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An amphiphilic block copolymer, polystyrene-block-poly-

ABSTRACT: Membranes with highly uniform pore size (N,N-dimethylaminoethyl methacrylate) (PS-b-PDMAEMA),
are important in various fields. Here we report the that was synthesized by atom-transfer radical polymeriza-
preparation and performance of ordered membranes, the tion,'”*" was used to prepare ordered membranes. The
pore diameter of which is on the micrometer scale. The copolymer was dissolved in carbon disulfide (CS,), and 100
ordered membranes fabricated at two-phase interfaces uL of the as-prepared solution was cast at a two-phase interface
enable a high-resolution and energy-saving separation under a humid airflow. The relative humidity was controlled
process. Moreover, a possible mechanism for the above 70%. During this process, condensed water droplets
formation of through-pores has been proposed and arrange into ordered arrays, i.e., the so-called breath figures, and
experimentally verified. act as dynamic templates for the pores.u’22 It has been reported

that properties of the interfaces (e.g., air/solid and air/water
interfaces) have a great impact on the pore structures.> >’ For

P orous membranes are important not only in industrial example, the air/glass interface often leads to dead-end pores
applications but also in some advanced fields such as which may be considered as picoliter beakers®® or micro-
microfluidics, biosensing, and catalysis.'~” Microporous mem- reactors.”” Formation of through-pores is a prerequisite for
branes are often employed to remove impurities or byproducts preparation of ordered separation membranes. In this work, the
through size-selective filtration for sample pretreatment or post- block copolymer solution was cast at an air/ice interface. Figure
treatment. For example, the sample can be that for

chromatography or light scattering measurements. It is well . - ‘IT:’)-'.- i -w
known that the pore size and its distribution are crucial to the .

size-selective separation performance of the membranes. They
are therefore strongly desired to have pores with narrow size
distribution and ordered structures, as such membranes possess
extra separation accuracy, require only low or ultralow
operation pressure, and show some interesting features such
as significantly enhanced mass transport rates.*” !

The track etch method was adapted to fabricate membranes
with highly uniform pore size, but this method is limited to
polycarbonate and poly(ethylene terephthalate), and the pore
density is low. Self-assembly of block copolymers has attracted
much attention over the past decades. Bicontinuous or
cylindrical microphase separated domains can be formed in
the assembled film by varying preparation conditions such as
annealing and by modulating the balance of repulsive
interactions between dissimilar segments of the copolymers.
The domains may be selectively removed, Ieaving well-ordered Figure 1. SEM images of the typical ordered membrane with through-

pore channels.8~16 Recently, the block copolymers have been pores, prepared from 1 mg/mL of PS-b-PDMAEMA solution in CS, at
an air/ice interface. The airflow speed is 4 L/min. (a) Top, (b)

bottom, and (c) cross section. (d) The membrane transferred onto a
piece of dense nanofiber mesh.

@\
ee®

advanced from polystyrene-block-poly(ethylene oxide)'* to
polyethylene-based copolymers;'® the self-assembly process
was combined with non-solvent-induced phase separation to
fabricate asymmetric membranes.'® It is generally believed that
microphase separation of block copolymers leads to domains in
the range of 10—100 nm.'”'® In this Communication, we
describe a method to prepare ordered membranes with highly
uniform pore size on the micrometer scale for size-selective
separation. The ordered membranes enable a high-resolution Received: ~October 2, 2011

and energy-saving separation process. Published: December 5, 2011

1 shows SEM micrographs of the typical ordered membrane
with hexagonal pore arrays. As can be seen from the
micrographs of the top, bottom, and cross section of the

W ACS Publications  © 2011 American Chemical Society 95 dx.doi.org/10.1021/ja2092745 | J. Am. Chem.Soc. 2012, 134, 95-98
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membrane, the pores are of through structure. The membrane
was further transferred onto a piece of dense electrospun
nanofiber mesh.*® Nanofibers below the ordered membrane
can be clearly observed through the pores. Moreover, the pore
diameter of the membranes can be facilely modulated in the
range of 1—5 um by changing the solution concentration and
airflow speed (Figure S1, Supporting Information (SI)).

The thickness of the ordered membrane is about 2 um
(Figure 1c). It is not free-standing but can be easily transferred
onto various supports such as silicon, gold, and porous meshes.
Therefore, we fabricated composite membranes using a
stainless steel woven wire mesh as the support (Figure 2). A

Figure 2. (a—d) SEM images of the composite membrane with
different magnifications. (e) Digital photograph of a piece of ordered
membrane. (f) Digital photographs of the composite membrane and
the membrane module used for separation.

composite membrane with ordered separation layer has been
achieved (Figure 2d). As marked by the arrow in Figure 2b, a
thin layer of polystyrene nanofibers was deposited on the mesh
surface to enhance both the integrity of the ordered membrane
and the interfacial adhesion between the membrane and the
mesh.>® The sparse nanofiber layer has irregular and large pores
of tens of micrometers without affecting the separation
performance of the composite membrane. Figure 2f shows
photographs of the composite membrane and a permeation
module. This module is a commercially available one that is
often used for sample pretreatment such as in dynamic light
scattering measurements.

Figure 3 shows the size distribution of polystyrene particles
before and after filtration by the composite membrane, the
separation layer of which has a pore diameter of 3 ym. The feed
microspheres have a bimodal size distribution peaking at 2.0
and 5.0 pm. Interestingly, the filtrates show a single peak, and
the curve is accurately cut off at about 3 ym; that is, the ordered
membrane shows high-resolution separation performance.
Moreover, it should be mentioned that the separation can be
carried out without additional pressure. As we know, traditional
microfiltration processes generally need 0.1 MPa or higher
additional pressure, depending on pore sizes (also the three-
dimensional structure) and properties of the membrane
material. Therefore, it can be concluded that this ordered
membrane enables a high-resolution and energy-saving
separation process.
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Figure 3. (a) Size distribution of the feed polystyrene microspheres
with bimodal distribution at 2.0 and 5.0 ym. (b) Size distribution of
the microspheres after filtration by a composite membrane, the pore
diameter of which is 3 ym.

We tried some other block copolymers, including poly-
styrene-block-poly(2-hydroxyethyl methacrylate) (PS-b-
PHEMA)>' and polystyrene-block-poly(acrylic acid) (PS-b-
PAA),** and compared their membrane-forming properties at
the air/ice and air/water interfaces (Figure S2, SI). We found
that the polymer solution spreads better at the air/ice interface
than at the air/water interface. The spreading leads to larger
membrane areas with hexagonal arrays of monodisperse
through-pores instead of dead-end pores. By contrast, the
cast solution on water surface tends to form ellipsoid and hence
provides longer time to grow for water droplets condensed in
the thicker center area. After complete evaporation of water and
the organic solvent, pores at the membrane center are larger
than those at the edge area. Apart from the spreading behavior,
low temperature may be another reason for the regular
structure at the air/ice interface. It has been reported that
evaporation of the solvent rapidly cools the solution, which is
important to the formation of regular arrays of water droplets
because the cooling induces a temperature gradient.*®> Our
results show that water with lower temperature leads to higher
regularity (Figure S3, SI). Therefore, the membrane with
through-pores is more regular when prepared at the air/ice
interface than at the air/water interface. This finding makes it
possible to prepare ordered membranes from some commonly
used polymers.

The pore structure may be affected by the vertical position of
water droplets in the polymer solution at the moment of
membrane hardening (Figure 4a). Besides the thermocapillary
and Marangoni forces,® the density of the solvent can affect
the position of water droplets. When benzene is used as the
solvent for the polymer solution, through-pore structures are
obtained with smaller round pores on the top and larger ones
on the bottom.”® Chloroform solutions, by contrast, generate
pores with larger diameter on the top and smaller diameter on
the bottom.”” What we envisage is that low-density benzene (p
=0.87 g mL™") allows the condensed water droplets (p = 1.00
g mL™") to submerge into the bottom of the polymer solution,
leading to larger pore size on the bottom, while in the case of

dx.doi.org/10.1021/ja2092745 | J. Am. Chem.Soc. 2012, 134, 95—-98
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Figure 4. (a) Pore structures of ordered membranes prepared from
solutions using benzene, chloroform, and CS, (from left to right) as
the solvent. (b) Illustration of the formation of through-pores. (c)
Calculated curves of differential pressure and critical differential
pressure vs the radius according to eqs 1 and 2.

chloroform (p = 1.48 g mL™") the pores are the opposite of
those found in the benzene system. In the present work, the
density of CS, (p = 1.26 g mL™") is between those of benzene
and chloroform, and hence, the through-pores show almost the
same diameter on the top and the bottom.

It is clear that the density of the solvent can influence the
pore structure, which implies water droplets are falling in the
polymer solution during the film formation. The through-pore
structure is proposed to be induced by fusion of water droplets
in the polymer solution with the substrate, i.e., thin water layer
on the ice surface or bulk water in our case.***” However, how
the pores become through-pores is still unclear. There should
be a very thin film between the water droplets and the substrate
because phase inversion takes place when polymer solution and
non-solvent meet.** Such thin films can be sometimes observed
in films cast from solutions with high polymer concentration
(Figure S4, SI). Differing from hard substrate, soft substrate
such as water allows further falling of the water droplets, which
leads to the deformation of the thin film and induces
meniscuses toward the substrate (Figure 4b). With the
evaporation of the water droplets, there is a differential
pressure, AP, induced by the surface tension of the substrate
liquid across the meniscus, and the relationship is given as>

_
TR (1)

where y is the interfacial tension of the substrate/thin film
(liquid/solid) interface, and R is the radius of the meniscus.
Interfacial tension of polystyrene/water is about 25.6 mN
m™.% and R is always larger than the radius of the pore
diameter. The curve of AP vs R can therefore be plotted
according to eq 1. However, for an ultrathin polymer film it is
very difficult to measure or accurately calculate the critical
differential pressure, AP, at which the film ruptures. Through-
pores can be formed only when AP is larger than AP It has
been reported that for a polymer hollow microsphere with a
wall thickness of &, AP, is expressed as®”®

AP
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where E is Young’s modulus of the polymer. The Young’s
modulus of dry polystyrene is about 3000 MPa, which slightly
changes with the molecular weight and temperature® and
drastically decreases with the presence of solvent. The thickness
of the thin film, which is generated by phase inversion as
mentioned above, is estimated from SEM images to be about
15 nm (Figure 1c). Therefore, a curve of AP, vs R can be
obtained according to eq 2. As can be seen from the two
calculated curves (Figure 4c), AP induced by the interfacial
tension exceeds AP, of the film when R > 18 ym. In other
words, the possible thin film can be easily broken by the
differential pressure, forming through-pores. It should be noted
that the values of film thickness, interfacial tension, and the
Young’s modulus do not change the trends of AP and AP,

Based on the above-mentioned mechanism, other liquids that
provide enough interfacial tension may theoretically be
considered as substrates for the preparation of ordered
membranes with through-pores. Membranes prepared on the
surface of glycerol and formic acid support our hypothesis
(Figure SS, SI). However, through-pore membranes cannot be
fabricated on the surface of acetic acid, tetraethyl orthosilicate,
ethyl acetate, ethanol, isopropanol, and methanol, which are of
low surface tension and low density. Experimentally, the cast
solution was observed sinking into the soft substrates with low
density. Besides, our preliminary results show that an ordered
membrane with through-pores can be prepared from a
commercially available polymer, polystyrene, although the
membrane-forming window is very narrow (Figure S6, SI).
The use of other substrates and commercial available polymers
not only extends the application range of the ordered
membranes but also increases the easy availability of this
method.

In summary, this Communication reports ordered micro-
porous membranes with highly uniform pore size. The
membranes were prepared at the interface of air/ice, which
can be extended to the interfaces of air/glycerol and air/formic
acid. A static model has been proposed for the calculation of
critical pressure for rupture of the thin film and the applied
pressure. If the applied pressure exceeds the critical pressure,
the formation of through-pores becomes possible. We
demonstrated the capability of the corresponding composite
membranes for high-preciseness separation of polystyrene
microspheres with close sizes. The membranes only require
ultralow operation pressure, enabling an energy-saving
separation process.
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Patterned porous films containing enzymes have been facilely
prepared via a one-step breath figure process, which is based on
the self-assembly of horseradish peroxidase nanoparticles that
show good resistance to organic solvents. The patterned biohybrid
films possess robust catalytic activity.

Patterned films containing biomolecules show great potential
applications in various fields including biology, biosensing,
biomedical technology, and tissue engineering.! For example,
patterns of enzymes are useful in high-throughput screening of
chemical libraries.? Horseradish peroxidase (HRP) is an enzyme
that catalyzes the oxidation of numerous phenols and
aromatic amines as well as many other reactions. It has been
widely used as a component of clinical diagnostic kits and for
immunoassays.®> The most common pathway to fabricate
patterned biohybrid films is top-down techniques such as
lithography.* Although these techniques are commercially viable,
they suffer from high equipment costs and require additional
procedures for the attachment of biomolecules.* As an alternative
to the top-down techniques, bottom-up approaches have received
considerable attention, which generally employ self-assembly
processes.” However, they also involve multiple steps in most
cases, and it is difficult to immobilize biomolecules to specific
regions of the patterned films. Therefore, one-step formation
of patterned biohybrid films is still a big challenge so far.

The breath figure method, inspired by the foggy arrays of
water droplets on cool surfaces, is a versatile, convenient, and
cost-saving bottom-up technique for fabricating patterned
porous films.®™ The self-assembly of hydrophilic groups and
nanoparticles (NPs) induces hierarchically ordered structures
during the film formation, providing the possibility of one-step
formation of patterned biohybrid films.>”'" However, the
breath figure method often uses organic solvents with high
saturation vapour pressure such as chloroform and carbon
disulfide, in which most biomolecules, especially enzymes, are
unstable or poorly soluble.

In this communication, we describe a one-step method to
fabricate patterned films containing HRP. The films were
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characterization and activity assay of the HRP NPs; preparation
and characterization of the HRP patterns. See DOI: 10.1039/c2cc17451k

prepared via the breath figure method by casting polymer
solution dispersed with HRP NPs, which are composed of a
HRP core and a hydrophilic cross-linked polymer shell. The
polymer shell protects the HRP against organic solvents.
During the film formation, the NPs stabilized the condensed
water droplets and spontaneously formed patterns.

HRP NPs were synthesized according to the literature.'?
Vinyl HRP was polymerized at 25 °C using acrylamide as
monomer, N,N’-methylene bisacrylamide as cross-linker, and
4-dimethylaminoantipyrine as stabilizer (Fig. 1). FT-IR spectra
confirm the introduction of vinyl groups and the polymer shell
(Fig. S1 and S2, ESIt). We prepared HRP400 and HRP800
NPs with monomer/HRP molar ratios of 400 and 800, respec-
tively. TEM images show that free HRP, HRP400 NPs, and
HRP800 NPs have average diameters of 8.9, 14.8, and 20.3 nm,
respectively. Dynamic light scattering measurements provide
similar results (Fig. S3, ESIt). The polydispersity indices
(PDI) are 0.171, 0.166, and 0.139, respectively. The size of
free HRP is consistent with that reported in the literature.'?
The relatively large PDI may be due to the aggregation of
HRP. The HRP400 NPs are spherical and the diameter is
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Fig. 1 (a) Synthesis of HRP NPs and preparation of HRP patterns.
(i) Vinyl groups were introduced to the HRP molecule surface. (ii)
AAm and bisAAm were copolymerized on vinyl HRP to form a thin
cross-linked shell. (iii) HRP NPs were added to polystyrene/chloroform
solution to form patterned films via the breath figure method. (b—d)
TEM images of (b) free HRP, (c) HRP400 NPs, (d) HRP800 NPs.
Scale bar: 50 nm.
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doubled compared to free HRP. Moreover, FT-IR spectra
confirm the existence of a large amount of polymer around
HRP (Fig. S2, ESI¥). Therefore, we conclude that most HRP
NPs only contain one HRP molecule. It should be noted that
HRP400 NPs were used in this work because the size is closer
to that of free HRP than HRP800 NPs. In the following text,
HRP NPs means HRP400 NPs unless otherwise specified.

HRP NPs dispersed in ethanol were added to chloroform
solution of polystyrene (PS), and then the mixtures were cast
under a humid environment to form patterned porous films.
Fig. 2 shows typical SEM images of the films. More SEM
images are shown in Fig. S4 (ESI). A small amount of HRP
NP dispersion can remarkably improve the regularity of the
films. Films prepared from mixtures containing 1-7 vol%
HRP NP dispersion show hexagonal pore arrays, whereas
those prepared from PS or mixtures with more than 8 vol%
HRP NP dispersion are not very ordered. The added HRP NP
dispersion also has a great influence on the pore diameter
(Fig. 2c) and the pore shape (Fig. S5, ESIt) of the films.

It is generally accepted that in the breath figure method,
condensed water droplets get close to the three-phase line and
hexagonally arrange under the thermocapillary and Marangoni
forces.”!* The water droplets can be stabilized by the precipi-
tated polymer or adsorbed NPs at the interface and hence do
not fuse. The formed pores are shaped by the stabilized water
droplets, the shape of which depends on the spreading behavior
on the solution surface. The spreading coefficient S is defined
as follows:'*

S = ng - (ng + sz) (1)

where 7, is the surface tension of the polymer solution, yy, is
the surface tension of the water droplet, and 7y is the interfacial
tension between the polymer solution and the water droplet in
this case (Fig. 2d). The adsorption of NPs at the interface of
water/oil can remarkably decrease the interfacial tension, Py, ">

c)e :
7 82—
= . .
E / A
= 8 / g o\
g -] o
= \
gs o/ o\
= / o
-l 4 'd N
§ P '
8 31 g/0
]
2T —— ————1—
0 2 4 & B8 10 12 14 16 18

polymer solution

Amount of HRP dispersion (%, viv)

Fig. 2 (a,b) SEM images of patterned porous films prepared from (a)
PS and (b) PS solution containing 6 vol% HRP NPs. PS concentration
is 30 mg mL~". Scale bar: 100 pm (inset: scale bar is 10 pm). (c)
Dependence of pore diameter of the films on the amount of HRP NPs
added to the cast solution (0—18 vol%). (d) Illustration of water droplets
stabilized by HRP NPs during the formation of breath figures.

Fig. 3 (a) Optical image of patterned porous film containing HRP
NPs with a pore diameter of ~6.6 pm. (b) Confocal Raman spectro-
scopy image at a Raman shift of 1003 cm ™', which was stacked on the
corresponding optical image. The scattering intensity increases with
color changing from black to red. (c,d) Confocal laser scanning
microscopy images of films with FITC-labeled (c) HRP NPs and (d)
free HRP. Scale bar: 20 pm.

leading to the increase of spreading coefficient. As a result,
the water droplets become flatter compared with those in a
PS/chloroform system. Obviously, flatter water droplets lead
to flatter pores and hence larger pore diameters. On the other
hand, with further increasing the amount of NPs, the size of
droplets stabilized by the NPs decreases'® and the pore
diameters decrease accordingly. Therefore, the pore diameters
of the films increase first and then decrease with the amount of
HRP NP dispersion.

If the water droplets are indeed stabilized by HRP NPs, the
pore walls will be decorated with HRP NPs. It has been reported
that hard NPs such as CdSe and SiO, NPs can assemble at the
pore walls.'®!! Here, we demonstrate that the pore walls were
decorated with soft NPs such as free HRP or HRP NPs. Fig. 3
shows high-resolution confocal Raman spectroscopy and confocal
laser scanning microscopy (CLSM) images of the patterned
porous films containing HRP. The Raman shift at 1003 cm™!
corresponds to a typical peak for PS (Fig. $6, ESIT).!” A Raman
image was recorded at this Raman shift in a circular region with
a diameter of 32 pum. It can be seen that the Raman image
exhibits an excellent pattern, where the red area denotes high
concentration of PS whereas the black area suggests poor signal
of PS. The poor signal can be caused by both low concentration
of PS and difficulty in collecting the scattering signal. The black
area corresponding to the pore bottom may be attributed to the
difficulty in collecting the scattering signal. However, the ““pore”
diameter determined from the Raman image is about 8 pm,
which is obviously larger than the actual diameter of the pore
measured from the corresponding optical image (~ 6.6 pm). The
black transition area corresponds to the pore walls with a
thickness of about 0.7 um. In this ring area the poor signal of
PS may be induced by its low concentration because of the
segregation of HRP NPs. Moreover, in the pore area the Raman
shift at 1618 cm ™! caused by HRP'® is stronger than those of PS
although the scattering signal of HRP NPs is relatively weak
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Fig. 4 Relative activity of films patterned with free HRP and HRP
NPs. Sample 1: films prepared from as-dispersed free HRP or HRP
NPs in ethanol; Sample 2: films stored for 7 days at 4 °C.

(Fig. S6, ESIt). The patterns can also be clearly observed from
the CLSM images of film samples cast from solutions containing
FITC-labeled HRP NPs (Fig. 3¢ and Fig. S7, ESIY).
For comparison, FITC-labeled free HRP was used for film
preparation. Patterned porous film with segregated HRP was
also obtained (Fig. 3d). Therefore, it seems that a large amount
of HRPs segregated at the pore walls.

Next, we measured the activity and stability of free HRP
and HRP NPs in solutions according to the procedure
proposed by Nicell and Wright.!” In the activity assays, we
must use the same amount of HRP. To this end, the absorp-
tion intensity of HRP NPs at 403 nm, where the extinction
coefficient is 102 mM ! em™!, was kept the same as that of free
HRP. At the optimal reaction temperature for free HRP, HRP
NPs possess more than 90% residual activity (~ 510 units)
when compared with free HRP (~ 560 units) (Fig. S8, ESIf).
Results also indicate that HRP NPs possess better thermal
stability. To evaluate the resistance to organic solvents, the
activity of HRP NPs was measured in aqueous solutions
containing 15% methanol, 15% tetrahydrofuran, or up to
80% ethanol (Fig. S8, ESIf). Obviously, HRP NPs show
better activity than free HRP in the mixtures containing
organic solvents. As for other organic solvents such as chloro-
form and carbon disulfide that are often used in the breath
figure method, it is difficult to measure the activity of HRPs
because these organic solvents are immiscible with water.

Fig. 4 shows the activity and stability of HRP in the
patterned porous films. The film prepared from as-dispersed
HRP in ethanol completely loses the activity (sample 1),
let alone that stored for 7 days at 4 °C (sample 2). The film
prepared from HRP NPs, by contrast, retains obvious activity;
furthermore, the residual activity reaches 52% after stored for
7 days at 4 °C. It should be noted that Fig. 4 gives the
normalized data because we did not know the exact amount
of HRP that participates in the reaction. Part of the HRP may
be embedded in the film and cannot participate in the reaction.

The hydrophilic cross-linked polymer shell around HRP has
a thickness of only several nanometres (Fig. 1) and hence
shows little influence on the diffusion of the substrates to the
active site of HRP.'? Therefore, the HRP NPs still show very
high residual activity. On the other hand, their good resistance
to organic solvents may be ascribed to the improved structural
integrity via multipoint linkage, the increased intramolecular
hydrogen bonds, and the retained essential water of enzyme by
the hydrophilic shell.?® Therefore, the HRP NPs can be

dispersed in organic solvents for one-step preparation of
patterned biocatalytic films.

In summary, we have demonstrated a one-step approach to
the fabrication of patterned porous films containing horse-
radish peroxidase (HRP). The films were prepared from poly-
styrene solutions dispersed with HRP NPs via the breath figure
method. The HRP dispersion shows great influence on the
regularity, pore diameter, and pore shape of the patterned
films. During the process of film formation, HRP NPs stabi-
lized the condensed water droplets and formed HRP patterns
with obvious catalytic activity, which were confirmed by high-
resolution confocal Raman spectroscopy and confocal laser
scanning microscopy. This approach opens a facile route to
one-step fabrication of patterned biocatalytic films.
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ABSTRACT: Thin perforated membranes with ordered pores are
ideal barriers for high-resolution and high-efficiency selective
transport and separation of biological species. However, for self-
assembled thin membranes with a thickness less than several
micrometers, an additional step of transferring the membranes onto
porous supports is generally required. In this article, we present a
facile transfer-free strategy for fabrication of robust perforated
composite membranes via the breath figure process, and for the first
time, demonstrate the application of the membranes in high-
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resolution cell separation of yeasts and lactobacilli without external

pressure, achieving almost 100% rejection of yeasts and more than 70% recovery of lactobacilli with excellent viability. The
avoidance of the transfer step simplifies the fabrication procedure of composite membranes and greatly improves the membrane
homogeneity. Moreover, the introduction of an elastic triblock copolymer increases the interfacial strength between the
membrane and the support, and allows the preservation of composite membranes in a dry state. Such perforated ordered
membranes can also be applied in other size-based separation systems, enabling new opportunities in bioseparation and

biosensors.

KEYWORDS: porous materials, isoporous membranes, self-assembly, breath figures, cell separation

1. INTRODUCTION

Cell separation is important in environmental protection,
healthcare, food, and biotechnology industries, for example,
yeast harvesting in beer brewing," specific capture and detection
of circulating tumor cells in blood,*™> and isolation of stem,
blood, and tissue cells. '® Separation of eukaryotic cells (e.g.,
yeasts) from prokaryotic cells (e.g., lactobacilli) is essential for
the diagnosis of bacterial infections and food contamina-
tions.""'* Typically, yeasts play a substantial role in the spoilage
of commercial fruit yogurts fermented by lactobacillus
bacteria.'" Currently, a series of cell separation techniques
have been developed,”> among which centrifugation and
membrane filtration are the most commonly used techniques.
As cell separation through centrifugation is a time-consuming
and labor-intensive process, membrane filtration provides a
rapid, simple, energy-saving, and inexpensive method and has
been widely applied to large-scale bioseparation including cell
separation.'*'> However, commonly used membranes prepared
by phase inversion exhibit a high pore coefficient of variation
(CV > 20%) and large thickness (typically several tens of
micrometers) with tortuous pore paths, resulting in a low
separation accuracy and huge flow resistance.'® Alternatively,
perforated membranes with ordered pore arrays are ideal for
high-resolution and efficient biological transport and separa-
tion."”

- ACS Publications  © 2014 American Chemical Society

Up to now, techniques for fabricating perforated membranes
include track etching, anodization, lithographic microfabrica-
tion, and self-assembly approaches such as colloidal crystal
assembly, emulsion templating, breath figures, and microphase
separation of block copolymers.'*'~>* Although track etched
and anodized aluminum oxide membranes with micrometer-
sized ordered pores have been commercially available, the
former still suffers from low pore density (~15%) and the later
is costly. Furthermore, both of the commercialized membranes
have long pore channels (~15—20 ym), which are promising in
single file diffusion'®"2%** but require relatively high operation
pressure. It should be noted that high operation pressure is not
desirable for cell separation because of the possible viability loss
of cells which are sensitive to physical stresses, and besides,
high operation pressure may induce unexpected cell permeation
through membranes with a pore size much smaller than the cell
size because of cell deformation. Self-assembly processes offer a
promising alternative to fabricate ultrathin perforated mem-
branes, which enable not only an extra separation accuracy but
also a low or ultralow operation pressure and a significant
enhancement of mass transport rates.”> For example, in a
previous communication we reported an ordered membrane
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prepared at an ice/air interface followed by a transfer step,
which shows perfect size-selective separation of polystyrene
microspheres.”® Although Peinemann et al. has reported an
integral (nontransfer) preparation of asymmetric membranes
by the combination of nonsolvent-induced phase separation
and self-assembly of amphiphilic block copolymers,”’™>* for
self-assembled thin perforated membranes with a thickness less
than several micrometers, an additional step of transferring the
membranes onto porous supports is generally required.”**°
Because of the high porosity of perforated structures and the
inherent fragility of membrane materials, pore cracks may occur
in the transfer process, which attenuates the separation
selectivity and mechanical durability of the membranes. In
addition, it is important to strengthen the interfacial adhesion
between membranes and the supports so that it will be feasible
to recover cells or reduce membrane fouling by back flushing.
Moreover, most self-assembled membranes and even some
phase inversion membranes that have a thickness of several tens
of micrometers must be preserved in wet state (e.g, in glycerin)
to prevent from possible pore collapse during the drying
process. For cell separation, membranes need to be sterilized
before use, and thus membranes that can be preserved at a dry
state are highly desirable.

Here we present a facile transfer-free strategy for fabrication
of robust perforated composite membranes via a self-assembly
process and the application in cell separation. The transfer step
is avoided in this method, which simplifies the procedure of
fabricating composite membranes and greatly improves the
homogeneity of the membranes; on the other hand, blending
an elastic triblock copolymer further increases the interfacial
adhesion strength between the membrane and the porous
support. As a result of the rational design of the fabrication
process as well as membrane-forming material chemistry, the
composite membranes are able to be preserved in dry state and
durable to back flushing. Separation of mixtures of yeasts and
lactobacilli demonstrated almost 100% rejection of yeasts and
more than 70% recovery of lactobacilli The permeated
lactobacilli show excellent viability, which is confirmed by cell
culture experiments. We believe that this is the first example of
cell separation using a thin perforated self-assembled membrane
without external pressure, which can also be applied in other
size-based separation systems, enabling new opportunities in
bioseparation and biosensors. Moreover, the proposed transfer-
free strategy provides a new pathway to prepare other
composite materials.

2. EXPERIMENTAL SECTION

Materials. The synthesis of polystyrene-block-poly(N,N-dimethy-
laminoethyl methacrylate) (PS,,,-b-PDMAEMA,, M, = 27900 g
mol™!, M,/M, = 1.24) by atom transfer radical polymerization was
described elsewhere.>” Polystyrene-block-polyisoprene-block-polystyr-
ene (SIS, 22 wt % styrene, M, = 158600 g mol™, M, /M, = 1.18) was
purchased from Sigma-Aldrich and used as received. Transmission
electron microscopy (TEM) grids (@12 mm) were purchased from
Beijing Xinxing Braim Technology Co. Ltd. (China) and used as
porous supports. Before used, the TEM grids were sonicated with
acetone for 15 min and blow-dried by nitrogen gas. Poly(ethylene
terephthalate) (PET) films were kindly provided by Hangzhou Tape
Factory (China) and cleaned with acetone for 5 min and repeated
three times before used. The yeast strains, Saccharomyces cerevisiae (S.
cerevisiae), were purchased from Zhejiang Microbiology Institute
(China). The lactobacillus strains, Streptococcus thermophilus (S.
thermophilus), were purchased from China Center of Industrial
Culture Collection. Water used in the experiments was deionized

and ultrafiltrated to 18.2 MQ with an ELGA LabWater system. All
other reagents were acquired from Sinopharm Chemical Reagent Co.
Ltd. (China) and used without further purification.

Transfer-Free Fabrication Method. Perforated honeycomb
composite membranes were grepared at an air/ice interface according
to the following procedure.”® Typically, a cleaned TEM grid was
placed in a PS Petri dish (® 30 mm) and covered by a thin ice layer
with a thickness of ~1 mm. Then, a solution of PS,,,-b-PDMAEMA,,/
SIS (40 uL) in carbon disulfide (CS,) was drop-cast onto the surface
of ice well above the TEM grid under a humid airflow at room
temperature. The concentration of PS,,,-b-PDMAEMA |, was fixed at
1 mg mL™" while the SIS weight fraction in the blends varied from 0 to
80 wt %. The relative humidity of the airflow, measured by a hygro-
thermograph (DT-321S, CEM Corporation), was maintained around
80% by bubbling through distilled water, and the flow rate was
controlled via a needle valve and measured by a flow meter. A thin
turbid solution film formed on the ice/water surface in merely several
seconds. As the evaporation of CS, and condensed water droplets, the
thin ice layer above the TEM grid gradually melted into water and
infiltrated down through the wide openings of the grid, which leads to
self-adhesion of the honeycomb membrane onto the TEM grid.
Consequently, a composite membrane was directly fabricated without
further membrane transfer steps in only several minutes. To prevent
the honeycomb membrane from unexpected cracking induced by the
capillary force during water evaporation, we immersed the as-prepared
composite membrane in ethanol for 10 s to completely replace the
water remaining in the pores before drying in the air at room
temperature. The composite membranes in the dry state could be
stored well with no obvious cracks for more than 30 days.

Membrane Characterizations. The integrity and interfacial
adhesion strength of the honeycomb membranes were assessed by
microscope images obtained from an optical microscopy (Ti—U,
Nikon). The integrity ratio, I, is defined as the ratio of TEM grid area
covered by honeycomb membranes with none-cracking pores (Sy) to
the whole TEM grid dimension (St), which is given as

S
I="2 x 100%
ST

The average integrity ratio is obtained from 5 parallel pieces of
composite membranes and the integrity of each membrane is
calculated from 3 random locations.

The assessment of interfacial adhesion strength is borrowed from
the method for evaluating paint adhesion force. Perforated honeycomb
membranes transferred on PET films were prepared and pressed by an
adhesive Scotch tape onto the membrane surface. The adhesion ratio,
A, is defined as the ratio of residual area of membranes after the unfirm
pore structures were peeled off from the support (Sg) to the whole
PET film dimension (Sp), which is given as

SR
A= =2 % 100%
SP

The average adhesion ratio is obtained from 5 parallel pieces of
honeycomb membranes on PET films and the adhesion strength of
each membrane is calculated from 3 random locations.

The pore diameter distribution of the honeycomb membranes was
statistically analyzed by measuring the pore sizes of over 100 pores on
the top and bottom surface through the corresponding SEM images,
respectively.

Cell Separation Assay. A honeycomb composite membrane with
a diameter of 12 mm was mounted in a homemade permeation
module. Before filtration, the composite membrane was sterilized in
75% alcohol for 10 min and rinsed by physiological saline three times
to completely replace the air captured in the pores and wet the
membrane surface. Yeasts and lactobacilli were mixed and dispersed in
physiological saline with various cell densities. The separation was
performed in a dead-end mode without any additional pressure. The
feed cell dispersion was flowed through the filter chamber and the
filtrate was collected in a 10 mL vial for subsequent characterization.
The cell separation process was recorded by a real-time monitoring
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ACS Applied Materials & Interfaces

Research Article

optical video (see the Supporting Information, Movie S1: yeast
filtration, the yeast cell density in the feed solution is 3.4 X 10° cfu
mL™; Movie S2: separation of mixtures of yeasts and lactobacilli, the
cell density of yeasts and lactobacilli in the feed solution was 3.4 X 10°
and 6.8 X 107 cfu mL™, respectively). On the other hand, the
sterilization and rinsing process were the same for the sucking filtration
method. The feed solution of yeast cells in a vial was sucked up into
the syringe at a speed of about 0.25 mL min™". The permeation ratio
of a specific type of cells is defined as the proportion of the cell density
in the filtrate solution to that in the feed.

The cell density of yeasts and lactobacilli was obtained by cell
counting via a hemocytometer and from OD600 values by an UV—vis
spectrophotometer (UV-2450, Shimadzu), respectively. The relation-
ship between the cell density and OD600 values of yeasts was
determined by the results of cell counting and UV adsorption value,
giving the yeast cell density of 1.46 X 107 cfu mL™" at OD600 = 1.0.
The relationship between the cell density and OD600 values of
lactobacilli was established according to the National food safety
standard food microbiological examination (GB 4789.35—2010),
which shows the lactobacillus cell density of 3.89 x 10® cfu mL™" at
OD600 = 1.0.

3. RESULTS AND DISCUSSION

Transfer-Free Membrane Fabrication. Inspired by water
droplet arrays condensed on cold substrates, the breath figure
technique provides a simple, robust, and efficient strategy to
fabricate honeycomb membranes with a pore size range of
submicrometer to tens of microns.*®* *’ As pioneered by Parisi
and co-workers,*® honeycomb membranes with perforated pore
structures were successfully prepared via depositing a dilute
polymer solution on liquid surface with an adequately large
surface tension (e.g, water).29%755 We originally demon-
strated the use of ice as the substrate for preparing perforated
honeycomb membranes.?® Traditionally, a polymer solution is
cast onto water or ice surface with a dimension and thickness
far beyond that of the resultant honeycomb membrane,>**~3
and the as-prepared membrane will be finally floating on water
surface. Then, the membrane can be carefully transferred to
supports. In theory, only the outermost surface layer of the
substrate (e.§., water) is essential to the formation of perforated
membranes.”® Obviously, a membrane would sgontaneously
adhere to the support on a lowering water surface. © Hence, it is
possible to prepare perforated honeycomb membranes on a
thin ice layer without further transfer steps. Typically, porous
supports, such as TEM grids, were placed in a PS Petri dish (®
30 mm) and covered by a thin ice layer with a thickness of ~1
mm (Figure 1a). A solution of PS-b-PDMAEMA/SIS blends in

a TEM grid covered b
with thin ice

polymer solution [
caston ice

water droplels
self-assembly

honeycomb membrane e
sell-adhesion onto TEM grid

perforated honeycomb  f
composite membrane

cell separation

ooo °3-e.35te
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Figure 1. Schematic illustrations of the fabrication of perforated
honeycomb membranes on porous supports such as TEM grids via
(a—e) a transfer-free breath figure method and (f) the cell separation
process.

CS, was drop-cast onto the air/ice interface well above the
TEM grid under a humid airflow with ~80% relative humidity
(Figure 1b). The polymer solution would spread at the air/ice
interface, resulting in a thin, disk-like, turbid solution film on
the ice/water surface in merely several seconds. The diameter
of the solution film was about 17 mm, which is slightly larger
than that of a TEM grid. Condensed water droplets induced by
evaporative cooling self-assemble into hexagonal arrays as a
result of Marangoni convection and thermocapillary force, and
penetrate the polymer solution film induced by the excess of
the surface tension differential pressure to the critical rupture
pressure across the pores (Figure 1¢).>® As the evaporation of
CS, and water, the thin ice layer above the TEM grid gradually
melts into water and infiltrates down through the wide
openings of the grid, leading to self-adhesion of the membrane
onto the underlying TEM grid (Figure 1d). Consequently, a
composite membrane can be directly fabricated without
membrane transfer steps in only several minutes (Figure le).

A typical perforated honeycomb composite membrane is
shown in Figure 2a—f. By using PS-b-PDMAEMA/SIS (60 wt
% SIS) blends as the membrane-forming material, perforated
honeycomb membranes without pore cracks in a large area
were obtained via the transfer-free method. Typically, the
membrane has a pore diameter of 2.5 ym on the top surface
(Figure 2a, b) and 2.7 um at the bottom (Figure 2¢, d). It is
noteworthy that, compared to other self-assembled membranes,
the pore size of the perforated honeycomb membranes is in the
micrometer range, which is well-suited for cell separation.
Meanwhile, the membrane presents a considerably high
porosity of up to 70% within a single opening of the TEM
grid support, and a thin membrane thickness of about 2 ym
(Figure 2e and Supporting Information, Figure Sle). Besides
the TEM grid, other porous supports such as stainless steel
sieves, nylon fabrics, and nanofibrous meshes can also be used.
Moreover, it should be emphasized that we prepared highly
uniform honeycomb membranes with a remarkably low pore
CV down to 3.85% on both the top and bottom surface (Figure
2g). The composite membrane displays uniform bright
iridescent colors when viewed with a reflected light (Figure
2f), indicating the formation of a perfectly ordered honeycomb
composite filter with a membrane diameter of 12 mm (more
than 1.1 cm? inset of Figure 2f). Generally, the maximum
membrane area could be up to several square centimeters,
which depends on the volume of the casting solution and the
scale of supports. The high homogeneity, perfectly perforated
structure, high porosity, and thin thickness may endow the
membrane with high-resolution separation ability at ultralow
operation pressure.

Compared to other fabrication techniques for perforated
polymeric membranes with ordered pores, such as track
etching, photolithography, colloidal crystal templating, and
microphase separation of block copolymers, this transfer-free
breath figure method allows the formation of relatively large-
area membranes in a simple and time-saving way. Besides, water
is utilized as templates in this method, which is nontoxic and
easily available, and more interestingly, can thoroughly
evaporate during the membrane formation process. As a result,
an extra step for template removal is avoided.

Enhancement of Membrane Mechanical Properties.
Polystyrene-based amphiphilic diblock copolymers (e.g.,, PS-b-
PDMAEMA) are good candidates for membrane forma-
tion.2*>® However, it is known that polystyrene films are
fragile, especially for those films with highly porous structures.
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Figure 2. (a—e) SEM images of a typical perforated honeycomb composite membrane prepared by the transfer-free method from a blend of PS-b-
PDMAEMA/SIS (60 wt % SIS). (a, b) Top side, (c, d) bottom side, and (e) cross-section. (f) Digital photographs of the composite membrane, the
inset shows the actual dimension of the membrane. Scale bars: (a, ¢) S0 ym and (b, d, e) S um. (g) Average pore diameter (d) of the top and bottom
surfaces of a typical perforated honeycomb composite membrane prepared by the transfer-free method from a blend of PS-6-PDMAEMA/SIS (60 wt
% SIS), and the corresponding standard deviations (o). (h) Effects of SIS weight fractions in PS-b-PDMAEMA/SIS blends on the pore diameter.
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Figure 3. Membrane integrity and interfacial adhesion strength. (a, b) Effects of SIS weight fractions in PS-b-PDMAEMA/SIS blends on (a) the
integrity and (b) the interfacial adhesion strength of the honeycomb membranes. (c, d) Typical optical images of residual pore structures of
honeycomb membranes on supports after peeled off by a Scotch tape. (c) PS-b-PDMAEMA membrane and (d) PS-b-PDMAEMA/SIS blend (80 wt
% SIS) membrane. Scale bar: 50 um.
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Figure 4. Yeast filtration. Digital photographs of (a) a typical yeast cell filtration process, (b) the membrane module used for cell separation, and (c)
the feed and filtrate solutions. (d, e) Optical images of the (d) feed and (e) filtrate solutions on a hemocytometer. The feed solution in (a, ¢, d) hasa
yeast cell density of 3.4 X 10° cfu mL™" (OD600 = 0.233) and the OD600 value of the filtrate is 0.001. Scale bars: (b) 20 mm and (d, e) 200 pm.

SIS is a commercially available elastomer and has been well
demonstrated as an ideal material for constructing robust
honeycomb films on nonplanar substrates.”” > Therefore,
blends of PS-b-PDMAEMA and SIS with different composi-
tions were investigated for the enhancement of membrane
integrity and interfacial adhesion as well as pore structure
control. As indicated in Figure 2h, the diameter of top surface
pores of PS-b-PDMAEMA/SIS membranes can be tuned from
4.1 to 2.5 um by changing the SIS weight fractions from 0 to 80
wt %, whereas the bottom pore size remains constant at about
2.7 pm, and dead-end pore structures are obtained at a high SIS
ratio of 80 wt % (see the Supporting Information, Figures S2,
S3). Besides, membranes containing 80 wt % SIS are sensitive
to stretching and compressing, resulting in unstable and
deformable pore structures at room temperature. A detailed
discussion on the breath figure process for the formation of PS-
b-PDMAEMA/SIS membranes can be found elsewhere
(Supporting Information, breath figure process of PS-b-
PDMAEMA/SIS membranes section and Figures S1—S7).
Compared to the traditional transfer method, the integrity of
the perforated honeycomb membranes has been significantly
enhanced because of both the transfer-free method and the
blending of elastic SIS (Figure 3a). Defects in the honeycomb
composite membranes were evaluated through optical micros-
copy. The integrity ratio, which is the areal fraction of TEM
grids covered by none-cracking honeycomb membranes
increases with the weight fraction of SIS in the blends, and
membranes prepared by the transfer-free method have
obviously higher integrity ratios than those by the transfer
method. Perforated honeycomb membranes with no cracks
were obtained via the transfer-free method when the SIS weight
fraction reaches 60%, whereas more than 15% area of the
membrane prepared by the transfer method is still fractured
(see the Supporting Information, Figures S8, S9). The elastic
SIS can act as the strengthening phase in the as-prepared
honeycomb membranes to protect pore structures from
unexpected cracking in the self-adhesion, membrane drying,
or separation processes.

The introduction of SIS can also enhance the adhesion
strength between the honeycomb membrane and the porous

support. Insufficient adhesion to su}s)gorts leads to detachment
of membranes from the supports,”™ which would obviously
weaken or even eliminate the separation selectivity of the
membranes. As far as we know, a direct and accurate
measurement of the adhesion force of a thin polymeric
membrane to a porous support is rather difficult. We evaluated
the adhesion strength in a way that is borrowed from the
evaluation of paint adhesion force. Perforated honeycomb
membranes on supports were pressed by an adhesive Scotch
tape onto the membrane surface. The adhesion strength is
indicated via the adhesion ratio, which is defined as the ratio of
the residual area to the whole area of membranes. As shown in
Figure 3b, the adhesion ratio increases with the SIS fraction in
the blends. The adhesion ratio of the membrane with 60 wt %
SIS is nearly 20 times higher than that of the PS-b-PDMAEMA
membrane. Figure 3¢, d shows optical images of residual
membranes with 0 and 80 wt % SIS, respectively. Almost all
pore structures were removed from supports in the PS-b-
PDMAEMA membranes, while the apparent membrane
morphology in the membranes with 80 wt % SIS remains
intact. Other typical images are shown in Figure S10
(Supporting Information). It can be concluded that the
interfacial adhesion strength has been greatly improved by
the introduction of elastic SIS. As a result of the improvement
in membrane integrity and interfacial adhesion strength, the
composite membrane can be preserved in dry state, unlike
membranes reported previously that must be kept in wet
state.>>"> Membranes in the dry state are greatly beneficial for
large scale production and practical applications.

Cell Separation. The honeycomb composite membranes
were first applied to the filtration of yeast cells to evaluate the
retention capability (Figure 4), which may provide a rapid and
effective method to capture, enrich and even detect rare cells
with ultralow concentration in a solution, e.g., Cryptosporidium
parvum oocysts in the drinking water suopply system® and
circulating tumor cells in bloodstream. " The composite
membrane with an outer diameter of 12 mm was mounted in
a homemade permeation module, which consists of a syringe
for holding the feedstock, a reusable polytetrafluoroethylene
(PTFE) filter chamber, and rubber gaskets and stainless steel
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screws for membrane fixing and sealing (Figure 4b). This
modified module could protect the composite membranes from
possible damages in the mounting process and enable a
working diameter of 8 mm. Yeast cells (S. cerevisiae) were
dispersed in physiological saline with various cell densities from
32 X 10° to 34 X 10° cfu mL™Y, and the filtration was
performed in a dead-end mode. It is noteworthy that the
filtration could be carried out without external pressure,
compared to the traditional microfiltration processes where
0.1 MPa or higher pressure is necessarily applied. The feed
solution flowed through the filter chamber and the filtrate was
collected for subsequent cell counting. This filtration process
was recorded by a real-time monitoring optical video (see the
Supporting Information, Movie S1). As expected, the filtration
flux of the composite filters decreased with yeast cell density,
and at least a flux of 3.0 X 10> L m™> h™" was achieved for a
yeast cell density of 3.4 X 10° cfu mL™". Figure 4c—e shows
typical digital photographs and cell counting results before and
after the filtration by the membrane. The feed solution
displayed a yeast cell density of 3.4 X 10° cfu mL™" (OD600
= 0.233), whereas the filtrate showed nearly zero yeast cells
(OD600 = 0.001). The filtration results demonstrated that
almost 100% yeast cells were removed from the feed solution
and a clear filtrate was obtained, which indicates perfect
retention to cells with a larger size than the pore diameter. The
excellent retention ability of the composite membranes stems
from a narrow pore size distribution of the honeycomb
membranes and an ultralow operation pressure of only several
centimeters water. In addition, the filtration of yeast cells could
also be performed via a sucking method (Figure S). By carefully

R

filtrate

filtrate

*

Figure S. Digital photographs of (a) a typical yeast cell filtration via
the sucking method and (b) the feed and filtrate solutions. The feed
solution has a yeast cell density of 3.4 X 10° cfu mL™' (OD600 =
0.233) and the OD600 value of the filtrate is 0.002.

sucking the feed solution (OD600 = 0.233) in a vial into the
syringe through a stainless steel needle, yeast cells would first
pass through the porous supports and then be rejected by the
honeycomb membranes, resulting in a clear filtrate solution
(OD600 = 0.002) collected in the syringe (Figure Sb). The
successful retention of yeast cells by this sucking method
further indicates the improvement of the interfacial adhesion
strength between the honeycomb membrane and the porous
support, and the promising back flushing ability of the
composite membranes.

Subsequently, the separation of cell mixtures of yeasts and
lactobacilli (S. thermophilus) was investigated (Figure 6 and
Supporting Information, Movie S2). It is known that the S.
cerevisie are elliptical cells with an average minor axis diameter
of 3.1 um and the S. thermophilus are spherical cells with an

lactobacilli

9“—'0'—'_'_&“@-—"4"—'—3_'—__0

Permeation ratio (%)

yeasts

o] —o0——oo— o - —

10 15 20 25 30 35 40 45
i(0,1D)

Figure 6. Cell separation. (a) Digital photographs of a typical
separation process of the mixture of yeasts and lactobacilli, and the
feed and filtrate solutions. (b, c) Typical SEM images of cells in the
(b) feed and (c) filtrate solutions. The cell density of yeasts and
lactobacilli in the feed solution was 3.4 X 10° and 6.8 X 107 cfu mL™},
respectively. (d) Permeation ratios of yeasts and lactobacilli in the cell
separation via the honeycomb composite membranes. (e, f) Digital
photographs of the recultured filtrate solution in a lactobacillus
growing medium (e) and yeast growing medium with 10 yg mL™
erythromycin (f). The left culturing dishes in e and f were blank media
as controls. Scale bars: (b, ¢) S ym and (e, f) 20 mm.

average diameter of 0.7 ym. Yeasts and lactobacilli were mixed
and dispersed in physiological saline with various cell densities.
The yeast density (Dy) varied from 3.2 X 10* to 3.4 X 10° cfu
mL " while the lactobacillus density (D;) decreased from to 1.1
X 10° to 6.8 X 107 cfu mL™". The filtrate is still turbid because
of the existence of lactobacilli although it seems slightly clearer
than that of the feedstock of cell mixtures (Figure 6a). Figure
6b shows a typical SEM image of the mixed cells. As expected,
yeast cells in the feed solution were almost completely retained
by the aperture sieving effect of the honeycomb membranes,
resulting in a permeation ratio of nearly zero (Figure 6d). Only
lactobacilli can be observed from the SEM image of the filtrate
(Figure 6c). Although several lactobacillus cells could link
together to form a chain-like joint structure (Figure 6b) and
enlarge the cell size, more than 70% of lactobacillus recovery
was obtained in the filtrate (Figure 6d). The proportion of
lactobacillus cells was observed to be significantly reduced in
the filter residue (Supporting Information, Figure S11) as
compared to that in the initial feed solution shown in Figure 6b.
The filtration flux of cell mixtures is ~2.6 X 10* L m™> h7},
which is slightly lower than that of the single solution of yeasts
(~3.0 X 10 L m™ h™).

The diluted filtrate solution was recultured in a lactobacilli
growing medium. The permeated lactobacillus cells show an
excellent viability due to the free passage through the
honeycomb composite membranes under an ultralow operation
pressure (Figure 6e). It is important to perform cell separation
at a low transmembrane pressure. For example, in the leukocyte
depletion of blood, hemolysis would occur and leukocytes
could be deformed and pushed through the pores under high
pressures. Meanwhile, a yeast growing medium with 10 ug
mL™" erythromycin as the antibiotics was also used for
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reculturing the filtrate cells. As a result of the addition of
erythromycin, the growth of lactobacillus cells would be
completely suppressed without disturbing the breeding of
yeast cells. The culturing results further indicate complete
removal of yeast cells in the filtrate solution (Figure 6f). These
results are consistent with those of yeast filtration shown in
Figure 4 and S. Therefore, it can be concluded that the
perforated honeycomb composite membranes provide a high-
resolution and energy-saving cell separation process.

4. CONCLUSION

In conclusion, we present a facile transfer-free strategy for the
fabrication of robust perforated composite membranes with
ordered and uniform pores. The strategy simplifies the
procedures of fabricating composite membranes and greatly
improves the homogeneity and interfacial adhesion strength of
the membranes, enabling membranes that can be preserved in
dry state and durable to back flushing. We demonstrated for the
first time the use of a thin perforated membrane in high-
resolution and energy-saving size-selective cell separation of
yeasts and lactobacilli without external pressure. Almost 100%
rejection of yeasts and more than 70% recovery of lactobacilli
have been achieved by using a honeycomb membrane with an
average pore diameter of 2.5 ym. In addition, the permeated
lactobacilli show an excellent viability. This promising cell
separation material may also be applied in other size-based
separation systems, such as capture and detection of circulating
tumor cells.
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