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Electrospun Nanofibrous Membranes for Temperature

Regulation of Microfluidic Seed Growth Chips
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2Department of Genetics, Development and Cell Biology, Iowa State University, Ames, Iowa 50011, USA

This paper reports a simple and effective approach to control statistical pore size distributions within
electrospun nanofibrous membranes (ENMs), by choosing appropriate spinning times of electro-
spinning deposition. Mean pore diameter of ENMs decreases exponentially with increasing spinning
time. This pore-size control method is demonstrated to regulate amount of heat energy reaching
microfluidic seed growth chips (SGC) and thus growth temperature of seeds on the chips, with-
out using sophisticated semiconductor manufacturing techniques or additional on-chip electronic
circuits. Decreasing mean pore diameter of ENMs causes to decrease the on-chip temperature,
following a second-order polynomial trend. Phenotypic study based on real-time observation of root
architecture is conducted on multiple SGCs under various temperature conditions obtained by using
ENMs with different pore size distributions.

Keywords: Electrospinning, Nanofibers, Plant Chips.

1. INTRODUCTION

Electrospinning provides a simple, inexpensive and high

throughput means to produce nanofibers and fibrous mem-

branes from polymers or polymer blends.1 This electro-

static processing method utilizes a high strength electric

field to draw a charged polymer solution into a liquid

jet. The jet experiences thinning, bending and stretching

effects, during which volatile solvent is evaporated from

the jet. Solid nanofibers are collected on a collector.2 Elec-

trospun nanofibrous membranes (ENMs) have remarkable

features of large surface-area-to-volume ratio due to small

fiber diameter.3�4 Porous structure of ENMs has been har-

nessed to find many applications such as in filtration,5

tissue engineering,6 and energy harvesting.7 For exam-

ple, electrospun filtration membranes capture particles and

permit gas transport, depending largely on pore size of

membranes.5 In tissue engineering, electrospun scaffold

constructs provide porous network of interconnected pores

to enable rapid tissue growth through pores for tissue

regeneration.6 High porosity also allows enhancing pen-

etration of viscous gel and polymer electrolytes, making

ENMs an excellent candidate for potential supercapacitor

material.7 Research in the field of electrospun fibers is still

rapidly expanding.

∗Author to whom correspondence should be addressed.

Seed development is the first critical process in life cycle

of plants. Root growth, particularly during seed germina-

tion and seedling development, is influenced by a variety

of environmental stimuli such as chemicals and climate

conditions. Genetic analysis of roots is often employed to

identify genes that are sensitive to different stimuli,8 while

phenotypic analysis of roots provides their morphologi-

cal changes under these stimuli.9 Conventional phenotypic

analysis relies on culturing seeds in soil pots and measur-

ing root dimensions,10 which may suffer from two limita-

tions. First, spatial resolution of root morphology is low

on the millimeter scale.11 Second, flexible creation of envi-

ronmental conditions is difficult since it involves using rel-

atively bulky seed culture facility or even greenhouse.12–14

Recently, transparent microfluidic channels have been used

to study seed root development in different growth media

with the help of a high resolution microscope.11 Despite

this, the microchannel approach has rarely been used to

study influence of climate conditions such as tempera-

ture on seed development. Generally, temperature regula-

tion on microfluidic chips (e.g., polymerase chain reaction

chips) is realized by electric current through thin film resis-

tors. These on-chip resistors are fabricated by sophisticated

semiconductor manufacturing techniques such as evapo-

ration, photolithography, etching, and wire bonding.15�16

Additional electronic circuits are also needed to control

heat generations of the resistors.15

J. Nanosci. Nanotechnol. 2012, Vol. 12, No. 8 1533-4880/2012/12/6333/007 doi:10.1166/jnn.2012.6450 6333



Delivered by Publishing Technology to: ?
IP: 93.91.26.12 On: Sun, 27 Mar 2016 20:51:23

Copyright: American Scientific Publishers

R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Electrospun Nanofibrous Membranes for Temperature Regulation of Microfluidic Seed Growth Chips Jiang et al.

In this paper, we develop a simple and cost-effective

approach to create desired temperature conditions for

microfluidic seed growth chips (SGCs) by incorporat-

ing ENMs with the SGCs (Fig. 1(a)). We hypothesize

that by means of adjusting spinning time of electrospin-

ning deposition, it is possible to control statistically pore

size distributions of ENMs, changing amount of thermal

energy (from an external source) reaching the SGC and

thus temperature conditions of seeds growing in the SGC.

Figures 1(c–d) display a schematic for the SGC. The SGC

consists of multiple channels with total twenty seed sites.

Each seed site contains a single seed. The channels are

1000 �m wide and 250 �m deep. Seed growth medium is

loaded into the channels at an inlet of the device. Electro-

spinning is used to deposit an ENM on a glass slide with a

specific spinning time. The ENM is placed underneath the

SGC above a thermal radiation source. Seed roots develop

laterally into the channel (Fig. 1(b)). Microscopic moni-

toring of multiple seeds in parallel at a single seed level

provides a reliable data set and thus an improved statistic.

2. EXPERIMENTAL DETAILS

Different ENMs of polyethylene oxide (PEO, MW =
10�000, Sigma) are electrospun on glass slides, to study

influences of spinning time on temperature at the seed sites

Fig. 1. (a) A PEO ENM fabricated on a glass slide by electrospinning. The pore size distribution of the ENM is controlled by spinning time.

(b) Optical image for root development of an Arabidopsis seed growing in the SGC. (c) Cross-sectional view of the SGC. The ENM with a specific

pore size distribution is placed below the SGC above a thermal radiation source. Plant grow light illumination comes from the top. (d) Top view of

the SGC.

of the SGC and internal structure of ENMs. A PEO precur-

sor is prepared by dissolving PEO powder in 70% (V/V)

ethanol (diluted with deionized water) with the weight

ratio of 0.3:0.7. The mixed solution is magnetically stirred

for 6 h at room temperature and then filtered using a 200-

nm-diameter sterile syringe filter (Corning) to remove par-

ticulate materials. The precursor solution is loaded into a

3 mL syringe (BD Bioscience). The syringe is attached

to a syringe pump (KDS210, Kd Scientific). A stainless

steel needle (18 gauge; Howard Electronic Instruments) is

screwed onto the syringe and connected to a high DC volt-

age power supply (Gamma High Voltage Research). To

attract nanofibers onto the glass slide, an aluminum foil

is electrically grounded and placed right below the slide.

The distance between the tip of the needle and the slide

is 8 cm. The voltage of 10 kV is applied to the needle.

The precursor solution is driven by the pump under the

flow rate of 1 mL/h. The spinning time is varied from 1 to

35 minutes. The diameter of the PEO nanofibers obtained

is 563±114 nm (Fig. 1(a)).

The SGCs used here are made of polydimethylsilox-

ane (PDMS) by soft-lithography technique.17 A silicon (Si)

wafer is patterned with SU-8 photoresist (Microchem) to

create a master mold for microfluidic channels. A pre-

polymer mixture of polydimethylsiloxane or PDMS (Syl-

gard 184, Dow Corning) and its curing agent with a weight

ratio of 10:1 is poured onto the master mold and was

6334 J. Nanosci. Nanotechnol. 12, 6333–6339, 2012
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thermally cured. Then, the hardened PDMS polymer is

pealed from the master mold. To allow flowing growth

media into and out of the device, inlet and outlet ports

of the device are manually punched with a mechanical

puncher. Seed sites are formed by punching 2-mm diam-

eter holes in the PDMS until the channels are reached.

Subsequently, the PDMS slab is bonded to a glass slide

through oxygen plasma treatment. Lastly, the glass slide

coated with electrospun nanofibrous membrane is placed

beneath the PDMS slab. Thus, the microfluidic SGC is

formed. A replicate molding process allowed fabricating

multiple SGCs.

Arabidopsis is popular as a model organism in plant

biology and genetics. We use a var2-5 mutant of Arabidop-
sis as model seeds to grow in the fabricated SGCs. The

seeds are sterilized by treating in a 5% sodium hypochlo-

rite solution, followed by washing three times with deion-

ized water. The seeds are then put at 4 �C for 48 hours

to germinate at the same time. After that, they are manu-

ally loaded into individual seed sites in the channels filled

up with water. A standard cooled plant grow light source

is placed 20 cm above the SGC, with the light inten-

sity of 95 �E/m2s. A standard low-light infrared heater

(emitting power 50 W) is placed 30 cm below the SGC.

The glass slide coated with the ENM is located 15 cm

above the infrared heater. A stereomicroscope (M205 FA,

Leica) with a camera (QIC-F-CLR-12-C, QImaging) cap-

tures images of seed roots once a day over a period of

7 days.

3. RESULTS AND DISCUSSION

Figure 2 shows a linear relationship between the ENM

thickness and spinning time. By fitting the experimental

data to a linear function, the deposition rate for the ENM

is found to be approximately 2.34 �m per minute. We

then examine temperature uniformity at the seed sites of

the SGC that incorporates the prefabricated different PEO

Fig. 2. Thickness of the ENM as a function of spinning time.

ENMs. Type-K thermocouples are inserted to six seed sites

selected (four at the corners and two near the center of the

SGC). Temperature values are read by using temperature

monitors (HH501DK, Omega). It is found that these seed

sites experience the same time-temperature profiles and

the relative temperature variation is as small as less than

3%. Figure 3(a) displays temperature rise profiles at the

seed site located near the center of the SGC incorporating

different ENMs. In each curve, the temperature increases

rapidly before reaching an equilibrium temperature point,

while increasing rate decreases gradually. As the spinning

time increases from 1 to 35 minutes, the final steady state

temperature Ts is decreased from 37.2 to 25.3 �C. The ther-
mal response time of the SGC (defined as time to reach

63% of final steady state temperature18� is about 12.5 min-

utes, which seems little dependent on the spinning time

and thus the thickness of the ENM (Fig. 3(b)).

Figure 4(a) shows the tendency of decreasing tempera-

ture measured at the SGC as a function of the thickness of

the ENM (black dotted plot). Here, each temperature data

is obtained by averaging the results measured with five

Fig. 3. (a) Temperature rise profiles measured at the seed sites of the

SGC incorporating different ENMs. These membranes are distinguished

by spinning time. (b) Thermal response time of the SGC as a function

of thickness of the ENM.

J. Nanosci. Nanotechnol. 12, 6333–6339, 2012 6335
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Fig. 4. (a) Temperature measured at the SGC as a function of thickness

of the PEO ENM and casting membrane. (b) Temperature measured at

the PEO ENM and casting membrane as a function of thickness of the

PEO ENM and casting membrane.

ENMs having the same spinning time. An important obser-

vation is that the relative deviation of temperature is as low

as about 3.4%, indicating a considerably high temperature

reproducibility of the ENM approach. The possible expla-

nation of the temperature regulation is as follows. Because

the ENM is not in direct contact with the SGC, thermal

radiation from the heat source to the device is the dominant

heat transfer mechanism. We speculate that by stacking a

different number of nanofiber layers, statistical pore diam-

eter distributions of the ENMs can be changed with chang-

ing spinning time. The longer the spinning time, the thicker

the ENM and the smaller the mean pore size, given that the

fiber diameter in the different ENMs is the same. Probably,

thermal radiation from the heat source experiences a more

significant scattering and dispersion effect in a small mean

pore size ENM than that it does in a large mean pore size

ENM. Thus, when a thick ENM is used, a less amount of

thermal energy is received at the device surface and thus a

lower temperature is found at the seed sites.

In fact, the thickness and pore size of the ENMs are two

linked variables. As shown later, increasing the thickness

of the ENM leads to decreasing its mean pore size. Thus, it

is almost impossible to change membrane thickness while

keeping membrane pore size unchanged, nor to change

membrane pore size while keeping membrane thickness

unchanged. This makes it difficult to directly determine

the contributions from the thickness or the pore size of

the ENM for regulating the temperature at the SGC. Nev-

ertheless, we conduct an experiment with casting PEO

membranes. The precursor solution for the casting PEO

membranes has the same composition as that for the ENMs

mentioned early. Thickness of different casting membranes

is identical to that of the ENMs and controlled by height

of a mold made of SU-8 photoresist. Here, our attempt is

to obtain a temperature change at the SGC with the casting

PEO membrane (�T ′
SGC�, and then, subtract �T ′

SGC from a

temperature change at the SGC with the ENM (�TSGC�.
Roughly, �TSGC−�T ′

SGC can be used to represent a tem-

perature change at the SGC attributed to the pore size of

the ENM.

To this end, we measure the respective temperatures at

the cast membrane (Tcast−m� and at the ENM (TENM�. It is
found in Figure 4(b) that increasing the thickness of the

casting membranes up to 82 �m results in only a minor

increase of 1.38 �C in Tcast−m, but a large increase of 4.12
�C

in TENM. The result here provides supportive evidence for

the fact that the porous structure of the ENM can contribute

to regulate the amount of electromagnetic waves absorbed

by and transmitted through the ENM. As discussed further

later, the mean pore size of thick ENMs is smaller than that

of thinner ENMs. Consequently, electromagnetic waves are

scattered more strongly and reflected many more times, and

thus, absorbed more efficiently when they interact with the

large pore-size ENMs than they are when they interact with

the small pore-size ones. Also, as seen in Figure 4(a), the

local temperature at the SGC (TSGC� decreases very slightly
(�T ′

SGC = 4�33 �C) with increasing thickness of the cast-

ing membrane, but significantly (�TSGC = 15�17 �C) with
increasing thickness of the ENM. This further demonstrates

the capability of the ENMs in regulating the amount of

thermal radiation power from the source to the SGC. There-

fore, the thickness variation-induced temperature change

roughly counts 33.3% and 28.5% of the total tempera-

ture change at the ENM and at the SGC, respectively. The

majority of the temperature change at the ENM and the

SGC is attributed to the variation in the porous structure of

the ENM.

To further verify the speculation of the relationship

between the temperature regulation and the porous struc-

ture of the ENMs, we measure the mean pore diame-

ter distributions of the ENMs by using a capillary flow

porometer (CFP-1100 AEX, PMI). To obtain a reliable

data set, each group has three ENMs (named A1 to 3,

B1 to 3, and so forth) with the same spinning time. For

the A1-3 group (spinning time: 1 min; Figure 5(a)), the

measurement result reveals that although the pore diameter

6336 J. Nanosci. Nanotechnol. 12, 6333–6339, 2012
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ranges widely from 0.89 to 9.12 �m, about 35 % of pore

diameter falls between 4 �m to 4.5 �m with the mean pore

diameter of 4.37 �m. Interestingly, both the pore diame-

ter range and the mean pore diameter are decreased with

increasing spinning time. For the D1-3 group (spinning

time: 35 mins; Fig. 5(d)), the pore diameter distribution is

concentrated in a narrower band between 0.05 to 0.5 �m
and about 40% of pore diameter falls in the range of 0.2 to

0.25 �m with the mean pore diameter of 0.3 �m. The his-

tograms for the three samples of each group confirm that

they have a consistent distribution of pore diameters. It is

revealed in Figure 5(e) that the mean pore diameter of the

Fig. 5. Histograms of pore diameter distributions in the ENMs with different spinning times: t = 1 min (a), 8 mins (b), 25 mins (c), and 35 mins (d).

(e) Mean pore diameter of ENMs as a function of spinning time. (f) Mean temperature values at the seed sites of the SGC as a function of mean pore

diameter of the ENMs.

ENMs is decreased exponentially with the spinning time.

Also, the standard deviation of pore diameter from the

mean pore diameter is found to decrease with increasing

spinning time. By combining the results shown in Figure 2,

Figure 4(a) (black dotted plot), and Figure 5(e), it is con-

firmed in Figure 5(f) that decreasing (increasing) mean

pore diameter of the ENM causes to decrease (increase)

the temperature at the seed sites and their relationship can

be described by the second-order polynomial fit inserted

in Figure 5(f).

Figure 6(a) presents a typical root development process

of Arabidopsis seed growing in the SGC over a 7-day

J. Nanosci. Nanotechnol. 12, 6333–6339, 2012 6337
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Fig. 6. (a) A typical root development procedure of an Arabidopsis seed growing in the SGC at 28.2 �C obtained by using the PEO ENM with the

spinning time of 20 minutes. (b, c) Root length and diameter of the seed as a function of growth time at different temperatures determined by the

spinning time for depositing ENMs.

period. The growth temperature of 28.2 �C is determined

by the ENM with the spinning time of 20 minutes. The

root grows rapidly in the first three days; afterwards the

growing speed slows down. To demonstrate creating var-

ious temperature points simultaneously in multiple SGCs

under a heat source, an array of six SGCs are fabricated

to grow Arabidopsis seeds, with each incorporating a dif-

ferent ENM. Figures 6(b–c) plot the root growth param-

eters (diameter and length) of Arabidopsis seeds growing

at different temperatures. High temperatures cause to slow

down root growth significantly. The final root length at

the end of the observation period is shorter for the seeds

under high temperature conditions than those under low

temperature conditions. But the root diameter is decreased

very little with the increase of the growth temperature. We

point out that the root development of Arabidopsis seeds

in the SGC follows exactly the same tendency as that in a

petri plate (not shown in Fig. 6). Thus, the SGCs incorpo-

rating the ENMs are suitable for phonemic study of seed

development. Here, the temperature conditions of seeds are

created without using any semiconductor manufacturing

techniques or additional electronic circuits.

While this work has demonstrated experimentally a sim-

ple and effective approach to control the pore size distri-

butions of the PEO ENMs and its application to regulate

the growth temperature of the SGCs, there is much work

to be done in the future. For example, many factors and

their interplays contribute to determine temperature con-

ditions in the SGC, including scattering, reflection, and

absorption effects of electromagnetic waves (from the heat

source), thermal radiation from the ENM, and heat trans-

fer from the heat source to the membrane to the device.

Having a theoretical model for modeling uneven pore size

distribution in an ENM will allow us to theoretically ana-

lyze and understand interactions between electromagnetic

waves and ENMs and to elucidate how each factor can

exert influence to determine a final temperature condition

obtained in the SGC. Actually, there is no specific rea-

son of choosing the PEO ENMs as the demonstration in

this work. Many other polymers can be electrospun to

form ENMs for regulating the temperature at the SGCs.

Deposition rate and diameter of nanofiber products can

be affected by many other factors such as material selec-

tion and process conditions (e.g., voltage, distance between

spinneret and collector, temperature, humidity, etc.) of

the electrospinning. However, the concept will remain the

same: the temperature at the SGC can be regulated, simply

by changing the spinning time (or the thickness of ENMs).

4. CONCLUSIONS

In conclusion, we have demonstrated that by changing the

spinning time of electrospinning deposition, it is possible

6338 J. Nanosci. Nanotechnol. 12, 6333–6339, 2012
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to control statistically the pore size distributions of ENMs.

The mean pore diameter is decreased exponentially from

several micrometers to a couple of hundred nanometers,

with increasing spinning time. The decrease of the mean

pore size may possibly cause to attenuate the amount of

heat energy from a remote heat source. This pore-size reg-

ulation approach enables us to create various temperature

conditions on the microfluidic chips for phonemic analysis

of seed growth.
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