determine the material
parameters C10 and C01. In this case, the principal stretches are
λ1 = λ and λ2 = λ3 = 1/

√
λ respectively. This stress then becomes

σ =

(

2C10 +
2C01

λ

)(

λ
2 −

1

λ

)

.

The parameters in the above equation are determined experi-
mentally by the relations σ = F/A0 and λ = (L0 +∆L)/L0, where
F is the applied force, A0 and L0 are the reference cross-sectional
area and length respectively, and ∆L is the change in specimen
length under tension. To improve measurement accuracy, the
PDMS thickness is measured with a single-axis capacitive MEMS-
based microforce sensor with a force resolution of 20 nN and a
positioning resolution of 5 nm.

Finite Element Modeling

The compression experiment is modeled using FEM. The com-
pression channel is simulated as an extruded rectangle with a de-
formable top membrane. The hemispherical tip of the tube is not
included in the simulation, as compression on the pollen tube oc-
curs far distal to the tip, and the boundary effects are negligible.
The top membrane is assigned properties determined from the
tensile test on the PDMS. The pollen tube takes the shape of an
extruded cylinder placed along the long axis of the channel. The
elements used for the PDMS are fully integrated quadratic brick
elements (C3D20), while the tube is discretized using quadratic
quadrilateral thin shell elements (S8R) with reduced integration
from the commercial package, Abaqus23. The contact model in
the simulation is implemented using a frictionless penalty con-
straint formulation on a surface-to-surface discretization. The
time integration scheme used is explicit. The bottom and side
walls are assumed to be rigid, with the only elastic to elastic con-
tact occurring between the PDMS membrane and the pollen tube.

The simulation is performed in two steps - the first corresponds
to the stretch ratio experiment, and the second is related to the
LOC compression of the pollen tube. The turgid pollen tube with
diameter D0 is simulated by internally pressurizing a cylinder
with a given E and h to a specified pressure T. Laplace’s law of
pressurized thin-shelled cylindrical vessels

T D0

h
= E log(λ ),

does not exactly predict the input flaccid diameter as the D0/h

ratio is on the upper limit of thin-shell theory. The prediction is
therefore used as an initial guess that is iteratively updated until a
turgid cylinder with a diameter corresponding to D0 is produced
within an error of 0.5%. Once fully turgid, the second simula-
tion step is performed. Turgid cylinders are placed in a rectangu-
lar channel and compressed vertically by the PDMS membrane.
Under this lateral load, the circular cross section of the cylinder
flattens into a more ellipse-like geometry24,25. The major axis
diameter Dl of the ellipse, which is measured across the cross-
section of the channel, is tracked as a function of P applied on
the membrane. The simulation is validated by ensuring that the
intersection point for tubes with D0 in the experimental range is
within the standard deviation of the experimental data.

Pollen Tube Germination

Anthers of lily Lilium longiflorum were frozen at -80 ◦C until use.
The frozen pollen grain is then brushed and incubated for 30
minutes in a moisture chamber, which is subsequently filled with
growth medium (10% sucrose, 5 mM 2-(N-morpholino) ethane-
sulfonic acid (MES), 5 mM KNO3, 0.13 mM Ca(NO3)2, 0.16 mM
H3BO3), and incubated at 22 ◦C for 1.5-2.0 hours. Syringes are
used to inject the culture media with germinated pollen tubes into
the LOC.

Light and Electron Microscopy

Bright field imaging and experiments were conducted under an
Olympus IX81 microscope. Pollen tubes are stained with propid-
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tip is constrained by the addition of new cell wall material based
on the existing stress state of the wall3,36. This stress state is
maintained by a delicate balance between the turgor pressure, the
wall extensibility (inversely related to the Young’s modulus), and
the wall thickness in the apical region of the tube. Reductions
in wall extensibility and thickness disrupt the local mechanical
equilibrium at the tip, which might allow the turgor pressure to
dominate, resulting in polar growth11,37.

The isolation and analysis of tip-growing cells is valuable for
studying the molecular and physiological processes that lead to
polarized cell growth and its biochemical and genetic origin. The
LOC setup quantifies the growth and mechanical properties of
these cells in a well-controlled environment. The soft inden-
tation technique is optimized to probe the turgor pressure of
these tubular cells as it produces a distributed force along a large
area, rather than the discrete localized force of micro and nano-
indentation. This allows the chip to detect the average properties
over a larger area, thereby making it less susceptible to sensing
the properties of local structural elements in the cell wall. The
chip also fixes the orientation of the tube using the microvalves
and flow control channels, thereby reducing the chance of slip-
page during compression. The microfluidic design allows for
the measurement of both the linear and nonlinear response to
compression using fluorescent microscopy. This LOC setup is a
species-independent platform that can be used to measure the
properties of other tip-growing cells due to its modular and adapt-
able design. Tuning the mechanical properties of the PDMS mem-
brane can produce chips optimized for the characterization of ma-
terials with a wide range of moduli (from 102 − 105 Pa) and re-
laxation times as small as 0.5 seconds. A similar design has been
adapted for the soft indentation of Arabidopsis thaliana pollen
tubes (Fig. S5).

Our experimental results show that the compressibility and
stretch ratio increase considerably with increasing initial diame-
ter, suggesting that larger tubes are more susceptible to deforma-
tion when loaded either internally or externally. To gain further
insight into the properties of these tubes, the findings of the ex-
periment are cross-related with a finite element simulation. The
result reveals that a tube with an initial diameter of 18 µm has a
mean turgor pressure of 0.35 MPa and a mean Young’s modulus
of 85 MPa which agrees well with prior CFM measurements15.
Our analysis began by assuming that the mechanical properties
of the tubes do not vary significantly with initial diameter. To test
this hypothesis, tubes with initial diameters ranging from 17 µm
to 23 µm were simulated with constant mechanical properties.
The results showed that the compressibility decreased with in-
creasing initial diameter, while the stretch ratio increased, albeit
to a lower degree than the experiment. These results are sup-
ported by closed-form relations for rigid plate indentation and
thin walled tube expansion and directly contradict the experi-
mental data. This result indicates that the mechanical properties
of pollen tubes must shift significantly with initial diameter. Mi-
nor variations in mechanical properties have been previously re-
ported in studies on non-growing Arabidopsis, tobacco and onion
epidermal cells, but are yet to be described quantitatively29,38,39.
The possible theoretical effect of the concentration of the growth

medium on the tube diameter and mechanical properties is shown
in the SI text3,21,39,40.

The FEM model predicts that the mean turgor pressure de-
creases by 55%, and the mean Young’s modulus by 70% from
an initial diameter of 17 µm to 23 µm. The large dependence of
the mean Young’s modulus on variations in the wall thickness sig-
nifies the importance of accurate wall thickness data correlated to
initial diameter. While Transmission Electron Microscopy (TEM)
is able to determine the wall thickness with a high degree of ac-
curacy on thin sections, it requires cell fixation as well as high
vacuum conditions. This constraint greatly impedes the investiga-
tion of the cell wall thickness of growing live cells. Other methods
such as nanoindentation by AFM and confocal microscopy (stain-
ing the cell wall induces scattering of light) are unable to provide
the same accuracy. Therefore, while it is possible to attain an av-
erage wall thickness, correlating this information with the initial
diameter of growing live pollen tubes is difficult with currently
available techniques. Taking this constraint into account, a supe-
rior indicator of intrinsic wall extensibility is the mean wall stiff-
ness. Wall thickness and Young’s moduli have already been shown
to be interlinked in previous studies as they jointly maintain the
wall stiffness15,39. The mean wall stiffness decreases by the same
degree as the mean Young’s modulus, but with a smaller standard
deviation as it balances variations in the wall thickness with the
Young’s modulus. It seems unlikely that the mean Young’s mod-
ulus reduces so drastically with increasing initial diameter, so the
reduction in mean wall stiffness implies that the thickness must
reduce instead. The large standard deviation in measured wall
thickness for tubes with a range of initial diameters might be due
to this effect. Furthermore, a reduction in wall thickness as tubes
get larger also points to a converging mean circumferential stress
across the measured range of initial diameters.

Our analysis indicates that, based on our results, the stress state
of the cell wall might not vary significantly with initial diame-
ter as both the mean turgor pressure and mean wall stiffness re-
duce in tandem with increasing diameter. The relation between
mean turgor pressure and mean stiffness can be explained by the
mechanism of mechanotransduction to maintain the delicate bal-
ance of forces at the tip. While the distal wall of the pollen tube
(where the measurements were taken) does not grow and has
been shown to exhibit stress hardening with age5, it seems likely
that it has not deviated significantly from the stress state whilst
it was growing. Our results therefore support tip-growth mod-
els that use mechanical stimuli-based biological feedback loops to
regulate wall properties in the tip36,41,42.

Conclusion

Quantification of a tip-growing cells’ mechanical properties is im-
portant for studying plant cell expansion, morphogenesis, and
mechanotransduction. In this paper, we describe a soft indenta-
tion technique using a microfluidic device in which pollen tubes
can be oriented and their mechanical properties characterized by
subjecting them to compression by a soft membrane. By cross-
relating experimental and simulation results, we find substantial
changes in turgor pressure and cell wall stiffness between tubes
of different diameters. The observation that mechanical proper-
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ties change in tandem supports the theory that tip-growth occurs
due to the interplay between these two properties. The device is
modular, allowing this procedure to be applied on mutants and
other tip-growing cells to investigate the influence of individual
wall components on its properties.
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