Showcasing a study on the fabrication of shape memory
polymer microarrays with tunable wettability, and their
intriguing applications for multiple microarray replications
by Prof. Xuemin Du at Shenzhen Institutes of Advanced
Technology (SIAT), Chinese Academy of Sciences (CAS).

Tunable shape memory polymer mold for multiple microarray
replications

Shape memory polymer (SMP)-based microarrays demonstrate
tunable wettability due to the excellent shape memory effect of
the polymer at the microscale, which possesses stable surface
wettability and uniform microstructures even after 10 cycles of
“stretch-recovery” process. Based on the intriguing shape memory
effect, the SMP-based microarray can be further employed as

a smart mold for controllable microstructure replication. This
replication process is not only applicable to various geometries or
sizes of microstructures, but also available for various polymers.
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Microarrays have attracted great interest due to their widespread applications in anti-icing, cell
manipulation, and antibioadhesion. However, such arrays are typically fabricated with high-cost and
time-consuming lithography techniques. Various kinds of new polymers have been developed to solve
this problem. Nevertheless, most of the microarrays fabricated with these materials are usually static,
lacking sufficient intelligence and therefore hindering their practical applications. Here, a new strategy is
reported that introduces shape memory polymer (SMP) into microarray fabrication. The deformation and
recovery of SMP microarrays was investigated, and they show robust controllability and stable surface
wettability, as well as a high shape recovery ratio (~91%) at microscale, even after more than ten cycles
of “stretch-recovery” process. In addition, various microarrays with a series of continuously changeable

microscales were replicated by using the patterned SMP film as a tunable mold. Specifically, the SMP
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Accepted 20th August 2018 mold not only shows excellent ability to replicate multiple microarrays with controlled and ordered

microstructures via one specific SMP mold, but it also can be applied to various polymers with more
than ten replicas. This universal strategy paves an avenue for the broad applications of SMP arrays in cell
manipulation, water droplet manipulation and smart dry adhesives.
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Introduction

Microarrays have attracted great interest due to their wide-
spread applications in anti-icing, self-cleaning, cell manipula-
tion, antibioadhesion, pattern formation, droplet storage and
manipulation.*™* Generally, such arrays are typically fabricated
with conventional lithography techniques, for example, photo-
lithography, nanoimprinting, and direct laser writing, which
allow high resolution and mass production. However, all these
techniques rely on repeated and complex lithography processes,
which are highly costly and time consuming. In addition, they
are applicable to only a limited set of materials used as photo-
resists and are unsuitable for introducing specific chemical
functionalities.” As an alternative microfabrication technique,
soft lithography based on elastomeric poly(dimethylsiloxane)
(PDMS) has emerged as a promising approach for producing
microarrays as it is a low-cost, straightforward and applicable
method for producing various materials and surface chemis-
tries.’>** PDMS has enabled fundamental advances in this area;
however, it is not an ideal material for constructing microarrays
due to its poor mechanical strength, high affinity to silicon
oxide surfaces but low adhesion to non-silicon-based materials,

Institute of Biomedical & Health Engineering, Shenzhen Institutes of Advanced
Technology (SIAT), Chinese Academy of Sciences (CAS), Shenzhen, 518035, China.
E-mail: xm.du@siat.ac.cn

t Electronic ~ supplementary information (ESI) available. See DOIL
10.1039/c8ta04763d

24748 | J. Mater. Chem. A, 2018, 6, 24748-24755

which obstruct its complete, single-step detachment from
templates.">** Consequently, various kinds of polymers have
been developed to prepare microarrays, for example, poly-
urethane acrylate (PU), poly(ethylene-co-vinyl acetate) (EVA) and
poly(methyl methacrylate) (PMMA)."**>*® These robust mate-
rials have better mechanical properties, optimized adhesion,
and can be used to prepare large-scale microarrays. Neverthe-
less, most microarrays fabricated with these materials are
usually static and lack sufficient intelligence, therefore
hindering their practical applications. However, tunable
microarrays are of great importance because they can directly
endow the surfaces with many particular properties those
cannot be obtained using conventional materials, such as
directional adhesion, droplet storage, and cell or water direc-
tional manipulation.>*'”'® Notably, the previous techniques or
materials have practical limitations in terms of efficiency in one
or more of the following aspects: (1) it is a time-consuming
process; (2) it is difficult to keep the deformed microarrays in
shape without an external force; (3) the existing molds are only
specific for replicating microarrays with the preset sizes and
morphologies. As an advancement, the molds should be smart
enough to change their shapes to allow on-demand replications
of microarrays with desired surface properties and, at the same
time, to keep the process cost-effective.

Shape memory polymers (SMPs) are typical smart materials
which have been widely used in various fields, for example,
biomedical devices, soft electronics, color-switching devices,

This journal is © The Royal Society of Chemistry 2018
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actuators, and energy harvesting."*® A unique characteristic of
SMPs is their tunable mechanical properties near the phase
transition temperature (e.g., glass transition temperature, Ty).
They are physically or chemically cross-linked to form perma-
nent shapes. When heated above the T, upon an appropriate
stimulus, SMPs change from glassy to rubbery.>”*® Therefore,
they can be deformed into different temporary shapes which
can be fixed after cooling. Upon reheating, the SMP films
recover to their permanent shapes. Due to this intriguing
property, SMPs can be fabricated into various reconfigurable
surfaces which demonstrate excellent tunable wettability after
being triggered by simple and straightforward heating.®**183%31
However, due to the challenge of homogeneously deforming
(i.e., reshaping) arrays, the ability to obtain deformed SMP
arrays with controlled shapes and ordered microstructures
remains very difficult. More notably, a tunable SMP mold for
multiple microarray replications has not yet been explored.

Here, we developed a new strategy by introducing a SMP of
poly(D, t-lactic acid) (PDLLA) into a microarray fabrication.
Owing to the excellent shape memory effect, SMP offered
ordered and tunable surface micropillars. We investigated the
deformation and recovery of SMP microarrays, which showed
robust controllability and stable surface wettability as well as
a high shape recovery ratio (=91%) at the microscale, even
after more than ten cycles of “stretch-recovery” process. Using
the patterned SMP film as a mold, we successfully fabricated
various microarrays with a series of microscales by stretching
the patterned SMP film and then cooling below its phase
transition temperature (T,). Specifically, the tunable SMP
mold not only obtains an excellent ability to replicate multiple
microarrays with controlled and ordered microstructures via
one specific SMP mold, but also enables the replication of
various polymers (e.g., PDMS, EVA) with more than ten
replicas. To the best of our knowledge, this is the first work to
employ the SMP as a tunable mold for various microarray
replications, experimentally verifying a universal strategy for
the low-cost and high-quality fabrication of microstructures
with continuously changeable microscales, and paving an
avenue for the broad applications of SMP arrays in water
droplet manipulation, cell manipulation and smart dry
adhesives.®11830-37

Experimental

Materials

PDLLA (M,: 220 kDa) was purchased from Jinan Daigang Bio-
logical Technology Co., Ltd. Acrylic acid (AA), polyethylene
glycol (PEG, M,: 200) and 1H, 1H, 2H, 2H-perfluorodecyltri-
chlorosilane (FDTS) were obtained from Sigma-Aldrich. Benzoyl
peroxide (BPO) was obtained from Sinopharm Chemical
Reagent Co., Ltd. PDMS prepolymer and a curing agent (Sylgard
184) were purchased from Dow Corning Holding Co., Ltd. SUS-
3010 and SU8 developer were purchased from MicroChemicals
GmbH. EVA (M,: 30 000) was purchased from Shanxi Sanwei
Co., Ltd. Other reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd, and used as received. Ultrapure
water was used in all experiments and washing steps.
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PDLLA sample preparation

For preparing neat PDLLA solution, 3 g PDLLA was firstly dis-
solved in 60 ml dry chloroform (CHCl;) with stirring at 55 °C. For
preparing PDLLA-g-PAA (10 wt%) solution, 3 g PDLLA was firstly
dissolved in 60 ml CHCI; with stirring at 55 °C, followed by the
addition of 0.3 g AA and 0.3 g BPO. The mixture was then heated
to reflux in an oil bath (65 °C) for 6 h under N, protection. PDLLA-
g-PAA (10 wt%)/PEG was synthesized according to the previous
work.*** Briefly, 3 g PDLLA was firstly dissolved in 60 ml CHCI;
with stirring at 55 °C, followed by addition of 0.3 g AAand 0.3 g
BPO. The mixture was then heated to reflux in an oil bath (65 °C)
for 6 h under N, protection. A predetermined amount of PEG
(2.5 wt%, 5.0 wt%, 10.0 wt%, 15.0 Wt%, 20.0 wt%, and 30.0 wt%)
was added to the mixture, which was kept at 65 °C for an addi-
tional 1 h. The as-prepared solutions (30 ml) were poured into
different glass Petri dishes separately, which were kept at room
temperature overnight, then placed in a 35 °C oven for 3 days,
and finally kept in a vacuum oven at room temperature for 3 days
to remove any residual chloroform. Finally, 0.28 mm-thick films
were obtained for the following work.

Fabrication of SMP micropillar arrays

Different patterned grooves were produced in a silicon wafer by
photolithography (EVG 610, Austria) from a SU8-3010 photore-
sist and inductively coupled plasma (ICP) etching (DSE200,
Northern Micro-electronics Co., Ltd., Beijing).** Then, the
silicon mold was first treated by oxygen plasma (Gatan Solarus
Model 950) for 2 min to increase the density of surface OH
groups, then further treated with FDTS.** Subsequently, the
resulting PDLLA-g-PAA (10 wt%)/PEG (10 wt%) solution was
casted on the as-prepared silicon mold. After removing any
residual chloroform as described previously, the SMP micro-
pillars could then easily be peeled off. In a typical experiment,
the SMP micropillars were further treated by a vapor-phase self-
assembled monolayer using FDTS in a vacuum oven at room
temperature for 15 min, resulting in increased hydrophobicity.
The thickness of the SMP film was 0.28 mm.

PDMS and EVA replication

The SMP micropillar mold was firstly stretched to a certain
strain (0%, 20%, 40%, or 60%) at 50 °C for 3 min, then cooled to
keep the deformation. Afterwards, the elastomer PDMS and EVA
were casted against the stretched SMP mold to create PDMS or
EVA replicas. In brief, PDMS replicas were produced by pouring
a precursor mixture over the SMP mold (1 : 10, curing agent to
prepolymer) after vigorous stirring. The PDMS or EVA casted
mold was degassed in vacuum for 30 min, then cured to form
the films with specific microstructures.* The replica could then
easily be peeled off, and the SMP mold was reused at least 10
times.

Shape memory property characterization

The important parameters describing the shape memory effect
of the samples [the shape fixity ratio (Rf) and shape recovery
ratio (R,)] were calculated according to the following equations:
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where [, is the original length, [ is the first stretched length, /¢ is
the temporary length of stretched film cooled to 0 °C, and [, is
the recovery length after heating to 50 °C. To demonstrate the
macroscopic shape-memory effect, a film stripe of 30.0 mm
long, 6.0 mm wide and 0.28 mm thick was adopted to investi-
gate the shape memory behaviour. Firstly, the film was
stretched at 50 °C, then cooled at 0 °C to keep the deformation.
The shape recovery process for the deformed sample was per-
formed after reheating at 50 °C for 300 s. Mechanical properties
of neat PDLLA, PDLLA-g-PAA (10 wt%), and PDLLA-g-PAA
(10 Wt%)/PEG (10 wt%) films were determined on a universal
testing machine (AG-X Plus 100N, Shimadzu, Japan). The
resulting films were cut into stripes with length of 30.0 mm and
width of 6.0 mm. The thickness of each sample (0.28 mm) was
measured using a digital caliper. The stripe, with known sizes,
was then fixed onto the holders of the testing machine, then
stretched at a constant tensile rate of 10 mm min~" at room
temperature. The stress-strain curves of the PDLLA, PDLLA-g-
PAA (10 wt%), and PDLLA-g-PAA (10 wt%)/PEG (10 wt%) films
were obtained, and their Young's modulus (E), tensile strength,
and fracture elongation were subsequently statistically analyzed
(N =5, Fig. S1a-dt). The differential scanning calorimetry (DSC)
experiments were carried out on a differential scanning calo-
rimeter (TA Instruments, Q20) at a heating and cooling rate of
5°C min ', with a sample load of 5 mg in an aluminum pan,
and the temperature was scanned from —50 °C to 200 °C
(Fig. Sie and S2t). The dynamic mechanical analysis (DMA)
data were determined by a DMA analyser (Q800, TA Instru-
ments, New Castle, USA) in tensile resonant mode at a heating
rate of 3 °C min~" from —50 °C to 100 °C and at a frequency of
1 Hz. The storage modulus (E’) and loss factor (tan 6) of the
sample with a size of 30 mm x 7 mm X 0.3 mm (length x
width x thickness) were tested (N = 5, Fig. S1f¥).

Morphological and structural characterization

The SMP effect of PDLLA-g-PAA (10 wt%)/PEG (10 wt%) film,
PDMS and EVA replicas were recorded by a digital camera
(Canon, EOS Kiss X4). The optical images of the microarrays
were recorded using an optical microscope (Nikon Ni-U, Japan).
The scanning electron microscope (SEM) images were recorded
using field-emission scanning electron microscopy (Sigma, Carl
Zeiss, Germany) to determine the structure of the microarrays
in silicon wafer, SMP, PDMS, and EVA. All samples for SEM were
coated with a thin layer of gold by sputtering.

Wettability assessment

Static water contact angle (CA) measurements on the smooth
and patterned surfaces were conducted for wettability assess-
ments of each sample (N = 5). CAs were measured by a DSA25
instrument (Kruss, Germany) at five different positions for each
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sample. A 2.0 pL water droplet was dropped onto the sample
surface, and the stabilized shapes of water droplets on the
surfaces were recorded by a digital camera. For plotting CA-
strain curves, the SMP films were stretched to =20%, =40%,
and =60%, respectively, in a hot oven at 50 °C. Then, the pre-
stretched films were cooled to room temperature for CA
measurement. For obtaining CA-cycle number curves, the pre-
stretched films were moved to a hot oven for 300 s at 50 °C to
recover to their original shape, then cooled to room tempera-
ture for CA measurement.

Results and discussion

In a typical experiment, the PDLLA was combined with PAA by
reactive blending, followed by physical blending with PEG in
solution, according to the previous work.***** PAA acted as
a stiffening agent due to its glassy nature, while PEG was chosen
as a toughening agent due to its low glass transition tempera-
ture. The resultant reactive blends were prepared into SMP films
and analyzed using a universal testing machine, DSC, and DMA.
Fig. S1af shows the stress-strain curves of the films of the neat
PDLLA, PLDLA-g-PAA (10 wt%), and PDLLA-g-PAA (10 wt%)/PEG
(10 wt%), respectively. It can be seen that the strain at break-
point of these samples is very high, above 300%. Specifically,
the strain at breakpoint of PDLLA-g-PAA (10 wt%)/PEG (10 wt%)
is the highest, up to =769% (Fig. S1dt). Meanwhile, Young's
modulus of PDLLA-g-PAA (10 wt%)/PEG (10 wt%) has little loss
compared to neat PDLLA due to the grafting with PAA and the
blending with PEG, and it approximately decreases from 2.15 +
0.52 MPa to 1.10 £ 0.23 MPa, as shown in Fig. S1b.} Fig. Sicf
shows that the tensile strength increases to 5.36 + 0.16 MPa for
PDLLA-g-PAA (10 wt%)/PEG (10 wt%), which is higher than
those of neat PDLLA and PDLLA-g-PAA (10 wt%). These results
indicate that the PAA/PEG successfully toughens PDLLA without
a significant loss in modulus and strength. The glassy nature of
PAA and the plasticizer PEG reduce the intermolecular forces
and increase the mobility of PDLLA chains, thereby improving
the flexibility and the extensibility of PDLLA.>**>** Hence, the
highly stretchable property opens more possibilities for prac-
tical application.

Fig. Sief shows that the T,s of PDLLA samples change after
reactive blending with PAA or further physical blending with
PEG. Neat PDLLA showed a sharp T, (50.0 °C), while the T,
decreases gradually with reactive blending with PAA (48.9 °C) or
further physical blending with PEG. These results confirm the
effects of intermolecular interactions affecting 7,.**** Notably,
the T, of PDLLA-g-PAA (10 wt%)/PEG decreases from 50.2 °C to
14.0 °C as the content of PEG increases from 2.5 wt% to 30 wt%,
which results from the enhanced chain mobility as the content
of the rubbery phase PEG increases (Table S1 and Fig. S2t).*
Thus, SMPs with various T,s can be facilely prepared by
changing the content of PEG. To better demonstrate their shape
memory properties of PDLLA blending, PDLLA-g-PAA (10 wt%)/
PEG (10 wt%) with a T, near human body temperature, 39.3 °C,
was used in the following experiments, showing optimal
morphology, and excellent mechanical and thermal properties.
Fig. S1f{ shows the storage modulus (E’) and loss factor (tan 0)

This journal is © The Royal Society of Chemistry 2018
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of PDLLA, PDLLA-g-PAA (10 wt%), and PDLLA-g-PAA (10 wt%)/
PEG (10 wt%) samples obtained by DMA testing. The trends
of DMA curves accord with the DSC results in Fig. Sle.}

Afterwards, the shape memory effect of the PDLLA-g-PAA
(10 wt%)/PEG (10 wt%) film was also investigated, as shown in
Fig. 1. The PDLLA-g-PAA (10 wt%)/PEG (10 wt%) film was first
stretched from the original shape (Fig. 1a) to a temporary shape
(60%) (Fig. 1b) at a temperature above Ty, then cooled below T,
to retain its stretched shape. Upon reheating (above Tj), the
SMP film resumed its permanent shape in 160 s, and the
shape recovery ratio is as high as =100%. The excellent shape
memory effect guaranteed its practicability for the following
investigation.

Fig. 2a shows the procedures involved in the fabrication of
SMP microarrays. The micrometer-scaled patterns on the
silicon wafer were obtained by photolithography, following by
ICP etching. Afterwards, PDLLA-g-PAA (10 wt%)/PEG (10 wt%)
solution, which was pre-mixed to be a homogeneous solution,
was casted onto the patterned silicon wafers (Fig. 2b-d). The

a Permanent shape b Temporary shape

Deformation

Recovery

Fig. 1 Photographs of PDLLA-g-PAA (10 wt%)/PEG (10 wt%) film in
original (a) and stretched shapes (b) as well as the recovery process at
50 °C; the shape recovery ratio is as high as =100%. The scale bars are
lcm.

Photolithography

Casting
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Fig. 2 (a) Schematic illustration of the fabrication of microgrooves on
a silicon wafer and the replication process of SMP micropillars.
Microscopic images of square (b), small round (c), and large round (d)
microgrooves on a silicon wafer, and the corresponding replicas of
square (length of a slide: 80 um; center-to-center distance: 40 um) (e),
small round (diameter: 40 um; center-to-center distance: 60 pm) (f),
and large round (diameter: 110 um; center-to-center distance: 40 um)
(g) SMP micropillars. The scale bars are 100 pm.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Journal of Materials Chemistry A

patterns were formed on the surfaces during solvent evapora-
tion. This process permanently replicated the micropatterns
onto the surfaces of the PDLLA-g-PAA (10 wt%)/PEG (10 wt%)
films. By peeling the PDLLA composites off from the differently
patterned silicon wafers, various SMP micropillars with
different morphologies and sizes were fabricated, as shown in
Fig. 2e-g. The orthogonally aligned square micropillars have
a top area of ~6,400.0 um?; small round micropillars have a top
area of ~1256.0 um?; large round micropillars have a top area
of =~9498.5 um® As the micropillars are stretched, the
morphologies of the micropillars change their shapes (Fig. 3a).
For example, the square micropillars changes from square to
rectangle (Fig. 3b-d). Similarly, the round micropillars alter
their shapes from round to ellipse in good order (Fig. 3e-j),
where the corresponding center-to-center distance increases
from =150.0 pm (strain = 0%) to =184.4 pm (strain = 20%),
~212.2 pm (strain = 40%), and =239.8 pm (strain = 60%),
respectively, for large round micropillars (Fig. 3h—-j). The top
area of each micropillar also increases from =9,498.5 pum?
(strain = 0%) to =10 337.5 um” (strain = 60%), which may
change the surface wettability.**

Prior to the investigation of the tunable surface wettability of
SMP array (Fig. 4a), the wettability of the non-elongated surfaces
was first evaluated. For the non-stretched surfaces treated with
FDTS, the CA of the patterned surface (142°) is higher than that
of the smooth surface (134°) (Fig. 4b). This indicates that the
increase in surface roughness due to the presence of
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Fig. 3 (a) Schematic illustration of the stretching process of the SMP
micropillars. Microscopic images of square (b), small round (e), and
large round (h) SMP micropillars and their corresponding elongated
morphologies. The square micropillars change their shapes from
square to rectangle (b—d). Similarly, the round micropillars alter their
shape from round to ellipse (e—j), where the corresponding center-to-
center distance increases from =150.0 um (0%), to =184.4 um (20%),
=212.2 um (40%), and =239.8 um (60%), respectively, for large round
micropillars (h—j). The scale bars are 100 pm.
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Fig. 4 (a) Schematic illustration of the tunable wettability of the SMP
micropillars with stretching. (b) Effect of strain (from 0% to 60%) on CA
for smooth and patterned SMP film. (c) Effect of strain (from 0% to
60%) on f for smooth and patterned SMP film. SEM morphologies of
original (d) and stretched (60%) (e) SMP micropillars, where the large
round micropillars change their shapes into ellipse micropillars. The
scale bars are 10 pm.

micropillars increases the hydrophobicity of the SMP.*
Compared to the FDTS-treated surfaces, a patterned surface
that is not functionalized with FDTS molecules was measured to
have a CA value of 96°, which is much lower than 142°. The
results further verify that both the microstructures and the
FDTS molecular layer play important roles in the increased CA
of the SMP micropillars.*»**** In the stretching test, interest-
ingly, a steady decrease in CA from 142° to 121° was observed
for the patterned surface when the micropillars were stretched
from 0% to 60%. The CA of the patterned surface can be varied
by as large as =21° with only a slight increase in stretch, and
the alteration of CA with tension shows a clear monotonic
decrease (Fig. 4b).

The dependence of CA on the surface roughness can be
explained by two widely accepted models, the Wenzel model
and the Cassie model. The Wenzel model proposes that a water
droplet completely enters the microstructures of a rough
surface so that the contact area is thoroughly wetted, while the
Cassie model assumes that the rough surface is not completely
wetted because the drop sits partially on air. On the basis of the
above-mentioned characteristics, the initial state of our
samples is close to the Wenzel state. The solid area fraction (f)
for the micropillars can be geometrically calculated according
to the following equation:

TTab

/= (2a +51)(2b + 5)

where g and b are the maximum and minimum radii of the
round micropillars in the direction parallel and perpendicular
to the stretching, respectively, and s; and s, are the spacing in
the direction parallel and perpendicular to the stretching. The f
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values are 0.443, 0.387, 0.364 and 0.366 for the strains of 0%,
20%, 40% and 60%, respectively (Fig. 4c). This demonstrates
that the solid area fraction of the patterned surface changes
little with a slight increase of stretch (maximum up to 60%),
which contributes little to the change of CA. Theoretical simu-
lation of CA evolution was in good agreement with the experi-
mental results (Fig. S31).

To prove the change of CA results from the change in the
density of the FDTS molecular layer, the CA change of smooth
SMP with increasing stretch was investigated. Compared to the
patterned surface, the f of the smooth surface has a constant
value of 1, while the CA decreases from 134° (strain = 0%) to 127°
(strain = 20%), 116° (strain = 40%), and 111° (strain = 60%)
(Fig. 4b, c). This further demonstrates that the decrease in
wettability with increasing stretch mainly attributes to the
decreasing density of the FDTS molecules in the layer, resulting
from increased mobility of the SMP chains. As shown in Fig. 4d
and e, elongation along the stretching direction and compression
in the perpendicular direction can be observed, and the defor-
mation of patterns results from the chain mobility of the SMP. All
these results demonstrate that a wide range of surface wettability
can be facilely tuned by applying different levels of tension,
which provides a basis to construct the smart surfaces with
tunable wettability.

Interestingly, the surface wettability easily returns to its
initial status when triggered by temperature due to the shape
recovery properties of the SMP. For the prestretched surface
(60%), an isothermal treatment at 50 °C (above Tg) for 300 s
changes the CA for both patterned and smooth film (Fig. 5a, b)
due to shape recovery. Increasing the isothermal treatment time
does not further change the CA because the shape recovery has
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Fig. 5 Repetition of CA as a function of “stretching-recovery” cycle
number on smooth (a) and patterned (b) SMP (large round micropillars)
films; (c) repetition of center distance of large round micropillars as
a function of “stretching-recovery” cycle number on patterned SMP
films, and (d) the corresponding original (insertion) and permanent
microscopic images after 10 cycles of “stretching-recovery” process,
where the shape recovery ratio remains as high as =91%. The insertion
scale bars are 100 pm.
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already completed in 300 s. Specifically, the wettability of the
SMP shows excellent stability after more than 10 cycles of
reversible “stretch-recovery” process. Moreover, the shape
recovery ratio is still as high as =91% in terms of center
distance at microscale after 10 cycles of reversible “stretch-
recovery” process (Fig. 5c, d), which promises ordered and
controllable shape change of micropillars for the following
investigation. From the above, it can be concluded that
based on our smart surfaces, different tunable wettability
(e.g., hydrophilic-to-hydrophobic transition, or hydrophobic-to-
superhydrophobic transition) was achieved by designing
specific micro/nanostructures or functional molecular layers, or
combining these two designs together. Furthermore, it must be
stressed that microstructure replications can be facilely ach-
ieved via our smart microstructure surfaces.

In view of their excellent shape memory properties, SMP
microarrays can be simply employed as a smart mold for multiple
microstructure replications. Fig. 6a shows the microstructure
replication process. A PDMS prepolymer and a curing agent are
first casted onto the non-elongated, patterned PDLLA-g-PAA

-
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Peeling off " "

‘6;

0% 20% 40% 60%

s = £ B
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Fig. 6 (a) Schematic illustration of the replication process on a non-
elongated patterned SMP film; (b) schematic illustration of the repli-
cation process on an elongated patterned SMP film; (c—n) SEM images
of PDMS replicas of square (c), small round (g), and large round (k)
microgrooves from non-elongated SMP molds, and the correspond-
ing deformed replications from stretched SMP molds with a strain of
20, 40 and 60%, respectively; (o) Photograph of PDMS replica sample;
the insert shows the enlarged microscopic image, which demonstrates
regular wettability (CA: =135°) in five different positions (p). The scale
bars are 100 um.
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(10 wt%)/PEG (10 wt%) film. After complete curing, the replica is
then peeled off from the patterned SMP film. Fig. 2e-g show the
micropillars of the smart mold of the patterned PDLLA-g-PAA
(10 wt%)/PEG (10 wt%) film, while Fig. 6¢c, g, and k are the cor-
responding replicated microgrooves of PDMS. It can be observed
that the CA values of different positions randomly selected on the
PDMS replica surface have negligible differences, demonstrating
that the replicated microstructures are in good order and the
roughness is reproduced without any distortion (Fig. 60, p).

Remarkably, the prestretched micropillars can also be easily
replicated. As shown in Fig. 6b, the PDLLA-g-PAA (10 wt%)/PEG
(10 wt%) film was first stretched to specific ratios at 50 °C
(above Ty), then cooled down (below T,) to freeze the shape.
Then, the polymer solution was casted onto the smart mold and
solidified. At a temperature below T, the PDLLA-g-PAA (10 wt%)/
PEG (10 wt%) film retains its prestretched shape as the SMP
molecules and the microstructures freeze. Thus, the pre-
stretched microstructures can be easily and completely repli-
cated via controlling the temperature below Ty. Fig. 6d-f, h-j and
I-n show various microstructure replicas made by stretching the
smart mold from 0% to 20%, 40% and 60%. Upon stretching,
the micropillars change their shapes from round to ellipse,
where the replicated microgrooves also correspondingly have the
shapes of round to ellipse (Fig. 6k-n). This result experimentally
verifies that the microstructures can be uniformly replicated and
kept intact (Fig. S41). This replication process is applicable to
various geometries or sizes of microstructures. Fig. 6 shows the
replicated square microgrooves with side lengths of 80 um,
round microgrooves with diameters of 40 um and 110 um, and
their deformed microstructures. It is worth noting that replicas
with various sizes and morphologies can be facilely obtained
from one SMP mold, saving the process from time-consuming
and expensive lithography techniques. Not only could the SMP
mold produce replicas of various dimensions, but different
polymers are also available for the replication. An example of
EVA replica is demonstrated in Fig. S5.7 With these favourable
properties, the SMP-based stretchable molds could be applied to
the one-to-many microstructure replication process with low
cost and a simple cast-and-peel procedure.

Conclusions

In summary, a SMP-based microarray is fabricated, for which
the surface wettability is reversibly tunable with only a slight
and reversible elongation. The smart controllability is attrib-
uted to the excellent shape memory effect of the polymer at the
microscale. The microarray possesses stable surface wettability
and uniform microstructures even after 10 cycles of “stretch-
recovery” process (shape recovery ratio up to =91%). Based on
the intriguing shape memory effect, the SMP-based microarray
was further employed as a smart mold for controllable micro-
structure replication, where the microstructures were uniformly
replicated and kept intact. This replication process is not only
applicable to various geometries or sizes of microstructures, but
also available for various polymers (e.g., PDMS, EVA). This work
firstly advances a universal strategy to produce multiple
microarrays with ordered and controlled microstructures from
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one specific SMP mold. With these favourable features, it is
believed that tunable SMP microarrays can contribute to
advancement in many existing technologies, such as water
droplet manipulation, cell manipulation and smart dry adhe-
sives. Meanwhile, the concept can easily be extended to other
SMPs with different external stimuli, for instance, light,
magnetic fields, and electric fields.
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