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Stomata-Inspired Membrane Produced Through

Photopolymerization Patterning

Hyejeong Kim and Sang Joon Lee*

The programmed movements of responsive functional hydrogels have
received much attention because of their abundant functions and wide range
of engineering applications. In this study, an innovative stomata-inspired
membrane (SIM) is fabricated by using a temperature-responsive hydrogel
through a simple, cost-effective, and high-throughput patterned photopo-
lymerization. Polymerization-induced diffusion on the macroscale surface
results in formation of a double-parted polymer membrane with fine pores
after single illumination. After heating the SIM, the less deformable thick
frame supports the whole structure and the highly deformable thin base
regulates pore shape. Among various SIM types, the slit pores of monocot
SIM, which are lined up in parallel, exhibit the largest radius deformation. The
morphological configuration of the SIM can be easily controlled by changing
the photomask for a given application. As the developed SIM features the
sensing-to-activation functions of stimuli-responsive hydrogels and can be
easily fabricated, this membrane can be potentially used for numerous prac-
tical applications, such as filter membranes with adjustable pores, membrane-

(Figure 1A-b). Stomata are tiny pores dis-
tributed on the leaf surface (Figure 1A-a).
A pair of guard cells open and close the
stomata, which function as multisensory
turgor-operative valves to exchange gases
between a plant and its environment.?!
Biomimetic technologies, such as evapora-
tive pumps and artificial leaves, have been
developed based on the functional features
of plant leaves.???l Thus far, the advan-
tageous features of stimuli-responsive
opening or closing of stoma in a unique
hydraulic valve have not been simulated.
In this study, we demonstrate a novel
approach to mimic the gating function of
stomata by using a temperature-respon-
sive hydrogel. A simple, cost-effective,
and high-throughput photolithographic
method was employed to pattern a large
surface area in a controlled manner.>>-’]
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based sensors, membrane-based actuators, and multifunctional membranes.

1. Introduction

The programmed movements of stimuli-responsive hydro-
gels have attracted considerable attention because of their
abundant functions and wide range of engineering applica-
tions.'"™* Various stimuli-responsive hydrogels have been pat-
terned through photolithography. For example, the swelling of
a surface-attached hydrogel with periodic holes creates com-
pressive stress in the hydrogel and occurs various types of sur-
face instabilities, such as buckling, wrinkling, or creasing.>-1!l
The preformed patterns on a hydrogel also induce the revers-
ible buckling or self-folding origami.l'>"5! In addition, bilayer
polymers composed of differentially swelling hydrogels can be
bent or curved.'*1% The design and control of these responsive
hydrogel structures are crucial for practical applications.”

As an innovative application that utilizes a stimuli-respon-
sive hydrogel, a stomata-inspired membrane (SIM) with
temperature-controlled pore sizes is proposed in this study
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In contrast to previous works that fab-
ricated hydrogel actuators which were
mostly made with bilayers of different
materials,['®1% the present study used a single material to
synthesize an actuating membrane through the polymeriza-
tion-induced diffusion on the microscale surface of the poly-
merizing media. In this particular case, monomers and free
radicals were diffused to opposite directions, depending on the
chemical potential gradient of the polymerizing material. A
distinct double part with pores was created within the polymer
membrane by single illumination. Each part presents different
mechanical functions on the morphological deformation of
the membrane. The SIM shrinks to open the pores, similar to
stomata, when triggered by a slight temperature change. The
use of a single material in double-parted actuators eliminates
any risk of delamination. In addition, the morphological con-
figuration of the SIM can be easily controlled by changing the
photomask for a specific application. As the SIM utilizes high
sensing-to-actuation functions of stimuli-responsive hydro-
gels and its fabrication is easy, this membrane can be used in
numerous practical applications, including filter membranes
with adjustable pore sizes, membrane-based sensors, smart
valves, and membrane-based actuators.

[18,19

2. Results and Discussion

The fabricated membranes contain gating pores that respond
to simple temperature changes. A UV-curable poly(N-
isopropylacrylamide) (PNIPAAm) hydrogel was used for
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Figure 1. A-a) Surface morphology of a sorghum leaf visualized by a confocal microscopy. A-b) Artificial stomata-inspired membrane (SIM) fabricated
with thermally responsive PNIPAAm. B) Schematic of the SIM photopolymerization procedure. B,a) Pre-gel solution is poured between the photomask
and a dish. B-b) Pre-gel solution is irradiated by UV light through the transparent photomask. B-c) Monomers and free radicals are diffused in opposite
directions, depending on the chemical potential gradient. B-d) During polymerization, the cross-linked PNIPAAm membrane is covalently attached to
the photomask substrate. B-e) The relatively thick part is designated the frame, and the thin part is the base.

polymerization-induced diffusion of an irradiated surface at a
scale of several hundred micrometers.

2.1. Fabrication of Double-Parted SIMs

A photocrosslinkable pre-gel solution was illuminated with
UV light through various photomasks to prepare the photopat-
terned hydrogel membranes. Optical images were captured
from the top of the photomask with an interval of 30 s and are
shown in Figure 2. The figure demonstrates the UV-polymeri-
zation process of the SIM. The dotted circle with 500 pm diam-
eter indicates the mask pattern where UV light are not directly
reached the membrane. After 3 min of UV-light exposure, the
transparent pre-gel solution is moderately polymerized and
an opaque white color appears (Figure 2a). The middle por-
tions between the mask patterns become opaque, and a lattice
frame is gradually formed (Figure 2b). Similarly, the remaining
regions gradually become opaque as polymerization progressed
(Figure 2c,d). After 5 min of UV exposure, most portions of the
membrane, except the mask patterns, are filled with the opaque
polymer (Figure 2e). The relatively thick part at the middle of
the mask pattern is designated as the frame, and the thin part
around the frame was named as the base (Figure 1B-e).
Polymerization-induced diffusion was used to transport
monomers and free radicals in the polymerizing medium. The
diffusion process is driven by the chemical potential gradient
of the reactants, and this gradient is affected by several factors,
such as reactivity, concentration, diffusion constant, or surface-
free energy.'” In this study, we simplified the driving force for
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the diffusion process and used the UV light intensity across the
illumination region. The site-specific exposure of UV light on
the transparent mask pattern initiates polymerization in the
middle regions of maximum light intensity. Because the photo-
mask of uniform thickness is highly transparent, the light scat-
tering effect would be negligible. As the light diffraction usu-
ally occurs at the edge of the mask pattern, the light intensity
is diminished in the region near the mask pattern. Because the
light passing through the mask has a Gaussian intensity dis-
tribution, the crosslinking starts earlier in the middle region
between the mask patterns, where the light intensity is max-
imum, compared to the edge of the pattern (Figure 2 inset).®!
In the cross-linked area, monomers are rapidly consumed in
the polymerization process, resulting in differences in the
concentration distribution of monomers.'® The concentration
gradient induces monomers to diffuse from the surrounding
area toward the middle of each pattern (Figure 2 inset, empty
arrows). The free radicals generated in the UV-irradiated region
present higher concentration than that in the unexposed part.
These free radicals diffuse from the UV-exposed region toward
the unexposed region via the concentration gradient (Figure 2
inset, solid arrows). With these different diffusion mechanisms,
a thick frame is formed at the middle of each pattern and a thin
base is built around it.

The diffusion of particles is generally expressed by the

d_ 9 o) Dac

Fick’s second law e , where | is the flux

“ox? Tox\ o
of particles, D is the diffusion coefficient of particles, ¢ is the
particle concentration, and x is the spatial parameter.l'®l The

concentration distribution of particles obtained using the

wileyonlinelibrary.com

4497

dadvd T1TInd



FULL PAPER

4498  wileyonlinelibrary.com

al
Mabeos,

>
D o
L

www.MatenaIsVnews.com

Figure 2. Sequential optical images of the stomata-inspired membrane under UV-polymerization as captured from the top of the photomask with inter-
vals of 30 s. The dotted circles indicate the mask patterns that are not directly reached by UV light. Inset describes the scheme of the polymerization-
induced diffusion process to transport monomers and free radicals in the polymerizing medium. Scale bar: 1 mm.

Fick’s second law can be expressed as a function of time, dif-
fusion coefficient, distance, and particle concentration at
the source. To simplify the solution, we assumed that the
polymerization time is fixed and the diffusion coefficient is
constant. The initial concentration of photoinitiator in the
pre-gel solution and the gap size in the patterns are selected
as decisive factors to control the spatial distribution of
free radicals.

2.2. Effect of Photoinitiator Concentration

The effect of photoinitiator (PI) concentration on the mor-
phology of the fabricated SIMs was analyzed. Six different
pre-gel solutions (PI 1-6) were used to prepare SIMs. These
solutions contained identical amounts of the monomer
(100 mg) and the crosslinker (1 mg) but different amounts of
the photoinitiator (0.5, 0.75, 1, 1.5, 2, and 2.5 mg; Table S1, Sup-
porting Information). Figure 3A-a—f shows the optical images
of SIMs fabricated with PI 1-6 pre-gel solutions, respectively.
These images show the opposite sides of the photomasks after
turning them over. The dotted circles in the figure represent
the regions of the mask patterns that are not directly reached by
UV light. Although each pre-gel solution was illuminated with
UV light for 4 min by using the same photomask, the fabri-
cated SIMs exhibit different degrees of polymerization. Overall,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

as the photoinitiator concentration increases, more monomers
are polymerized during the same period of UV exposure. For
SIM with PI 1 solution, the thickness of the formed polymers is
insufficient to be detected, although polymerization definitely
occurred (Figure 3A-a). For the SIM with the PI 2 solution, the
gaps between the mask patterns are gradually filled with the
polymer (Figure 3A-b). In the case of PI 3 (Figure 3A-c), most
spaces between the mask patterns are filled with the polymer.
For the SIM with PI 4 solution, even the unexposed regions
are covered with the polymer (Figure 3A-d). The regions are
severely hidden in the SIMs with PI 5 and 6 (Figure 3A-e,f).
In the unexposed regions, polymerization may occur through
lateral diffusion of free radicals in the UV-exposed area.l'}] A
small amount of free radicals may be locally generated because
UV light reached the unexposed region through diffraction,!!2
and the polymerized thick hydrogel may press itself and cover
the unexposed pore regions.

The cross-sections of SIM samples were observed with a con-
focal microscope. PI 1 solution cannot form a solid membrane,
whereas SIM fabricated with PI 2 is insufficiently stiff to be used
as a sample for confocal imaging. Figure 3B-a—d presents the
cross-sectional images of SIMs fabricated with PI 3-6 solutions,
respectively. These figures were photographed at 150 pm below
the top of the membranes. SIM with PI 3 clearly presents pores
whose size is almost identical to the mask patterns (Figure 3B-
a). The pores of SIM with PI 4 demonstrate a waffled shape

Adv. Funct. Mater. 2015, 25, 4496—4505
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Figure 3. A) Optical images of the fabricated stomata-inspired membranes with Pl 1-6 pre-gel solutions, respectively. B) Cross-sectional images of
SIMs with Pl 3-6 as captured at approximately 150 pm below the top of the membranes. C) Variations in the average thicknesses of the frame (H;)
and base (H,). D) Comparison of the average widths of the straight line frames (solid bars), the wrinkle frames with one wave (diagonal lines), and
the wrinkle frames with more than one wave (horizontal lines). Scale bar: T mm.

with straight line frames (Figure 3B-b). For SIM with PI 5, the
combined configuration of straight lines and wrinkled frames
with a wave appears (inside a line box) (Figure 3B-c). SIM with
PI 6 also presents the combined configuration of straight lines
and wrinkled frames with more than one wave (Figure 3B-d).
The average thicknesses of the frame and base are compared in
Figure 3C. As photoinitiator concentration increases, the thick-
nesses of both almost linearly increase. This trend indicates
that the polymerization rate is proportional to photoinitiator
concentration, because more photoinitiators generate more free
radicals. This result is accordance with the solution of Fick’s

X

/Dt

tion distribution of free radical (c) is proportional to its initial
concentration (c¢y). The average width of each frame is depicted
in Figure 3D. The average width of the line frames excluding the
wrinkled waves increases as PI concentration increases (solid
bars). The width of the wrinkled frames with waves is smaller
than that of the line frames (diagonal lines). As the number of
waves in wrinkle frames increases, the average width decreases
(horizontal lines). These results indicate that in the presence of
an abundant amount of photoinitiator in the pre-gel solution
in the narrow regions, polymerization selectively produces a
straight thick frame or a wavy thin frame.

second law expressed as c=c, (17( D where the concentra-
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2.3. Effect of Gap Size

The effect of the gap size in the mask patterns on the mor-
phological structures of fabricated SIMs was investigated with
three different photomasks of different gap sizes. The optical
images of SIMs fabricated with mask patterns with different
gap sizes are shown in Figure 4A. Images in the first line show
the optical images captured from the opposite side of the pho-
tomasks. The dotted circles in the figure indicate the regions
that are not directly reached by UV light. The gap distances
(0., B) between the adjacent patterns in the three different photo-
masks are (500, 880), (700, 1150), and (900, 1630) pm. Although
PI 3 solution was equally irradiated for 4 min for the three pho-
tomasks, the fabricated SIMs exhibit different polymerization
patterns (Figure 4A-a—c). All three SIMs present straight line
frames. The width between the straight line patterns gradu-
ally increases as the gap size in the mask patterns increases
(Figure 4B-a—c). The average thicknesses of the frame and base
are compared in Figure 4C. The thicknesses of both increase as
the gap size in the mask patterns increases. The average width
in the frame also increases with increasing gap size (Figure 4D).
The ratio of the width to the gap of the frame (width/gap size
% 100) decreases from 63% to 50% as the gap size increases
(Figure 4D). These results indicate that polymerization is more
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Figure 4. A) Optical images of stomata-inspired membranes (SIM) fabricated with photomasks of various gap sizes between the mask patterns. The
gap distances (a, ff) between the mask patterns of three different photomasks are a) (500, 880) pm, b) (700, 1150) pm, and c) (900,1630) pm. B) The
corresponding 3D images of SIMs in (a) to (c). C) Variations in the average thicknesses of the frame and base. D) Average widths of the frame and
the ratios of the width to the gap (width/gap size x 100) for three different gaps. Scale bar: T mm

pronounced in wide-exposed area as induced by the large gap
size in the mask patterns. By conducting scaling analysis on the
Fick’s first law, the diffusive flux (J) can be simply expressed
dc C,
ox ’
free radical and G is the characteristic gap size. As the gap size
increases, the diffusive flux of free radical decreases, and more
free radicals are remained in the gap area and then more poly-
merization is initiated.

2.4. Thermal Response of SIMs

To analyze the deformational features of SIMs in response to
temperature changes, we fabricated an SIM with a honeycomb
shape (Figure 5A-a). A hexagonal geometry has been reported
as the most efficient structure for absorbing stress induced
by structural deformation.’! For the hexagonal geometry, the
base of the fabricated membrane presents the maximum sur-
face area and the minimum length of the frame. To examine
the structural variation of each part according to temperature
change, we increased the temperature of the freely suspended

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

honeycomb-shaped SIM higher than the lower critical solu-
tion temperature (LCST) of PNIPAAm (32 °C). Figure 5A-b,c
shows the initial and final states of the honeycomb-shaped SIM,
respectively. The water extruded from SIM causes the PNI-
PAAm network to entirely shrink on the whole. The shrinkage
of the membrane occurs at the LCST of PNIPAAm. On average,
the surface area shrinks by up to 80.4% of the initial area and
the average area of pores decreases by approximately 70.2%
of the initial area. The temporal variations in the linear strain
values of the frame and base along the tangential and radial
directions are compared in Figure 5B. As SIM was heated, all
the strain values negatively increased. This means the SIM
shrinks in all directions. The strain of the base along the radial
direction maintains the highest values, followed by the base
along the tangential direction and the frame along the radial
direction. The frame along the tangential direction presents the
lowest strain values.

For the case of freely suspended membranes, swelling is
isotropic and identical in all directions. The linear swelling

ratio ¢, is evaluated by the equation alel“ , Where I is
x,d

the length in the arbitrary direction x of the membrane

Adv. Funct. Mater. 2015, 25, 4496—4505
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Figure 5. Temporal variation of the 3D structure and linear strain of the freely suspended honeycomb-shaped stomata-inspired membrane (SIM)
when the heated temperature is higher than the LCST of the PNIPAAm. A- a) 3D structure of the honeycomb-shaped SIM fabricated using the dotted
photomask (inset). b) Optical image of the initial state of the honeycomb SIM. c) Optical image of the final state of the honeycomb-shaped SIM after
heating. B) Temporal variation in the linear strain values of the frame and base along the tangential and radial directions. Scale bar: T mm.

at the swollen state, whereas I 4 is the length in the same
direction at dry condition.'?8] During shrinking, the linear
strain can be expressed as a function of the linear swelling

ratio p,, =l"flﬂ=llx_vd_1=i_1. Hence, the relationship of
x,0 x5 Oy
= ] is satisfied. After 30 s of heating, the maximum
px,f +

strain values of the frame in the tangential and radial directions
are —0.08 and —0.01, respectively. The corresponding linear
swelling ratios derived from the above relationship are 1.09
and 1.01, respectively. The linear strain values of the base in
the tangential and radial directions are —0.16 and —0.4, and the
corresponding linear swelling ratios are 1.19 and 1.67, respec-
tively. Comparison of the linear swelling ratios shows that the
base in the radial direction exhibits the largest linear swelling
and predominantly determines the morphological configura-
tion of the membrane (Table 1). In addition, the swelling ratios
of the base in both directions are higher than those of the
frame. As the crosslinker in the pre-gel solution is consumed
during the polymerization, it is diffused toward the middle of
the exposed area. Then the concentration of the crosslinker in
the frame becomes higher than that of the base. The slightly
cross-linked polymer in the base represents a higher degree of
swelling ratio, compared to the highly cross-linked polymer in
the frame.3%31 These results imply that polymer density in the
base is smaller than that in the frame.[323%l Actually, the meas-

ured density of the base (5.95 x 107 pg/pm? (£0.08)) is almost
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three times smaller than that of the frame (1.79 x 107° pg/pm?
(+ 0.2)). The experimental results are statistically significant
(p < 0.01).

For the case of constrained deformation, only the pores are
deformed as evidenced by the anchored edge of the honey-
comb-shaped SIM to the glass substrate. Figure 6A-a,b shows
the initial and final equilibrium states, respectively, of SIM
after deformation. During heating of SIM, the shrinkage of the
membrane causes stress and this shrinkage-induced stress con-
siderably increases the size of circular pores. The average pore
surface area increases by 441% of the original pore area, but
the surface area of the membrane does not change. The tem-
poral variations in the linear strain values of the frame and
base along the tangential and radial directions are depicted in
Figure 6B. The linear strain values in the radial direction of the
frame and base become more negative when SIM was heated.
This trend indicates that the membrane shrinks along the radial
direction. By contrast, the linear strains in the tangential direc-
tion of both demonstrate positive values, which increase with
time. This increase implies that the membrane is stretched in
the tangential direction. After 30 s of constrained deformation,
the maximum strain values of the frame in the tangential and
radial directions are 0.03 and —0.13 and the corresponding
linear swelling ratios are 0.97 and 1.15, respectively (Table 1).
As the swelling ratios of the frame are almost 1, the frame is
slightly deformed but maintains the stability of the whole
structure. The maximum linear strain values in the tangential
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Table 1. Comparison of the linear strain, swelling ratio, and expansion ratio of pore radius of the SIMs.

Free deformation

Tangential Radial Tangential Radial
Maximum linear strain (p,) Frame —-0.08 -0.01 Base -0.16 -0.4
Linear swelling ratio (o) 1.09 1.19 1.67
Constraint deformation
Tangential Radial Tangential Radial
Maximum linear strain (p,) Frame 0.03 -0.13 Base 0.48 -0.33
Linear swelling ratio (o) 0.97 0.67 1.49

Expansion ratio of pore radius

Honeycomb favg =1.37

Monocot inspired SIM Favg = 2.9,rg0> = 0.64,r270- = 0.33
Dicot inspired SIM Horizontal (1 mm)

Vertical (1.5 mm)

Tavg = 2.3,rg00 = 0.67,r570- = 0.20
ravg =1 .94,"09 = 0.07,r-|80a =0.12

and radial directions of the base are 0.48 and —0.33, and the
corresponding linear swelling ratios are 0.67 and 1.49, respec-
tively. Therefore, the base is stretched in the tangential direction
and shrinks in the radial direction with increasing tempera-
ture. This motile mechanism predominantly determines the
morphological shape of the pores. The radius expansion ratios
(ra) of pores with an angle interval of 45° are presented in
Figure 6C. The radius expansion ratios along the eight axes
exhibit similar values, with an average value of 1.37. The gray
region in the graph indicates the standard deviation. This result
demonstrates that the pores of the honeycomb-shaped SIM can
uniformly open and close their apertures in all directions.

2.5. Various Configurations of SIMs

To construct the artificial stomata of a monocot leaf, which
are lined up in parallel, a photomask of horizontal slit pat-
terns of 1 mm in length was used for photopolymerization
(Figure 7A inset). The frame of the resultant SIM presents a
diamond shape, and the base exhibits slit-like horizontal pores
(Figure 7A-a,b). When the monocot-inspired SIM was heated,
the slits open and expand to an almost elliptical configura-
tion (Figure 7A-c). The radius expansion ratios along the 90°
axis (7, =0.64 ) and the 270° axis (ryq =0.33) are nearly zero,
whereas the average of radius expansion ratios along the other
directions is almost 2.9 (Figure 7A-d). This trend is attributed
to the fact that both ends of the slits are constrained, but the
slits are comparably free to deform along the other directions.
The average radius expansion ratio of the monocot-inspired
SIM (2.9) is twice higher than that of the honeycomb-shaped
SIM (1.37). This difference implies that the slit pores of the
monocot-inspired SIM expand to a wider degree than the cir-
cular pores of the honeycomb-shaped SIM (Table 1).

To simulate the randomly distributed stomata of a dicot leaf,
a patterned photomask mixed with a horizontal slit of 1 mm
and a vertical slit of 1.5 mm in length was used for photopo-
lymerization (Figure 7B inset). The resultant dicot-inspired

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SIM demonstrates a hexagon-shaped frame, whereas the base
contains a combination of slit-like horizontal and vertical pores
(Figure 7B-a,b). After the edge of the dicot-inspired SIM was
constrained and heated, the slits open and expand to an almost
elliptical configuration (Figure 7B-c). In the horizontal slits,
the radius expansion ratios of ryy (=0.67) and rye (= 0.20)
are nearly zero, whereas the average value along the other
directions is approximately 2.3 (Figure 7B-d, solid line). For
vertical slits, re(=0.07) and ngye(=0.12) are nearly zero and
the average values along the other directions is approximately
1.94 (Figure 7B-d, dashed line). As inferred from the higher
average radius expansion ratio of the horizontal slits (2.3) than
that of the vertical slits (1.94), shorter slits expand wider than
longer slits.

The constrained shrinkage of SIM causes anisotropic in-
plane compressive and tensile stresses. A schematic diagram
describing the deformation of one slit pore of SIM is presented
in Figure 8. Assuming that shrinkage in the z-direction does
not significantly affect the the change of lateral pore area, the
gating of the pore can be considered as a 2D problem. Given
that the edge of the SIM is constrained, the SIM deforms only
along the x-direction. The shearing strain is defined as change
in the angle o. Therefore, the rate of shearing strain can be

expressed as §g = I .5t » Where u, is the rate of deformation in

the x-direction. The shear strain of shrinkage is then expressed
as =%. By conducting scaling analysis, the relationship of
Y

_R/7 s derived, here R and L are the characteristic width

L . . -
and length of the pore, respectively, and 7 is the characteristic
time of pore gating. Therefore, the total deformation (D) can
be represented as p—gxr~X (Equation 2). This relation

is confirmed by the radius expansion ratios of the horizontal
slits to the vertical slits (Figure 6B-d). This relation implies that
the aperture of an open pore is proportional to the ratio of the
width and length of the pore. On average, the R/L ratio of the
vertical slits is 0.34 with a standard deviation of 0.06, whereas
that for the horizontal slits is 0.42 with a standard deviation of

Adv. Funct. Mater. 2015, 25, 4496—4505
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Figure 6. Optical images, linear strain values, and radius expansion ratios of the constrained honeycomb-shaped stomata-inspired membrane (SIM)
when the heated temperature is higher than the LCST of PNIPAAm. A) Optical images of the initial state a) and the final state after heating b) the SIM.
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Figure 7. Deformation of stomata-inspired membrane (SIM) with slit-like pores. A-a) Confocal image of the resultant monocot SIM. Inspired by
monocot leaf stomata, the horizontal slit patterns of the photomask is used for photopolymerization (inset). b) Optical image of the initial state of
the monocot SIM. c) When the SIM is heated, the slits open and expand to almost elliptical shapes. d) Angular variation in the radius expansion
ratio (r,) of the slit with an interval of 45°. Solid line graph represents the average values of r,, and the gray region indicates the standard deviation.
B- a) Confocal image of the resultant dicot SIM. Inspired by dicot leaf stomata, horizontal and vertical slit patterns are combined in the photomask
(inset). b) Optical image of the initial state of dicot SIM. c) Slits open and expand to almost elliptical shapes through heating. d) Angular variation of
the radius expansion ratio (r,) of the slit with an interval of 45°. The solid line graph represents the average values of the r,, horizontal slits, and the
dashed line graph indicates the values of vertical slits. Scale bar: 1 mm.
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Figure 8. Schematic of the deformation of a slit pore in stomata-inspired
membrane (SIM). The SIM only deforms along the x-direction because of
the constrained edge. The engineering shear strain is defined as change
in the angle o.

0.06. As expected from the above relation, the horizontal slits,
whose R/L ratio is much larger than that of vertical slits have
larger radius expansion ratios, compared to that of vertical slits.

3. Conclusion

In this study, we fabricated an innovative SIM by using tem-
perature-responsive PNIPAAm. During fabrication of photopo-
lymerization-based patterns, polymerization-induced diffusion
was effectively utilized on the macroscale surface. The diffu-
sion induced by chemical potential gradient causes monomers
in the pre-gel solution to accumulate in the region illuminated
with high-intensity UV light, thereby accelerating polymeriza-
tion. Free radicals are also dispersed to the unexposed area, and
polymerization is decelerated at the edge of the mask patterns.
Consequently, a double-parted polymer membrane with con-
trollable pores was fabricated after single exposure to UV light
and each part exhibits different mechanical functions. The thick
part of less deformable material supports the whole structure.
Another thin part of largely deformable material dominantly reg-
ulates pore shape. A comparison of the deformational features of
SIMs with different shapes reveals that the slit pores of monocot-
inspired SIM exhibit the maximum radius deformation.
Stomata are well-organized multisensory turgor operative
valves. Similar to stomatal movement regulated by water uptake
or release of guard cells,?! the fabricated SIMs can regulate the
shape of pores by swelling or shrinking a thermally responsive
hydrogel. The less deformable frame is analogous to the subsid-
iary cells that surround and support the guard cells. The base,
which dominantly determines the shape of pores in the SIM, has
a role similar to that of the guard cells of stomata. The devel-
oped SIM is an intelligent membrane that can sense and react
to environmental changes. In addition, the temperature-respon-
sive deformation of the SIM is reversible under wet condition
(Figure S4, Supporting Information). Moreover, the morpholog-
ical configuration of the SIM can be easily controlled by selecting
a suitable photomask for a specific application. Considering the
sensors to actuators fabricated by the simple and controllable

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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photopolymerization-based patterning, stimuli-responsive SIM
can be potentially applied to numerous engineering applications
in the future.

4. Experimental Section

Synthesis of SIM: Photocrosslinkable PNIPAAm was synthesized
via the free-radical polymerization method to fabricate SIM. A pre-gel
solution was prepared by dissolving 100 mg of N-isopropylacrylamide
monomer (NIPAAm; Sigma Aldrich) in 0.7 mL of deionized water.
Subsequently, 1 mg of N,N’-methylenebisacrylamide (MBAm; Sigma
Aldrich) and 1 mg of 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-
propanone (Irgacure 2959; Sigma Aldrich) were added to the monomer
solution as a crosslinker and a photoinitiator, respectively (Figure S1,
Supporting Information). Various patterns were designed and printed on
transparent photomasks. The pre-gel solution was poured into a space
between the photomask and a dish to synthesize PNIPAAm (Figure 1B-
a). The solution was covered with the photomask and then irradiated
for 4 min with UV light (VIRVER Lourmat-4.L, France; A = 365 nm,
4 W) (Figure 1B-b). Free radicals were generated in the illuminated
regions, and polymerization was then initiated. The monomers and
free radicals diffused in opposite directions, depending on the chemical
potential gradient in the polymerizing medium (Figure 1B-c). During the
polymerization process, the monomers were cross-linked into a network
and the cross-linked PNIPAAm was covalently attached to the photomask
substrate (Figure 1B-d).¥ The relatively thick part of the double-parted
SIM was designated as the frame, and the thin part was the base
(Figure 1B-e). The SIM was carefully peeled off from the photomask and
dipped in deionized water. In the meantime, the SIM was fully hydrated
and excess reactants were dissolved out. To measure the densities of the
frame and base, each part was mechanically separated. Their mass was
measured with a microbalance (+0.5 pg), and its volume was estimated
from the 3D tomography data with a spatial resolution of 2 pm. The
density of the polymer was calculated by dividing the measured mass
with the estimated volume (ug/pm?).

Morphological Structure of SIM: The surface morphologies of the
fabricated SIMs were observed with a stereoscope (Stemi 2000c; Zeiss,
Germany) attached to a digital camera (NIKON D700). The samples were
stained with rhodamine-B solution and imaged using a Leica-SP5 confocal
microscope with a 5x objective lens to visualize the 3D morphological
structures of the SIMs. The captured images were post-processed with
the commercial Leica software. The 3D configuration of each SIM was
reconstructed using the Amira software (Visualization Science Group).
The thicknesses of the frame (H;) and base (H,) of the SIMs were
measured from the cross-sectional images (Figure S2A, Supporting
Information). The frame and base can be clearly distinguished based on
the inflection points of light intensity across the membrane (Figure S2B,
Supporting Information). The width of the frame (W) is defined as the
distance from one inflection to another inflection point.

Measurement of Structural Changes: The LCST of PNIPAAm is
approximately 32 °C. At temperatures higher than the LCST, the material
shrinks and the surface becomes hydrophobic with a contact angle of
90.1° + 1.1°. At temperatures lower than the LCST, PNIPAAm swells
and presents a hydrophilic surface with a contact angle of 71.1° £ 6.3°
(Figure S3, Supporting Information).>3¢\Ve heated the fully hydrated
SIM at a rate of 3 °C min~" using a Peltier chip to increase the temperature
in the range from 30 °C to 36 °C. For free deformation, the SIM was freely
placed on a glass surface and heated. For constrained deformation, the
edge of the membrane was anchored to the glass with adhesive glue
and then heated in the same manner. All experiments were conducted at
room temperature (25 °C). Images of the deformed SIM samples were
consecutively captured at a frame rate of 3 fps by using a digital camera
(NIKON D700) attached to a stereoscope. Linear strain is defined by

the equation: px(t)=/x(tl)x—(t/x=(:))=°), where p,(t) is the linear strain along

the x direction at time t and I, represents the x-directional length of the
membrane, which was calculated from the length measurement data.
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The radius expansion ratio r, is defined as r, = , where r,, is the

o,i
radius expansion ratio along the o axis and r,; and r,y represent the
initial and final radii along the o axis, respectively. The radius expansion
ratios of the SIM pores were measured at an angle interval of o= 45°.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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