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ABSTRACT: In this work, a simple breath figure method was
proposed to directly fabricate large-area and ordered honey-
comb structures on commercial PMMA substrates or PS Petri
dishes without the use of an external polymer solution. The
obtained honeycomb structure is indeed part of the substrate,
providing the honeycomb layer with enough mechanical
stability. The breath figure method in this work for the
synthesis of honeycomb structure is extremely simple with
scale-up capability to large-area production, which offers new
insights into surface engineering with great potential in commercial technologies. For example, using the honeycomb-patterned
Petri dishes prepared via this method, cells can be easily separated into divided aggregation, which favors understanding of
naturally occurring networks in higher organisms and cell−cell and cell−matrix interactions, and the therapeutic control of
genetic circuits.
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■ INTRODUCTION

Polymeric films with well-ordered pores with a narrow size
distribution are of great interest in industry for a variety of
applications.1,2 Several techniques for the formation of ordered
porous polymeric films have been reported, including photo-
lithography, soft lithography, and templating methods.3,4

Among these approaches, the breath figure (BF) method has
attracted attention as an alternative bottom-up way to generate
honeycomb structures on micro- and nanoscales.5−8 The key
step in the traditional BF method involved stabilizing
condensed water droplets on a polymer solution.9,10 Typically,
a polymer solution was first cast on a substrate under high
humidity. During the evaporation of the solvent, the surface
temperature of the solution was decreased, which caused the
condensation of water as small droplets on the substrate.11,12

The ordered water droplets then acted as an ordered template
by self-assembly on the surface of the polymer solution,
resulting in figures of honeycomb structures on the phase-
separated polymer after the water had finally evaporated
(Scheme S1a of the Supporting Information).13,14 Via the
control of the polymer composition, solvent, polymer
concentration, casting volume, relative humidity, air flow,
temperature, and substrates in the normal breath figure (NBF)
technique, ordered holes in a hexagonal lattice might be created
within a size range from 300 nm to 20 μm.15,16 More recently,
Farbod et al. reported a modified BF method to pattern breath
figure on a substrate material without applying an external
polymer solution (Scheme S1b of the Supporting Informa-
tion).17 This method was named direct breath figure (DBF). In

this DBF process, a mixture of a good solvent (tetrahydrofuran)
and a controlled amount of a nonsolvent (H2O) was used to
create directly porous structures on poly(methyl methacrylate)
(PMMA) in a dry atmosphere. The main advantage of the DBF
method is that the obtained figure was indeed part of the
substrate. However, the honeycomb structure of the obtained
figures was not ordered compared with that of the NBF
method.
By combining the advantages of both NBF and DBF

methods, we herein propose a new breath figure method for
directly preparing honeycomb-structured substrates. Here, this
new method is named semidirect breath figure (sDBF). During
the synthesis, a pure solvent (chloroform) was used instead of
an external polymer solution. When the substrate with
chloroform was placed under a humid flow, the following
steps were performed: (1) a cold surface formed by solvent
evaporation, (2) water condensation on the solution, (3)
arrangement of the water droplets with hexagonal packing, (4)
swelling, dissolving, and drying of the surface polymer on the
substrate material (in this process, the condensed water
droplets served as templates for the honeycomb), and (5)
total evaporation of the solvent and water to achieve a
honeycomb structure on the substrate (Scheme 1).
It is noted that the simple breath figure method proposed

here could be used to directly fabricate ordered honeycomb
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structures in the PS Petri dishes, which offers new insights into
surface engineering with great potential in commercial
technologies. As an example, cell attachment and cell growth
on the honeycomb-patterned Petri dishes prepared under
different humidity conditions (in comparison to a flat-bottomed
PS Petri culture) were investigated, which would provide
technical information for understanding naturally occurring
networks in higher organisms.

■ EXPERIMENTAL PROCEDURES
Materials. Nunclon cell Petri dishes [polystyrene (PS; Mw ∼

220000), 3.5 cm in diameter] were purchased from Sigma-Aldrich.
Poly(methyl methacrylate) (PMMA; Mw ∼ 176000; 9 cm in diameter)
Petri dishes were obtained from Shunda Supplies shop in Wuning of
Dongyang City (China) and cut into rectangular plates (5 cm × 3 cm).
Polystyrene (PS; average Mw of ∼192000) was provided by Sigma-
Aldrich.
Preparation of Honeycomb Structures Using the sDBF

Method. A schematic representation of the experimental setup for
the preparation of honeycomb structures is shown in Scheme 2. The

carrier gas was bubbled through water, producing water vapor on the
solution surface. The gas flow was controlled with a needle valve. A
more detailed description of the techniques is available in ref 18. In a
typical honeycomb structure synthesis process, 1 mL of chloroform
was carefully cast onto a clean PS Petri dish or PMMA substrate. The
commercial substrates were then immediately placed in a stream of
water-saturated air. The humidity of the air flow was maintained at
75% by controlling the flow rate. After solidification for 30 min, the
film was dried at room temperature.

Breath Figure Patterns on a Glass Slide. A schematic
representation of the experimental setup for the preparation of breath
figure patterns on a glass slide is shown in Scheme 2. In a typical
breath figure process, PS was dissolved in chloroform with a 6% (mass
fraction) initial polymer concentration; 100 μL of the solution was
then cast onto a glass slide using a microinjector. When the slide was
placed in a stream of water-saturated air, the humidity of the air flow
was maintained at 75% by controlling the flow rate. After solidification
for 30 min, the film was dried at room temperature. In this way, breath
figure was successfully patterned on a glass slide.

Measurement of the Remaining Solvent and the Amount of
PS Dissolved. The solvent remaining and the amount of PS dissolved
(Wd) in the solution were measured by weight. Typically, the solution
was sampled from the substrates by dumping during the sDBF process.
The solution was dried under vacuum at room temperature. The
weight of the samples before and after drying was measured. If the
condensing water was neglected in the solution, the weight loss of the
sample was the solvent remaining in the solution. Accordingly, the
weight of the samples after drying was the amount of PS dissolved
(Wd) in the solution.

Cultivation of GFP Expressing Escherichia coli Cells in the PS
Perti Dish. E. coli TG1 cells expressing green fluorescent protein
(GFP) (using a pTrc99a vector) were cultivated following a protocol.
The cells were inoculated in 10 mL of Luria-Bertani medium
containing ampicillin (100 μg/mL) and cultivated for 17 h at 37 °C
in a shaking incubator. This culture (50 μL) was used to inoculate 5
mL of TB medium in the PS Perti dish, supplemented with 100 μg/
mL ampicillin and 1 mM IPTG. The cells were cultivated at 37 °C in a
shaking incubator for 30 min or 3 h. The cells were harvested by
centrifugation. The cells were washed with 1 mL of phosphate-
buffered saline (pH 6.8, 0.1 M) and collected by centrifugation. The
cell concentration in the last washing solution was tested. After
removal of the cells in the solution by dumping, the honeycomb-
structured PS Perti dish was gently washed with 1 mL of PBS buffer
(twice). The honeycomb structures attached to GFP-expressing E. coli
cells were observed using fluorescence microscopy.

■ RESULTS AND DISCUSSION

For practical applications, it is needed to control the surface
morphology of the breath figure patterns. Here, we present a
sample way to pattern breath figure with different surface
morphology by adjusting the relative humidity (RH) during the
sDBF process. As shown in Scheme 1, in the presence of
moisture with a forced flow of air across the solution
(chloroform-containing polymers), ordered honeycomb-like
patterns could be formed on the PS or PMMA substrate by
the evaporation of the volatile solvent. In the sDBF process,
chloroform evaporated very fast and the surface of the solution

Scheme 1. Representation of the Semidirect Breath Figure Method for the Preparation of Ordered Honeycomb Structures on
Commercial Polymer Substrates

Scheme 2. Representation of the Experimental Setup
(adapted from ref 18)
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was cooled quickly, resulting in the nucleation and growth of
water droplets on the PS or PMMA substrate. After a total
evaporation of the chloroform and water, an ordered
honeycomb-like structure was patterned on the surface of the
polymeric substrate. The honeycomb-like substrates patterned
under RHs of >90, 85, 75, 65, and 50% were named sDBF-90,
sDBF-85, sDBF-75, sDBF-65, and sDBF-50, respectively. The
surface morphology of the breath figure patterns was observed
by scanning electron microscopy (SEM). Panels a and b of
Figure 1 show that, under a really high RH (>90%), irregular

pores were generated by sDBF. When the values of RH were
decreased to 85%, a honeycomb-like structure was observed
after evaporation of chloroform and water. However,
approximately 5% of the pores were semicircular among the
patterns (Figure 1c,d). When the value of RH was set at 75%, a
well-ordered porous structure was shown during the breath
figure patterns (Figure 1e,f). With a further decrease in the RH
to 65%, the coalescence of the condensed water droplets is
shown in panels g and h of Figure 1. It is noted that only pale
traces were observed on the substrate after complete
evaporation of the solvent when the RH was decreased to
50% (Figure S1 of the Supporting Information). The number-
averaged diameter of the pores (Dn) on the PS substrate under

different RHs is summarized in Figure 2b. Although there was
correlation in the breath figure patterns, the pore diameter (Dn)
on the PS substrate was increased (from 3.65 ± 0.43 to 11.21 ±
6.74 μm) with the enhancement of the humidity in general.
This finding greatly agreed with the result reported by Park and
Kim.19 Hence, the surface morphology patterned on the
substrates could be controlled by the RH during the sDBF
process, and an ordered array of micrometer-sized pores (Dn =
7.9 ± 0.02 μm) could be achieved on sDBF-75.
The reason for the coalescence induced by the rapidly

condensing water droplets at high RHs was demonstrated by
investigating the physicochemistry parameters during the sDBF
process.16 It is known that the viscosity of the system affects the
coalescence of the condensing water droplets. However, the
viscosity of the solution was not homogeneous from the surface
to the bottom. To generally indicate the viscosity of the
solution, the solvent remained in the solution and the amount
of PS dissolved (Wd) in the solution was measured by weight
(see the Supporting Information). In a typical sDBF process
(75% RH), the solvent remained and the Wd in the solution
was studied, as shown in Figure 2a. On the basis of the solvent
remaining and theWd in the solution, the solution viscosity was
calculated (Figure S2 of the Supporting Information). It is
shown that the Wd in the solution increased rapidly, generally
indicating the solution viscosity increased during solvent
evaporation. When the polymer solution attained a certain
viscosity value, the solution was changed into a nonflow state.
Hence, the solvent in the breath figure system at different times
was measured to determine the time for the formation of the
nonflow state (tnon‑flow). The values of tnon‑flow under different
RHs are summarized in Figure S3 of the Supporting
Information, which indicates a lower RH resulted in a larger
tnon‑flow. To show the effect of RH on viscosity, the Wd in the
solution at the half-time of tnon‑flow (t1/2non‑flow) was measured. It
is seen in Figure 2b that the Wd in the solution at t1/2non‑flow was
reduced when the RH was increased. At the same time, the Dn
on the PS substrates was increased. These experiments indicate
that the formation of the BF was affected by the RH in terms of
both vapor pressure and viscosity of the solution. On one hand,
the vapor pressure of the solvent (controlled by RH) heavily
influences the structure of the breath figure.20 Generally, a low
air flow rate (50% RH) results in slower evaporation and a
smaller decrease in the temperature on the surface of the
solvent. Thus, a low air flow rate would lead to a low level of
nucleation and growth of water droplets on the substrate (see
Figure S1 of the Supporting Information). When the air flow
rate is too high (>90% RH), the solvent evaporates too fast;
therefore, the water droplets would condense onto the surface
with insufficient time to arrange in a regular order (see Figure
1a).21 On the other hand, the viscosity of the system affected
the coalescence of the condensing water droplets. (i) A low
viscosity resulted in disordered pattern arrays because of the
coalescence of the water droplets. (ii) In a solution with a high
viscosity, it is difficult for the water droplets to diffuse across
the interface, leading to fewer and larger pores on the substrate.
Regardless, we can generate an ordered array of breath figure
on the substrate by integrating the vapor pressure and viscosity.
The honeycomb structures obtained would lead to the
substrates being suitable as scaffolds for tissue engineering in
the molecular biology lab.
There are two main advantages to the sDBF method

presented here. The first one is that the obtained honeycomb
layer was indeed part of the substrate, which provides the

Figure 1. SEM images of breath figure patterns at low (a, c, e, and g)
and high (b, d, f, and h) magnifications under different values of RH:
(a and b) >90%, (c and d) 85%, (e and f) 75%, and (g and h) 65%.
During the synthesis, 1 mL of chloroform was added to the Petri dish
(3.5 cm in diameter).
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honeycomb structure with enough mechanical strength during
the practical applications. To confirm this, a breath figure was
patterned onto a glass slide (BF-patterned glass slide) using an
NBF method. Both of the BF-patterned glass slides and the
honeycomb-structured substrates were placed into an oven at
37 °C for 36 h. After this treatment, damage to the film (Figure
3a) with cracks on the walls between the cavities (Figure 3b)

was clearly observed on the BF-patterned glass slide. However,
no change was found on the surface morphology of the
honeycomb-structured substrate after the same treatment.
These experiments indicate the honeycomb structures on the
Petri dish were much more stable than the breath figure on the
glass slide.
The second advantage is that large-area and ordered

honeycomb structure could be created on the substrate (e.g.,
Petri dish) because the polymer solution is free in this method.
In an NBF method, a casting of the polymeric solution and
another substrate were needed.22 The repulsion between the
polymer and the substrate during polymer drying would not
only decrease the mechanical stability of the film but also limit
the formation of large-area honeycomb structures via this
traditional method. Therefore, it is still a challenge to obtain
large-area and ordered honeycomb structure by an NBF
process.23−25 In the sDBF method presented here, the polymer
solution is free and the repulsion between the polymer and the
substrate can be neglected, which allows the direct patterning of
large-area honeycomb structures onto a polymeric substrate
(e.g., PS and PMMA). In the experiments described above, a PS
Perti dish with a diameter of 3.5 cm was used. Hence, the area
of the honeycomb structures was calculated to be 9.6 cm2 (see
Figure S7 of the Supporting Information). To confirm that this
new method can generate large-area honeycomb structures on
other Petri dishes, amplification experiments were conducted
on a PMMA Petri dish (which was cut into 5 cm × 3 cm
plates). From the pattern of honeycomb structures on the 15

cm2 of the PMMA substrate, 1.5 mL of chloroform and a RH
value of 75% were selected. The images in Figure 4 indicate

that a large-area hexagonal array could be directly patterned on
the PMMA substrate. The Dn of the honeycomb pores on the
PMMA substrate (4.1 ± 0.02 μm) was smaller and more
uniform than that on the PS substrate, which might be due to
the different dissolving and swelling capabilities between PS
and PMMA in chloroform.
In a modern bacteriological laboratory, cell culture is at the

heart of almost every experiment because it is an important way
to obtain the source of the protein, RNA, and the genomic
DNA sample. However, as molecular biology has expanded into
more and more complex systems, there is a growing need to
consider the natural environments in which the cells are
grown.26 In this case, modern Petri dishes garnered great
interest worldwide because they could provide a three-
dimensional (3D) environment where cells can behave as
they do in vivo.27,28 For example, using a 3D Petri dish with a
honeycomb pattern, an artificial human ovary has been created
with self-assembled human theca and granulosa cell micro-
tissues and used for IVM and future oocyte toxicology
studies.29 This approach is one of the most promising
developments in fertility medicine in recent memory, and it
was hailed as one of TIME Magazine’s “Top 10 Medical
Breakthroughs” in 2010.30 Therefore, it is a great challenge to
fabricate the 3D Petri dishes in an easy and cheap way. In this
work, the sDBF process was proposed to directly generate
honeycomb-patterned Petri dishes to make 3D systems more
flexible.
The porosity of the honeycomb Petri dish would influence

cell attachment.31−34 Unlike the flat Petri dish in which cells
were grown or attached as a thin layer on the surface of the
Petri dish, the honeycomb-structured Petri dish produced 3D-

Figure 2. (a) Solvent remaining (vs the total amount of solvent) and amount of PS dissolved (Wd) in a typical sDBF process (75% RH). (b) Wd at
t1/2non‑flow and diameter of the pores (Dn) on a PS Petri dish under different RHs.

Figure 3. SEM images of breath figure patterns on a glass slide after a
treatment at 37 °C for 36 h. The scale bars are 100 and 20 μm for
panels a and b, respectively.

Figure 4. (a) Optical and (b) fluorescence microscope images of the
honeycomb-structured PMMA substrate obtained via the sDBF
method. The scale bars are 20 and 10 μm for panels a and b,
respectively.
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enhanced aggregation of cells.35,36 Therefore, the attachment of
cells (E. coli TG1 cells expressing green fluorescent protein) on
the honeycomb-patterned PS Petri dish (in comparison to a
flat-bottomed PS culture dish) was investigated in this work.
Table 1 displays the attachment of cells with different lengths of

time. It is seen that weak attachment was found on the flat Petri
dish (Table 1), while the honeycomb-structured Petri dish
permitted the attachment of cells in the ordered cavities (Table
1 and Figure 5), indicating an increase in the surface area of the
substrate via a honeycomb pattern improved the adhesion of
cells onto the Petri dish.
Moreover, it was found that part of honeycomb cavities was

empty after a short incubation (30 min), suggesting the
interaction between cells is also important in the attachment.
More interestingly, it was seen that the number of attached cells
increased rapidly as the incubation time increased (Figure 5a−
c) and most cells were aggregated in the porous cavities (Figure
5d). This experiment indicates that we can separate cells into
divided aggregation using a simple incubation, which shows
great potential in a future biosensor or bioreactor study.
Cell growth under different conditions is also shown in

Figure 6 and Table 1. Cell growth after 30 min in Figure 6
shows the growth began from the honeycomb cavities. It is due
to the fact that the honeycomb patterns improved the adhesion
of cells onto the Petri dish. When the growth time was
increased, the cells grew outside the honeycomb cavities. By
testing the OD of the cells after a 3 h culture, we found the rate
of cell growth on the honeycomb-patterned Petri dish to
slightly increase compared to that on a flat-bottomed PS tissue
culture. In addition, the rate of cell growth after 3 h on a Petri
dish (sDBF-65, 3.4 times) with a pore size of 3.65 μm was
higher than that on a Petri dish (sDBF-85, 3.1 times) with a
pore size of 8.52 μm. These results indicate that the

proliferation of cells was superior on the honeycomb-patterned
Petri dish, perhaps because the honeycomb patterns provided a
multiple-dimension environment in which cells could behave as
they do in vivo.

■ CONCLUSIONS
In this work, we have proposed a simple breath figure method
to directly prepare ordered honeycomb structures on PMMA
substrates or commercial PS Petri dishes. Because an external
polymer solution was not needed in the sDBF method, the
repulsion between the polymer and the substrate during
polymer solidification was neglected, which enhanced the
pattern of large-area and honeycomb structures. Moreover, the
honeycomb structure is indeed part of the substrate, providing
the honeycomb layer with enough mechanical stability. The
breath figure method in this work for the synthesis of the
honeycomb structure is extremely simple with scale-up
capability to large-area production, which offers new insights
into surface engineering with great potential for use in
commercial technologies.
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Table 1. Cell Attachment and Cell Growth with Different
Lengths of Time

experiment Petri dish
30 min

(cells/cm2)
3 h

(cells/cm2) ratioa

attachment flat-bottomed 389 656 1.7
sDBF-65 774 2953 3.8
sDBF-75 691 2124 3.1
sDBF-85 657 1918 2.9

growth flat-bottomed 3749 9360 2.5
sDBF-65 3045 10 210 3.4
sDBF-75 2927 9749 3.3
sDBF-85 2863 8892 3.1

aRatio of the number of cells at 3 h to the number at 30 min.

Figure 5. Fluorescence microscope images of the attachment of cells to the honeycomb-structured Petri dish (sDBF-75) after incubation for (a) 0
min, (b) 30 min, (c) 3 h, and (d) 3 h. Panel d is focused on cell aggregation in the honeycomb cavities. The initial optical density (OD600) is 0.2 for
the cell solution, and the scale bar is 20 μm for all images.

Figure 6. Fluorescence microscope images of cell growth on the
honeycomb-structured Petri dish (sDBF-75) after a culture of (a) 30
min or (b) 3 h. The scale bar is 20 μm for both images.
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