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a b s t r a c t

A facile and reproducible route that can lead to two-dimensional arrays of nanopores in thin polymer
films is demonstrated. The formation of the pores in the polymer films involves breath figure
phenomenon and occurs during the film deposition by spin coating. The formation of nanoporous thin
films takes only few seconds, and the method does not require complex equipment or expensive chem-
icals. This method also constitutes a straightforward approach to control the size of the pores formed in
thin films. Besides allowing control over the average pore size of the porous films, the use of dynamic
deposition with the breath figure phenomenon causes the reduction in the pore size to nanometer scale.
The nanoporous arrays obtained by the breath figure are applied as substrates for cell growth, and the
effect of their nanopore size on cell growth was evaluated. Notably, it is found that cell viability is related
to pore size, where 2D nanoporous structure is more beneficial for cell culture than 2D microporous
structures. The change in the average pore size of the polymer films from 1.22 lm to 346 nm results
in a threefold increase in cell viability.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Nanoporous thin films are highly desired because they have
numerous potential applications in areas ranging from catalysis
to more advanced systems such as in antireflection coatings
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[1–4], optoelectronic devices [5], sensors [6], microlenses [7,8],
membranes [9], and cell culture media [10–14]. However, the
large-scale synthesis of high quality and large area nanoporous
thin films through fast, reproducible and low cost preparation
methods still remain a huge challenge [15,16].

Over the past two decades, various methods based on different
lithographic techniques and self-assembly processes that can
result in patterned films have been reported [17–19]. Despite their
great capabilities, such methods are time consuming and demand
complexes setups and/or expensive chemical reagents, limiting
their application for large scale production of nanostructured poly-
mers [20].

The breath figure method, which was first demonstrated by
Francois et al. [21–24], is a straight forward methodology to obtain
microporous polymer surfaces and membranes. The method
allows the formation of ordered hexagonal arrays of pores on poly-
meric surfaces through a simple, quick, dynamic, economical and
reproducible way [9,25–27]. However, the method has also some
drawbacks, notably the inability to tune the size of pores, which
are constrained to only few micrometers; this is due to the meth-
od’s inability to control the kinetics of water condensation. Conse-
quently, an improvement of the method to enable the formation of
smaller nanometer scale pores would be an important step for-
ward to utilize it for nanofabrication of porous thin films with con-
trolled structures and pore sizes.

Even though the breath figure method and its experimental
procedures to generate ordered porous surfaces can easily be car-
ried out, there are several parameters that can affect the final out-
comes. This is mainly to do with the synthetic parameters involved
in the synthetic method.

Porous polymer films created by the breath figure method can
find some interesting potential applications in biology and tissue
engineering, as recently demonstrated for number of various poly-
meric materials [27–29]. In particular, the development of materi-
als with special surface features that can assist cell growth is an
important area, as such materials can help with development of
specific tissues for various medical applications [30–34]. For exam-
ple, Kawano et al. showed that a poly(dimethylsiloxane) (PDMS)
substrate with polystyrene possessing honeycomb porous struc-
ture produced by the breath figure method could induce the differ-
entiation of human mesenchymal stem cells [35]. The author also
evaluated stem cell differentiation over the substrates with pore
diameters in the range of 1.6–4.8 lm, and their results indicated
that the substrate’s pore size affected the cell differentiation
process.

However, the lack of substrates that provide high cell viability
for a variety of cells remains an important issue on cell culture
[36–38]. Heng et al. studied the growth of anticancer cell on
ordered honeycomb structures prepared by breath figure method
and concluded that porous structures are not beneficial for cell
growth [39]. In fact, porous surfaces can be used to inhibit the pro-
liferation of microorganism. Manabe et al. demonstrated that por-
ous surface prepared by breath figures with controlled average
pore size could suppress Pseudomonas aeruginosa biofilm forma-
tion [40]. In particular, films with pores in the range of 5–11 lm
could effectively prohibit bacterial adhesion and growth.

Herein we demonstrate that breath figure method combined
with spin coating process can be used to obtain uniform thin poly-
styrene films with thickness and pore diameter both as low as
100 nm that are conducive for growth of cells. In addition, we show
that the film preparation procedure can be executed using only
readily available chemicals and can easily be extended to a great
variety of substrates. The spin coating process to produce the porous
film under high humidity conditions is relatively fast, and can take as
little as only 10 s. These advantages thus make the method a strong
candidate for the preparation of nano-filtration membranes,

cells culture substrates as well as substrates for other surface
applications. We also show the ability to control of the pore size
of the porous polystyrene thin films by varying the deposition spin
speeds on different substrates. Finally, the ability of produce nano-
porous arrays with controlled pores size by the breath figure
method and the effects of the so-obtained different substrates on
the growth of Vero cells is included, reforcing the influence of topo-
graphic scale on cell proliferation [41,42]. The average pore size of
the nanoporous substrates formed by the breath figure is found to
be strongly correlated with cell viability.

2. Experimental section

2.1. Materials

Low density polyethylene (LDPE) (Sigma–Aldrich), poly(ethy-
lene terephthalate) (PET) (Mylar Commercial), and polydimethyl-
siloxane (PDMS) (Sylgard 184) were purchased and used as
received. Glass slides with dimensions of 3 cm � 3 cm were used
as substrates for deposition of the polymer films. Polystyrene
(PS), with an average molecular weight of 35,000 Da (Sigma–
Aldrich, Catalog Number: 331651), and tetrahydrofuran (THF)
(Nuclear) were used as received.

2.2. Spin coating and humidity control

The experiments were carried out using a SCS G3 Spin Coater,
Model G3P-8Spincoat Specialty Coating Systems. The humidity in
the chamber was controlled using a saturated solution of ammo-
nium sulfate. A beaker containing a saturated solution of ammo-
nium sulfate was placed inside the spin coater chamber two days
prior to the chamber’s use to ensure stabilization of the humidity
inside. A hygrometer, placed inside the chamber, was used to mea-
sure the humidity. The room temperature was kept at 25 �C.

2.3. Preparation of nanoporous PS films on PET and effect of spin speed

PET film placed in spin coater and on top of it was added 150 lL
of a solution of 10% (w/v) PS in THF. The film was made by spin
coating at 1000 rpm for 10 s. The same procedure was repeated
with a spin speed of 3000, 5000 and 9000 rpm.

2.4. Preparation of nanoporous PS films and effect of substrate

Pristine PET, LDPE, PDMS, and plasma-treated polymer films
were used as substrates, and on each substrate 150 lL of a solution
of 10% (w/v) PS/THF was deposited. The plasma-treated films were
prepared by exposing the pristine polymer films to oxygen plasma
for 1 min in a chamber (Harrick Plasma cleaner). This process led to
more hydrophilic polymer films. The PS films were deposited on
these different substrates following the same procedure as above
and using a spin speed of 3000 rpm for 10 s. All the experiments
were carried out at 25 �C and relative humidity (RH) of 81%.

2.5. Culture of Vero cells on the scaffolds

The cell line used in this in vitro study was the Cercopithecus
aethiops (African green monkey) Kidney (Vero) epithelial-ATCC�

CCL-81TM – American Type Culture Collection. The cells were cul-
tured in DMEM (Dulbecco’s Modified Eagle’s Medium) medium
supplemented with 10% fetal bovine serum (FBS) at 37 �C and an
atmosphere of 5% CO2. Cells were separated and counted in a
Neubauer chamber hemacytometric to obtain a suspension of
2.5 � 105 cells/mL.
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