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ABSTRACT: Recently, we have developed a semidirect
breath figure (sDBF) method for direct fabrication of large-
area and ordered honeycomb structures on commercial
polystyrene (PS) Petri dishes without the use of an external
polymer solution. In this work, we showed that both the pore
size and the pore uniformity of the breath figure patterns were
controllable by solvent amount. The cross-sectional image
shows that only one layer of pores was formed on the BF
figure patterns. By combing the sDBF method and Pickering
emulsion and using the modular building blocks, we endowed the honeycomb-structured Petri dish with molecular recognition
capability via the decoration of molecularly imprinted polymer (MIP) nanoparticles into the honeycomb pores. The radioligand
binding experiments show that the MIP nanoparticles on the resultant honeycomb structures maintained high molecular binding
selectivity. The reusability study indicates that MIP-BF patterns had excellent mechanical stability during the radioligand binding
process. We believe that the modular approach demonstrated in this work will open up further opportunities for honeycomb
structure-based chemical sensors for drug analysis, substrates for catalysts, and scaffold for cell growth.

KEYWORDS: semidirect breath figure, honeycomb structures, Petri dish, Pickering emulsion, molecular imprinting,
molecular recognition

1. INTRODUCTION

The Petri dish is a crucial piece of lab equipment in the
microbiology lab, because the therapeutic protein, RNA, and
genomic DNA samples are always produced by cell culture.1

Recently, preparation of a Petri dish which provides a three-
dimensional (3D) environment as the cells behave in vivo is a
great challenge.2 In the literature, the use of porous polymeric
scaffolds to control the cell growth on surfaces has become an
intensifying field in cell culture. For example, Recknor et al.
studied the directional growth and differentiation of rat
hippocampal progenitor cells on micropatterned polymer
substrates. The 3D cell−cell environment could selectively
control the neuronal differentiation and neurite alignment on
topographically different regions of the same substrate.3 Groves
et al. reported the adhesion and growth of cells on solid
membranes could be modulated by coating phospholipid.
Culturing cells on these modified substrates indicated that fluid
lipid bilayers generally blocked cell adhesion with a notable
exception provided by membranes with phosphatidylserine.4

Recently, Beattie et al. synthesized honeycomb-structured
porous films using with customized amphiphilic block
copolymers via the breath figures (BF) method. The obtained
films were noncytotoxic and hence suitable as porous substrates
for tissue engineering.5 Using the BF method, polystyrene-b-

polybutadiene-b-polystyrene6 and multifunctional amphiphilic
biodegradable copolymers7 have also been used as polymer to
construct ordered honeycomb scaffolds for cells.
The BF method has attracted increasing attentions for

fabrication of culturing scaffolds because of its advantages (e.g.,
facile operation, low cost, solid mechanism of film formation,
and large-area pattern).8,9 The term of the traditional breath
figure refers to the arrangement of condensed water droplets on
a polymer solution on silicon wafers, quartz, mica, metals,
indium tin oxide, TEM grids, plastics, and water.10,11 During
the fabrication of the BF arrays, the casting conditions (e.g.,
polymer nature, polymer concentration, solvent, casting
volume, relative humidity, and temperature) could be used to
control the ordered holes within a size range of 300 nm to 20
μm.12,13 To avoid using an external polymer solution, Farbod et
al. recently reported an improved direct breath figure (DBF)
method to pattern breath figures on poly(methyl 2-methyl-
propenoate) (PMMA) substrates.14 The figure was indeed part
of the substrate, which increased the stability of the film.
However, the BF patterns obtained via DBF were not ordered.
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Most recently, we developed a semidirect breath figure (sDBF)
method to directly prepare large-area and ordered honeycomb
structures on polymer substrates by combination of the normal
breath figure (NBF) method and the DBF method.15 During
the synthesis, pure solvent (chloroform) was directly cast on a
polystyrene (PS) Petri dish. Compared to the NBF method,
there were two main benefits to the sDBF method: (i) the
synthesized honeycomb structure was indeed part of the
substrate, which provides the BF patterns with enough
mechanical strength; (ii) large-area and ordered honeycomb
structure could be patterned on the substrates because the
polymer solution is free in the present method.16

To gain new insights in cell information, analysis of a target
molecule from the culture system has become more and more
important. For example, bacteria communicate with one
another using chemical signal molecules. Monitoring the target
molecules is critical for understand how chemical information is
integrated, processed, and transduced to control gene
expression.17 Recently, selective extraction of a target
compound from a complex culture system is playing an
increasingly important role in molecular microbiology,
toxicological testing, diagnostic biomarker discovery, and drug
discovery and development.18 Therefore, fabrication of a Petri
dish with high molecular recognition capability is another great
challenge in cell culture.19

Recently, Lu et al. reported the synthesis honeycomb-
structured substrates with molecular recognition capability.20

Using poly(styrene-stat-acrylonitrile-stat-vinyl-2,4-diamino-
1,3,5-triazine) as functional polymers and poly(styrene-stat-
acrylonitriles) as matrix polymers, they prepared a type of
molecularly imprinted polymer (MIP) membranes via a water-
assisted method. The experimental results showed that the MIP
membranes effectively recognized the template molecule. In
molecular imprinting, MIPs are always synthesized by the
copolymerization of the functional monomers and cross-linkers
in the presence of template molecules.21,22 Because of the
higher surface area of the MIP particles compared to bulk
MIPs,23,24 MIP particles possess more accessible molecular
binding sites and have been used as modular particles to
generate functional composite materials.25,26 In this work, we
will decorate the MIP nanoparticles in the pores of the
honeycomb-structured Petri dish during the sDBF process,
which leads the Petri dish to highly specific molecular
recognition capability. The decoration of the MIP nanoparticles
was conducted by self-assembly of polymer and MIP
nanoparticles mixture at the oil−water droplet interface. This
polymer and MIP nanoparticles blend-assisted fabrication is a
procedure combining the so-called “Pickering emulsion”27,28

and BF processes. The complete evaporation of the solvent and
water confines the MIP nanoparticles assembly into the walls of
the honeycomb arrays.
The present method for the synthesis of a honeycomb-

structured Petri dish decorated with MIP nanoparticles displays
two interesting aspects. First, we have previously proved that
the cell attachment on pores of the honeycomb-patterned Petri
dishes was enhanced because of the hydrophobic interaction.15

Second, the MIP nanoparticles decorated in the Petri dish
could selectively recognize the target compounds, and thus the
Petri dish could be used as highly efficient adsorbents. As far as
we are aware this is probably the first report of the pattern of
MIP honeycomb structures in a Petri dish and could offer new
insights in surface engineering with a high potential for

application in commercial technologies. The details of the
investigation are presented below.

2. EXPERIMENTAL SECTION
2.1. Materials. Methacrylic acid (MAA, 98.5%) was purchased

from ACROS (Geel, Belgium). Azobis(isobutyronitrile) (AIBN, 98%)
was purchased from Merck (Darmstadt, Germany). Trimethylolpro-
pane trimethacrylate (TRIM, technical grade) and atenolol (98%)
were purchased from Sigma-Aldrich (Gillingham, U.K.). N-Isopropy-
lacrylamide (NIPA) and N,N′-methylene-bisacrylamide (MBAAm)
were purchased from Monomer-Polymer Laboratories (Windham,
U.S.A.). Fluorescein isothiocyanate (FITC, ≥90%), acrylamide and
(R,S)-propranolol hydrochloride (99%) were supplied by Fluka
(Dorset, U.K.). [3H]-(S)-Propranolol (specific activity 555 GBq
mmol−1, 66.7 μM in ethanol solution) was purchased from NEN
Life Science Products, Inc. (Boston, MA). The scintillation liquid
Ecoscint A was obtained from National Diagnostics (Atlanta, GA).
Nunclon cell Petri dishes (polystyrene, Mw ∼220 000, 3.5 cm in
diameter) were purchased from Sigma-Aldrich. AIBN was recrystal-
lized from methanol before use. Other solvents were of analytical
reagent grade and were used without further purification.

2.2. Preparation of Hydrophobic MIP-Core and Hydrophilic
MIP-CS Nanoparticles. MIP nanoparticles were synthesized
following a similar procedure described by Hajizadeh et al.29 Briefly,
137 mg of (R,S)-propranolol, 113 mg of MAA, 648 mg of TRIM, and
28 mg of AIBN were dissolved in 40 mL of acetonitrile in a
borosilicate glass tube. To remove the oxygen, the solution was purged
with nitrogen for 5 min. The glass reactor was introduced into a
hybridization oven (60 °C), and the tube was rotated at a speed of 20
rpm. The polymerization was conducted at 60 °C for 24 h. After
reaction, the polymeric nanoparticles were collected by centrifugation.
To remove the template, the polymeric nanoparticles were washed
with methanol containing 10% acetic acid. The concentration of the
remaining propranolol in the washing solvent was measured with a UV
absorption spectrophotometry. When no template could be measured
from the washing solvent, the polymeric nanoparticles were washed
with water and methanol and dried in a vacuum chamber at room
temperature. In this way, the propranolol-imprinted core nanoparticles
(MIP-core nanoparticles) were synthesized. As a control, non-
imprinted polymer nanoparticles (NIP-core nanoparticles) were also
prepared using the same condition except that no template was added
during the synthesis.

To coat a hydrophilic shell on the MIP-core (or NIP-core)
nanoparticles, 40 mL of acetonitrile, 188 μL of allylamine, 566 mg of
NIPA, 77.2 mg of MBAAm, 24 mg of AIBN, and 1000 mg of the
polymeric particles were added into a borosilicate glass tube and
sonicated for 3 min. After a standing at room temperature under a
gentle flow of N2 for 5 min, the mixture was kept at 60 °C under a
gentle rotation of 20 rpm for 48 h. After polymerization, the polymeric
nanoparticles with hydrophilic shell were separated by centrifugation.
The MIP core-and-shell (MIP-CS) or NIP core-and-shell (NIP-CS)
nanoparticles were washed with methanol and acetone and dried in a
vacuum chamber at room temperature.

2.3. Preparation of Honeycomb Structures. The experimental
setup for the fabrication of honeycomb structures on the PS Petri
dishes has been described in our previous study.15 Briefly, 1 mL of
chloroform was cast into a PS Petri dish (3.5 cm in diameter).
Immediately, the Petri dish was placed in a stream of water-saturated
air (which was flowed through a two-stage water pass).30 The relative
humidity of the air flow was controlled at 75%. After solidification of
30 min, the Petri dish was dried at room temperature for 8 h.

2.4. Decoration of MIP Nanoparticles on Honeycomb
Structures. To immobilize MIP nanoparticles on the honeycomb
structures, 2 mg of MIP nanoparticles was added into 100 μL of
acetonitrile. After a 5 min sonication, 1 mL of chloroform was added
to this suspension. The mixture was thus used as “solvent” to form
MIP honeycomb structures. Other steps were same to the preparation
of normal honeycomb structures by the sDBF method in section 2.3.
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When MIP-CS nanoparticles were used as modular nanoparticles to
decorate the BF patterns, a cross-linking step was also conducted after
drying of the Petri dish. Typically, 2 mL of water (pH 2) containing
0.5% glutaraldehyde was added into the Petri dish. The Petri dish was
sealed and placed at 37 °C for 12 h. In this way, the MIP-CS
nanoparticle was cross-linked covalently to one another, which will
avoid losing of the MIP-CS nanoparticles from the Petri dish. To
remove the remaining glutaraldehyde and block the free aldehyde
groups, the Petri dish was washed with water, carbonate buffer
(containing 4 g L−1 sodium borohydride), and water, respectively. The
obtained honeycomb structures on the Petri dish decorated with MIP-
CS nanoparticles was named MIP-BF patterns. As a reference, the
honeycomb-structured Petri dish was also decorated with NIP-CS
nanoparticles, which was named NIP-BF patterns.
2.5. Characterization. The surface morphology of the honeycomb

structures and nanoparticles was observed by scanning electron
microscope (SEM) on a Thermal field emission SEM LEO 1560
instrument (Zeiss, Oberkochen, Germany).
The surface groups of the MIP nanoparticles were investigated by

Fourier transform infrared (FTIR) analysis using a PerkinElmer FTIR
instrument (PerkinElmer Instruments). All spectra were recorded in
the 4000−375 cm−1 region with a resolution of 4 cm−1 using 16 scans
at room temperature.
The size of the MIP nanoparticles was determined using dynamic

light scattering measurement (DLS) at 25 °C on a Zetasizer Nano ZS
instrument equipped with a software package DTS ver. 4.10 (Malvern
Instruments Ltd., Worcestershire, U.K.). Prior to particle size
measurement, an aqueous solution containing 20 μg mL−1 MIP-CS
nanoparticles was prepared.
2.6. Radioligand Binding Analysis. The MIP honeycomb

structures containing MIP-CS nanoparticles (MIP-BF patterns) were
cut into small pieces (∼0.5 cm2). All pieces and [3H]-(S)-propranolol
(246 fmol) were mixed in 2 mL of acetonitrile/citrate buffer (25 mM,
pH 6.0) (50:50). For displacement experiments, an excess amount of
competitor (atenolol or propranolol) was also added. The mixture was
placed at room temperature for 12 h. After removal of the polymer
substrates, 500 μL of the solution was mixed with 10 mL of
scintillation liquid (Ecoscint A) and measured with a Tri-Carb
2800TR liquid scintillation analyzer (PerkinElmer). The amount of
[3H]-(S)-propranolol bound was obtained by subtracting the amount
of free radioligand from the total radioligand added.31,32

3. RESULTS AND DISCUSSION
3.1. Synthesis of MIP-Core and MIP-CS Nanoparticles.

In this study, two types of MIP nanoparticles were selected as
modular nanoparticles for the decoration of the honeycomb-
structured Petri dish: the hydrophobic MIP-core nanoparticles
and the hydrophilic MIP core−shell (MIP-CS) nanoparticles.
During the synthesis of MIP-core nanoparticles, the cross-
linkers were 61% of the total monomers. This high ratio of
cross-linkers was helpful for the formation of rigid and specific
cavities. However, when we introduced a hydrophilic NIPA−
allylamine−MBAAm shell on the MIP-core nanoparticles, the
cross-linkers were only 6% of the total monomers. We have
previously proved that the grafting of a copolymer layer onto
MIP-core nanoparticles with low cross-linking did not affect the
particle size and the MIP-core binding capability.33

During the coating of the hydrophilic shell, amine groups
were introduced through copolymerization of NIPA, allylamine,
and MBAAm monomers. In order to confirm the presence of
the hydrophilic amino shell, the surface groups of the MIP-core
and MIP-CS nanoparticles were studied by FTIR analysis
(Figure 1). Compared to MIP-core nanoparticles, the MIP-CS
nanoparticles coated with a NIPA−allylamine−MBAAm
copolymer layer displayed obvious changes: (i) the N−H
stretching band and bending vibration of allylamine primary
amines were clearly shown at 3300 and 1595 cm−1,

respectively;34,35 (ii) the peaks at 3085 and 2932 cm−1, which
are associated with the C−H stretching vibration, were
disappeared; (iii) a new amide I band (CO stretching) was
emerged at 1638 cm−1; this is due to the introduction of
poly(NIPA) or poly(MBAAm) structure on the surface of the
MIP-CS nanoparticles.36 These FTIR results confirmed that the
NIPA−allylamine−MBAAm copolymer had been successfully
grafted onto the MIP-CS nanoparticles.
Previous work has demonstrated that the MIP-core nano-

particles synthesized with high percentage of TRIM were
hydrophobic, while the MIP-CS nanoparticles containing a
NIPA−allylamine−MBAAm shell were hydrophilic.28 To
confirm the surface nature, both the MIP-core and MIP-CS
nanoparticles (25 mg) were dispersed in a mixture of water (0.8
mL) and toluene (0.8 mL). Figure 2 shows that poly(MAA-co-

TRIM)-based MIP-core nanoparticles dispersed well in the
toluene, while the MIP-CS nanoparticles dispersed well in the
water phase because of their hydrophilic shell. This further
indicates that the MIP-core particles had been converted into
the core−shell structured nanoparticles.
The SEM image of the MIP-CS nanoparticles is shown in

Figure 3a. It is seen that the diameter of the dry MIP-CS
nanoparticles was 440 ± 109 nm. To further confirm the
coating of hydrophilic layer on MIP-core nanoparticles, the
particle size of the MIP-CS nanoparticles in aqueous solution
was also determined by DLS. It is seen in Figure 3b that the

Figure 1. FTIR analysis of MIP-core nanoparticles and MIP-CS
nanoparticles.

Figure 2. MIP-CS and MIP-core nanoparticles dispersed in a mixture
of water and toluene. The MIP-CS nanoparticles partitioned into the
water phase, while the MIP-core nanoparticles partitioned into the
toluene phase.
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MIP-CS nanoparticles in aqueous solution had a hydrodynamic
diameter of 723 nm. Obviously, because of the swelling of the
hydrophilic shell and the introduction of the amine groups in
water, the MIP-CS nanoparticles in aqueous solution displayed
significantly larger size than the dry MIP-CS nanoparticles.
These SEM and DLS analysis further confirmed the existence
of a hydrophilic shell layer on MIP-CS nanoparticles.
3.2. Control Pore Size of the BF Patterns by Change of

Solvent Amount. In an NBF method, the effect of the
solution viscosity on the breath figure formation has been
studied by Sharma et al.37 It is generally accepted that a low
viscosity resulted in disordered pattern arrays because of the
coalescence of the water droplets. However, in a solution with
high viscosity, the water droplets are difficult to diffuse across
the interface, leading to fewer and bigger pores on the
substrate. During the generation of breath figure using sDBF
method, chloroform was used instead of a polymeric solution in
an NBF method, and the amount of solvent would affect the
evaporation time as well as the viscosity of the solution. Using a
relative humidity (RH) value of 75%, the effect of solvent

amount on breath figure formation was studied in this work. It
is seen in Figure 4, parts c and d, that when a large amount of
solvent was used in our method, the surface of the solution was
pure solvent with low viscosity; the coalescence of the water
droplets resulted in a disordered pattern arrays. On the other
hand, larger amount of solvent needed longer time to
evaporate; the number-averaged diameter of the pores (Dn)
of the pores was thus larger. When a small amount of solvent
was used, the viscosity of the solution increased very fast, which
resulted the water droplets in difficult diffusion across the
surface. Therefore, only a few irregular pores were presented on
the breath figure pattern in Figure 4a. Whatever, we have
shown here that both the pore size and the pore uniformity of
the breath figure patterns are controllable by solvent amount.
Using 1 mL of chloroform, an ordered porous array (Dn = 7.9
± 0.02 μm) was successfully patterned on the Petri dishes.
To claim morphology controllability, the cross-sectional

SEM images of patterned polymer substrate were always shown
in the NBF method.38 In an NBF process using PS in
chloroform solution, coalescence between water droplets was
seriously blocked when the condensed water droplets on the
solution surface sink down, because the water droplets were
stabilized by the polymer solution with high viscosity. After
complete drying of the solvent, multilayered pores were usually
formed in the upper part of patterns, whereas a solid bulk
polymer was generated below the lowest layer of pores.39 In
this work, the cross section of breath figure patterns prepared
by the sDBF method was also observed using optical
microscopy. It is seen in Supporting Information Figure S1
that only one layer of pores was formed on the BF figure
patterns prepared by the sDBF method. This can be explained
as follows: In the sDBF process, pure chloroform was used
instead of the polymer solution. When condensed water
droplets (formed on the surface of chloroform) sink down,
coalescence of these droplets was found because the viscosity of
the pure chloroform was not strong enough to stabilize them.
However, the PS concentration near the surface of the solid
substrate increased very fast; thus, the concentrated polymer
solution prevented the condensed water droplets from
coalescence. After complete drying of chloroform, only one
layer of pores (with larger pore size) can be formed at the
surface of the BF patterns.

3.3. Preparation of MIP-BF Patterns. Honeycomb-
structured substrates with uniform pores could be used as
functional materials such as sensors.40 Therefore, it is needed to
endow the honeycomb-structured substrates with molecular
recognition capability. Recently, MIPs have been reported to
possess specific recognition ability toward preselected target
molecules, which have been used in various fields. Thus, the
combination of molecular imprinting and breath figure method

Figure 3. (a) SEM image of the dry MIP-CS nanoparticles. (b) Size
distribution profile obtained by DLS for MIP-CS nanoparticle in an
aqueous solution.

Figure 4. SEM images of BF patterns prepared under an RH value of 75% using different volumes of chloroform: (a) 0.5, (b) 1.0, (c) 1.5, and (d)
2.0 mL. Panel b reprinted from ref 15. Copyright 2014 American Chemical Society.
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is a promising way to obtain honeycomb-structured substrates
with molecular recognition capability. In breath figure method,
solid particles would also assemble at the interface of water/
solution under the action of Pickering emulsions effect.41 Here,
we endowed the honeycomb structures with molecular
recognition capability by decoration of MIP nanoparticles. In
the literature, physical and chemical properties of the
nanoparticles have been reported to influence the honeycomb
structures in an NBF process.42 Among of the properties, the
wettability of the nanoparticles is the most important factor to
be considered in Pickering emulsions. In order to investigate
the effect of the wettability of the MIP nanoparticles on the
sDBF patterning procedure, both hydrophilic and hydrophobic
MIP particles were used to prepare the MIP-BF patterns. The
SEM image in Figure 5a and the close-up in Figure 5b reveal

that hydrophilic MIP-CS nanoparticles basically located on the
pore walls. It is evident that, during the early stage of BF
process, the hydrophilic property of the MIP-CS nanoparticles
promotes them to distribute mainly in the water phase. While
in the case of the hydrophobic nanoparticles (Figure 5c), the
MIP-core nanoparticles display completely different assembling
morphology. The close-up of the SEM image in Figure 5d
shows that the MIP-core nanoparticles were assembled into the
interior walls of the pores, because the hydrophobic nano-
particles distributed mainly in the oil phase. All these results
agreed with the experimental study by Sun et al.43 On the other
hand, the size of the pore openings in Figure 5a (approximately
10 μm) is larger than that in Figure 4b, because the present of
MIP-CS nanoparticles and acetonitrile in the emulsion
decreased the interfacial tension between polymer solution
and water droplets.44

The material surface designing strategy is very important for
application of the patterns. To gain more information about the
material surface designing strategy, fluorescence microscopy
analysis and wetting properties of the patterns were studied.
Supporting Information Figure S2 is the fluorescence
microscopy of the BF patterns without nanoparticles and the
MIP-BF patterns after a treatment of FITC. It is seen that the
MIP-BF patterns displays generally higher fluorescence
intensity that the BF patterns without nanoparticles; this is
because of the presence of amino groups on the MIP
nanoparticles of the MIP-BF patterns. Supporting Information
Figure S3 shows the wetting properties of the different
substrates. It is seen that the pure Petri dish had a water

contact angle of 39°. After the patterns of the honeycomb
structures, the rough surface results the BF patterns in an
increasing of the water contact angle to 92°. When the MIP
nanoparticles were introduced into the MIP-BF patterns, the
water contact angle value of the substrate decreased to 33°.
This change is due to the fact that (i) the pore size of the MIP-
BF patterns was larger than that of the BF patterns without
nanoparticles; (ii) the introduction of the hydrophilic MIP
nanoparticles increased the hydrophilicity of the BF patterns.
This hydrophilicity leads to the facile application of the MIP-BF
patterns in the buffer system.

3.4. Molecular Recognition on MIP-BF Patterns. The
MIP-BF patterns were evaluated for their specific binding by
using tritium-labeled propranolol as a probe. As a control, the
NIP-BF patterns (breath figure patterns prepared using NIP-CS
nanoparticles) were used to investigate the nonspecific
adsorption. It is known that molecular imprinting is mimicking
an artificial tiny lock for a target molecule that serves as
miniature key. During the recognition, the specificity of the
MIPs was conferred by hydrogen bonding and shape selectivity.
To avoid the surface hydrophilic/hydrophobic interaction
(nonspecific binding), the binding experiment is conducted in
a rigorous condition [citrate buffer (25 mM, pH 6.0)/
acetonitrile]. Figure 6 shows the uptake of [3H]-(S)-

propranolol by the MIP-BF patterns and the NIP-BF patterns
through radioligand binding analysis. As shown in Figure 6, the
radioligand uptake by the MIP-BF patterns was in general
higher than the NIP-BF patterns, suggesting that the selectivity
of the MIP-BF patterns is not attributed to the specific surface
area and/or surface hydrophilic/hydrophobic interactions from
the substrates. When the amount of the MIP-CS nanoparticles
in the honeycomb structures was increased, the radioligand
uptake by the MIP-BF patterns was also enhanced. However,
the nonspecific binding, as reflected from the NIP-BF patterns,
remained very low. In addition, the binding profile of the free
MIP-CS nanoparticles was very similar to that of the MIP-BF
patterns, suggesting the decoration of MIP-CS nanoparticles
onto the Petri dishes did not decrease their specific binding
capacity and this specific binding is directly originated from the
MIP nanoparticles. Therefore, the MIP-BF patterns indeed
displayed obvious specific binding for the template.

Figure 5. Honeycomb structures decorated with hydrophilic MIP-CS
nanoparticles (a and b) and hydrophobic MIP-core nanoparticles (c
and d).

Figure 6. Uptake of propranolol (246 pM) by the MIP-BF patterns,
NIP-BF patterns, free MIP-CS nanoparticles, and free NIP-CS
nanoparticles (with 0.5, 0.75, 1.0, and 2.0 mg of nanoparticles) in 2
mL of citrate buffer (25 mM, pH 6.0)/acetonitrile (1:1, v/v).
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The molecular selectivity of the MIP-BF patterns was also
confirmed by investigating their competitive radioligand
binding. As shown in Figure 7, the addition of the competitors

both decreased the uptake of the MIP-CS nanoparticles on the
MIP-BF patterns. However, the potency of atenolol (a
structural analogue of propranolol) to displace the radioligand
from the MIP honeycomb structures was significantly lower
than the potency of (S)-propranolol. These experimental
results further confirmed that the highly specific binding sites
in the MIP-BF patterns remain easily accessible.
In the previous works, molecularly imprinted membranes

were usually synthesized from the functional monomers.45,46

Compared to these works, the present work reports a
completely new way to synthesize molecularly imprinted
membranes by using modular MIP nanoparticles as building
blocks. The most important advantage of the present method is
that the molecular recognition sites were always generated
under the optimal imprinting condition.33

3.5. Reusability of MIP-BF Patterns. During the synthesis
of MIP-BF patterns, the amino groups of the MIP-CS
nanoparticles were cross-linked using glutaraldehyde to avoid
the loss of the MIP-CS nanoparticles during the application. To
exhibit the stability of the MIP-CS nanoparticles in the BF
patterns, the reusability of the MIP-BF patterns (decorating
with 2 mg of MIP-CS nanoparticles) was evaluated by analyzing
their capability to bind the radioligand after several cycles of
regeneration (Figure 8). In the first cycle, the radioligand
binding experiment was conducted for 12 h. Then the MIP-BF
patterns were simply recovered with a tweezer. The MIP-BF
patterns were washed with methanol containing 10% acetic acid
for three times to remove the radioligand, and then with
methanol for three times to remove the acetic acid, respectively.
After drying of the MIP-BF patterns, the radioligand binding
experiment was continued again for 12 h as a second cycle. This
process was repeated for five cycles. Compared to the fresh
MIP-BF pattern, the regenerated MIP-BF patterns could be
used at least for five times without decreasing the adsorption
capacity. This indicates that the MIP-BF patterns have excellent
mechanical stability during the radioligand binding process.

4. CONCLUSION
In this work, we showed that both the pore size and the pore
uniformity of the breath figure patterns were controllable by
solvent amount during the sDBF process. By combing the
sDBF method and Pickering emulsion, we endowed the
honeycomb-structured Petri dish with molecular recognition
capability via the decoration of MIP nanoparticles into the
honeycomb pores. The radioligand binding experiments show
that the MIP nanoparticles on the resultant honeycomb
structures maintained high molecular binding selectivity. The
reusability study indicates that MIP-BF patterns had excellent
mechanical stability during the radioligand binding process.
This kind of the MIP honeycomb structures could be used as
highly efficient adsorbents or catalysts for practical applications.
We believe that the modular approach demonstrated in this
work can be extended to conjugate honeycomb structures with
other functional nanoparticle building blocks (e.g., quantum
dots, catalysts, and cells) or reporter molecules. In our previous
work, we have proved that the cell attachment on pores of the
honeycomb-patterned Petri dishes was enhanced because of the
hydrophobic interaction.15 Therefore, the new materials
presented here will open up further opportunities for
honeycomb structure-based chemical sensors for drug analysis,
substrates for catalysts, and scaffolds for cell growth.
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