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Nanoporous polyethylene (PE) membranes prepared by etching treatment for diblock copolymer 

composed of PE and polystyrene (PS) are applicable for biotechnological interfaces of various biosensors. 

The conventional control of pore size is limited by block compositions or etching conditions. In this 

study, an increase in the removable PS component was enabled by blending the above base copolymer 10 

(PE-b-PS) with PS homopolymer or the other block copolymer containing greater PS content. A series of 

the films of these blends were isothermally crystallized under the optimum conditions, and were mildly 

etched to prepare nanoporous membranes. Therefore, the excellent robustness was achieved in the 

resultant nanoporous membranes, which is beneficial for wider applications. A desirable combination of 

precise pore dimension and large pore volume was achieved by blending the PS homopolymer with lower 15 

molecular weight, compared to a nanoporous membrane prepared from pure base copolymer, which is 

also confirmed by molecular permeation tests. 

Introduction 

Recently, nanoporous membranes have received much attention 

in biological applications, including biosensors,1-5 tissue 20 

engineering,6 lab-on-a-chip,7 drug delivery,8,9 molecular 

separation,10-13 and sieve.14 A typical example is an anodic 

aluminium oxide membrane. The most remarkable characteristic 

of these ceramic membranes, including nanoporous silica one, is 

the straightness of the nanopores even for thicknesses exceeding 25 

micrometers.2 This is advantageous for rapid permeation of the 

molecules for filtration or separation. In contrast, its disadvantage 

is brittleness even when bent just slightly.  

Similar straight nanopore channels have been obtained by 

track-etching polymeric membranes.15 These membranes are 30 

flexible and are thus widely applied for highly-sensitive sensing 

of single molecules, such as DNA strands.16 However, their pore 

volumes are restricted by a limitation of etching ion-beam density, 

which is undesirable for rapid molecular separation, including 

dialysis and water purification. 35 

Block copolymer is another choice for preparing 

homogeneous nanoporous morphology because micro-phase 

separation on a nanometer scale is spread across the whole 

membrane. Selective etching or degradation of certain 

components leads to the homogeneous nanopore 40 

morphologies.11,13,17-23 Such morphological feature is desirable 

for size-sensitive permeation of targeted molecules, which is 

highly required for biosensors. In particular, a bicontinuous 

arrangement of different phases of block copolymers yields a 

dense network of nanopores, which also guarantees the desirable 45 

passing, even when some of the pores are blocked by diffusant 

fouling.24 

Controlled synthesis of the starting block copolymer is 

necessary for the homogeneity of the segmental length of each 

block, giving precise phase separation morphologies. This applies 50 

in particular to bicontinuous phase separation, such as in double 

gyroid or ordered bicontinuous double diamond structures. Li et 

al.25 prepared a nanoporous membrane from a gyroid-type 

bicontinuous phase separation of polybutadiene-b-

polydimethysiloxane. However, this ordered phase separation 55 

requires the narrowest distribution of the block lengths. 

Therefore, a “precise synthesis” technology for block copolymer 

is the key to the size control of the resultant nanoporous 

morphology.  

In contrast, we adopted another approach for preparing a 60 

bicontinuous phase arrangement. We focused on polymer 

crystallization, which can vary the composition of crystalline and 

amorphous phases. Indeed, diblock copolymer composed of 

polyethylene (PE) and polystyrene (PS), PE-b-PS, exhibits the 

desirable bicontinuous crystalline/amorphous phase separation 65 

when it is crystallized under optimum conditions.26,27 Selectively 

removing the amorphous phase of both PE and PS components 

through acid etching treatment yielded a characteristic network 

morphology of nanopores passing through the membrane 

thickness. The residual crystalline PE networks are the supporting 70 

component for this nanoporous membrane, thus it is robust and 

flexible. This is advantageous for micro electronic and 
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mechanical system (MEMS) applications, which requires bending 

or rolling for assembly in the small space available in tiny 

devices. Indeed, various glucose sensing applications are widely 

developed by using polymeric materials.28 Therefore, we also 

applied this nanoporous PE membrane prepared from block 5 

copolymer precursor to a size-selective interface for an 

implantable glucose sensor.29 The permeation tests revealed that 

smaller glucose molecules pass through the nanoporous PE 

membrane, and larger albumin molecules are blocked, depending 

on the diameter of the prepared nanopores. The smaller pore 10 

diameter achieved by mild etching gives precise size-selectivity 

of molecular permeation, but takes a longer time for complete 

permeation of glucose molecules. In contrast, a larger pore 

diameter can shorten the permeation time, but the size selectivity 

will be restricted.  15 

Other possible applications of nanoporous membranes are 

drug and nutriment release. The medical or essential components 

stored inside the membrane slowly diffuse out through the 

nanopores. The controlled permeation through the conjectured 

pore networks is preferable for desirable molecular releasing.  20 

Blending block copolymers with homopolymers is a 

different approach for preparation of bicontinuous phase 

separation, and thus several research groups have applied this 

methodology for preparing nanoporous membranes.30 Our 

previous study31 also examined a blend of PE-b-PS exhibiting 25 

bicontinuous crystalline/amorphous phase arrangement with the 

other PE-b-PS having a longer PE block. The resultant increase in 

the PE component improved the continuity of the crystalline PE 

phase. In this study, the inverse increase of the PS component 

was attempted by blending same PE-b-PS with homopolymer PS 30 

or PE-b-PS containing a longer PS block. The PS component can 

be removed by fuming nitric acid (FNA) etching, thus an increase 

in the PS component can enhance the pore connectivity across the 

membrane thickness while maintaining precise nanopore 

dimension.  35 

Such increase of etchable PS component also allows mild 

etching for nanopore formation, which is advantageous for 

improvement of mechanical properties of the prepared 

nanoporous membranes. Indeed, longer FNA etching destroys the 

crystalline PE components, resulting in the non-porous 40 

morphology.27,29 Short-time etching is preferable if the passing-

though nanopore network is still obtainable. In this study, the 

mild etching for shorter time was applied for a series of blends 

containing greater PS content. The initial isothermally 

crystallized morphology were detected by scanning probe 45 

microscopy (SPM), and later etched nanopores were observed by 

scanning electron microscopy (SEM). The mechanical properties 

of such nanopopus membranes were estimated by tensile tests. 

The pore size distribution was evaluated by small-angle X-ray 

scattering (SAXS) profiles obtained using synchrotron radiation 50 

source at SPring-8. Glucose and albumin permeations were also 

compared for the prepared nanoporous membranes.  

Experimental section 

Materials 

Table 1 lists the polymeric materials used in this study. All 55 

polymeric materials were purchased from Polymer Source, Inc., 

in Quebec, Canada. These polymers were blended by combining 

base copolymer (PE(67k)-b-PS(54k)) with 5 wt% of the other 

homopolymers (PS(10k) or PS(57k)) or block copolymer 

(PE(2.3k)-b-PS(50k)). Therefore, each blend contains 95 wt% of 60 

base copolymer. The base copolymer is the same material used in 

our previous studies.26,27,29,31
 

The chemical agents used for preparing the nanoporous 

membranes were p-xylene (98 % purity) and fuming nitric acid 

(FNA) (97 % purity) supplied from Wako Chemical in Japan. 65 

The D-glucose and bovine serum albumin (BSA) solutions for 

permeation tests were purchased from Aldrich in the USA. 

 

Table 1 Molecular characteristics of the polymeric materials used in this 

study. 70 

a
 Weight (Mw) and number average molecular weights (Mn) were determined 
from GPC data., 

b
Molecular weight distribution was evaluated by Mw/Mn. 

 

Membrane preparation 

The pure base copolymer or blend samples were dissolved at 1 75 

wt% into p-xylene at its boiling point for 10 min., followed by 

casting at room temperature. Slow evaporation of xylene under 

atmospheric conditions gives the precursor film, followed by 

complete drying under vacuum. The obtained circular films are 

90 mm in diameter and 35 µm thick. The thickness of the film 80 

was controlled by pouring an amount of solution into a Teflon 

dish. These membranes were melted at 180 oC and then 

isothermally crystallized at 90 oC in a vacuum oven for three 

days. Typical appearance of the precursor film was depicted in 

Fig. S1 (ESI†).  85 

FNA etching of the prepared films was performed at 20 oC for 

1-5 min. An excess amount of FNA (10 ml) was added to 0.2 g of 

the above precursor film in a glass dish with a cover. Nitric acid 

molecules attack covalent chain bonds of PS components, giving 

the decomposed styrene monomers. Such styrene monomers are 90 

diffusible within nitric acid solution. Here, styrene monomer is 

soluble to ethanol, thus the etched membrane was washed by 

ethanol. Water washing is effective to extract the residual nitric 

acid stored within the membrane pores. For complete removal of 

such decomposed styrene and residual acid, washings with water 95 

and ethanol were repeated by three times with their excess 

amounts. Such washed membranes were finally dried well at 

room temperature. 

An asymmetric alumina membrane supplied by Whatman was 

adopted for comparison. It has a total thickness of 60 µm, but the 100 

active layer is limited to 1 µm thickness at the outer surface, with 

20-nm pores. The other internal portions contain larger but 

straight pores 200-nm in diameter. An Advantec hydrophilic 

poly(tetrafluoroethylene) (PTFE) membrane filter with fibrillar 

structure (H010A047A) was also used. Its average pore diameter 105 

was 100 nm. 
 

Membrane characterization 

The morphologies of a series of isothermally crystallized films 

Sample 
Mw

a)
 

Mw/Mn
b)
 

PE PS 

PE-b-PS (base copolymer) 6.7 x 10
4
 5.4 x 10

4
 1.07 

PS(10k) - 1.0 x 10
4
 1.09 

PS(57k) - 5.7 x 10
4
 1.07 

PE(2.3k)-b-PS(50k) 2.3 x10
3
 5.0 x 10

4
 1.11 

Page 2 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

were observed by an environmental-controlled scanning probe 

microscopy (SPM) E-Sweep (SII Nanotechnology). SPM 

observation was performed in dynamic force mode (DFM) in a 

vacuum at 0.5 Hz. The scanning area was a square with 1500 nm 

× 1500 nm. The cantilever used was an SII DF-20 equipped with 5 

a 10-nm-diameter Si3N4 tip. 

The nanoporous morphologies of the etched membranes were 

observed using a Hitachi field-emission scanning electron 

microscopy (SEM) S-4800 operated at 1 kV. Both the membrane 

surface and a cleft edge were observed. The sample was coated 10 

with 5-angstrom-thick Pt-Pd before observation. For the latter 

edge view, the 5min-ecthed membranes were selected and cleft 

within liquid nitrogen, and cross sections were analyzed by SEM 

observation. 

The pore size distributions of the prepared membranes were 15 

evaluated from small-angle X-ray scattering (SAXS) profiles 

obtained using a synchrotron radiation source at BL40XU of 

SPring-8, Japan. SAXS patterns for the series of nanoporous 

membranes were recorded on a cooling-type CCD camera 

coupled with an image intensifier (Hamamatsu Photonics, C4742-20 

98-24ER and C7876). The wavelength of the synchrotron beam 

was 0.1 nm The exposure time for each pattern was 100 ms. The 

camera length was 3200 mm. The line profiles were extracted 

from these patterns and calibrated by sample thickness.  

The tensile tests were conducted at room temperature. The 25 

specimens were cut into 30 mm long and 5 mm wide strips from 

the prepared PE nanoporous membranes. These strips were 

tensile-drawn at a constant cross-head speed, corresponding to an 

initial strain rate of 1 min-1, in an Orientec Tensilon tensile tester 

RTC-1325A. The tensile strength was calculated from the 30 

maximum recorded stress at the breaking point.  

Glucose and albumin permeation tests were performed for 24 

hours using the test cell having input and output chambers, 

separated by the porous membrane to be tested (Fig. S2 ESI†).  

A solution with a given concentration of the solute of interest was 35 

set in an input chamber, and an output chamber was filled with 

ultra-pure water for the glucose permeation test, and with 150-

mM-NaCl aq. for the albumin retention test, at the beginning of 

each experiment. Both chambers were stirred by standard Teflon 

magnetic stirrers throughout the entire experiment. All of the 40 

permeation tests were conducted at 23 oC. 24-hour-permeation 

was defined as a standard condition for comparison of 

equilibrium molecular permeation characteristics of the prepared 

membranes. 

For the glucose permeation test, 100-mM-D-glucose in an 45 

ultra-pure water solution was initially put in a chamber. The 

glucose concentration of the liquid in the other chamber was 

measured by Atago RX-5000α refractometer using the 589.3-nm 

sodium D line. The obtained refractive indices were converted to 

glucose concentrations using a standard calibration line 50 

determined by the plots of the refractive indices for known 

concentrations of glucose in ultra-pure water (Fig. S3A ESI†). 

In the albumin permeation tests, a 1.0 % BSA solution (also 

containing 150-mM-NaCl) was initially put in an input chamber. 

The liquid in the output chamber was measured with UV 55 

spectroscopy using a Hitachi UV-VIS U-3010 spectrometer. The 

absorbance at 280 nm was used as an index of the BSA 

concentration. The standard calibration line was determined by 

the plots of the absorbance for given concentrations of BSA (Fig. 

S3B ESI†), the same as for the glucose calibration. Glucose and 60 

BSA were purchased from Sigma-Aldrich.  

Attenuated total reflection (ATR) type Fourier-transformed 

infrared (FTIR) spectroscopy measurements were performed 

using a Perkin-Elmer Spectrum Two UATR spectrometer at room 

temperature. Four scans were deconvoluted for each 65 

measurement. 

Results and Discussion 

Four materials were used in this study. The base copolymer was 

PE(67k)-b-PS(54k) composed of a PE segment with a molecular 

weight (MW) of 6.7 × 104 and a PS segment with a MW of 5.4 × 70 

104. This base copolymer exhibits a bicontinuous crystalline/ 

amorphous phase arrangement induced by an isothermal 

crystallization procedure.26,27,29 Three materials were selected as 

the blending counterparts for preparing a bicontinuous 

arrangement with a larger amorphous phase. One was a 75 

homopolymer PS(57k) with a MW similar to that of the PS 

component of the base copolymer. Homopolymer PS(10k) was 

more diffusible, thus the desirable homogeneity with the base 

copolymer components was anticipated. The third material, 

PE(2.3k)-b-PS(50k), is a block copolymer composed of PE and 80 

PS, but with a lower MW of its PE component than that of the 

base copolymer. Here, our previous study31 examined blending 

the same base copolymer and PE(48.6k)-b-PS(5.8k). For such an 

inverse blending with a larger PE component, the bicontinuous 

crystalline/amorphous phase arrangement was maintained when 85 

the blending ratio of the counter material PE(48.6k)-b-PS(5.8k) 

was below 15 wt% (namely, 85 wt% of the base copolymer). The 

total PE component within the whole blend increased 3 wt% from 

the initial 55 wt% for the base copolymer alone. For the 

homopolymer PS blending in this study, a 5-wt% addition with 90 

base copolymer achieves a corresponding 3-wt% increase in the 

PS component. Therefore, the blend ratio of the counter material 

was fixed at 5 wt%. Also, the isothermal crystallization was 

performed at 90 oC, which is the optimum condition for the base 

copolymer.26,27,29 The typical thickness of the prepared films was 95 

adjusted at 35 µm, which is double of that for the previous 

studies27,29 because the resultant membrane robustness is 

beneficial for various applications. 
 

Morphological Comparison of Isothermally Crystallized 100 

Films 

The surfaces of these precursor films were totally flat, thus the 

usual SEM observation could not detect micro phase separation 

attributed to base copolymer morphology. Therefore, SPM 

observation was adopted to characterize the isothermally 105 

crystallized films prepared in this study. In particular, DFM can 

successfully distinguish the PE and PS phases due to the 

difference in surface stiffness. Fig. 1 presents a set of height (left) 

and phase images (right) obtained by DFM observations for 

isothermally crystallized films of pure base copolymer, PE(67k)-110 

b-PS(54k), and a series of blends with homopolymer PS(10k), 

PS(57k), and the other copolymer, PE(2.3k)-b-PS(50k). In the 

case of the height images, the dark and bright regions mean the 

higher and lower levels. In contrast, these regions in the phase 

image are softer and harder phases. A comparison of these height 115 
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and phase images suggests that the higher region corresponds to 

the softer phase and the lower region corresponds to the harder 

phase, which should be PE or PS components. Considering that 

the glass transition temperatures of PE and PS are -100 oC and 

100 oC,32 the softer (higher) phase corresponds to PE component, 5 

and the harder (lower) phase corresponds to PS component for 

SPM images observed at room temperature.  

The pure base copolymer exhibits typical bicontinuous 

morphology consisting of PE and PS phases (Figs. 1A and 1E). In 

our previous studies,27 a combination of grazing SEM and 10 

transmission electron microscopy observations for this base 

copolymer PE(67k)-b-PS(54k) revealed that both phases are 

interconnected each other. In contrast, the blend with 

homopolymer PS(10k) produces the typical phase separation due 

to enhanced continuity of the PS components (Figs. 1B and 1F), 15 

but the boundaries between PS and PE phases look vaguer than 

those for pure base copolymer. PS homopolymer blending 

reduces the relative PE component, leading to the appearance of 

PE cylinders within the PS matrix. Here, the blending ratio of 

homopolymer PS is low at 5 wt% with 95 wt% base copolymer, 20 

thus the actual component ratio of PS to PE (47.2 wt%) for the 

blend film increases only 3 wt% from that for the original base 

copolymer (44.6 wt%). Such 3-wt% difference is obvious change 

in the phase diagram because the region of the bi-continuous 

phase separation morphology, c.f. double gyroid structure, in the 25 

phase diagram of block copolymers is generally very narrow.33 

This means that even 5-wt% blending of counter component can 

modify the original phase separation morphology of base 

copolymer. 

The second blend with homopolymer PS(57k) exhibited a 30 

minor but apparent region of PS aggregation in the SPM image 

(Figs. 1C and 1G). This indicates heterogeneous mixing even 

with the similar MW of 54k for the PS component of the base 

copolymer. Such coexistence of the aggregated and bicontinuous 

phase arrangements on the film surface is quite different from 35 

their mixture for the blend with the low-MW PS(10k).  

A copolymer pair of base copolymer and PE(2.3k)-b-PS(50k) 

also exhibited a morphology similar to that obtained for the blend 

with homopolymer PS(10k) (Figs. 1D and 1H). PE(2.3k)-b-

PS(50k) has a MW comparable to the PS component of 40 

homopolymer PS(57k), but the MW of the PE component is 

lower than that of base copolymer, which allows the preferable 

molecular mixing within the PE components of both copolymers. 
 

Nanoporous Morphologies Prepared by FNA Etching 45 

FNA etching treatments were undertaken to preparing 

nanoporous PE membranes from the above series of base 

copolymer blends with homopolymers or the other copolymer. 

Our previous studies27,29 revealed that extending the etching time 

collapses the backbone networks composed of PE crystalline 50 

components, leading to undesirable fouling of the nanopores. 

Therefore, short-time FNA etching was applied in this study to 

improve the membrane robustness, i.e., 1 min and 5 min. As 

described later, the desirable size-selective diffusion of vital 

molecules was achieved for the nanoporous PE membranes 55 

prepared with these short-time FNA treatments. 

 The resultant nanoporous morphologies obtained for 1min- and 

5min-etching are compared in Fig. 2. The SEM observation was 

adopted because it can detect the internal morphology through 

nanopores. In contrast, SPM observation emphasizes the surface 60 

morphological information for the regions where analyzing tips 

with 30-nm radius reaches. Therefore, it is usually difficult to 

identify the pores smaller than 30 nm from the top surface for 

SPM observation.  

Isolated nanopores are observed for 5-min-ecthed membrane of 65 

pure base copolymer (Fig. 2E), but continuity of such nanopore 

network is less recognized. For the shorter etching for 1 min., 

similar but indistinct nanoporous morphology is observed, as 

depicted in Fig. 2A. This means that the 5-min-ething is not 

enough for continuous nanopore formation of pure base 70 

copolymer membrane. 

In contrast, the etched membrane prepared from the blend with 

the homopolymer PS(10k) exhibited the elongated nanopores, 

independent of etching time (Figs. 2B and 2F). This morphology 

is coincident with the original cylindrical phase separation before 75 

etching (Figs. 1B and 1F). Such rapid nanopore formation 
Fig 1 SPM height images (left) and phase images (right) of the crystallized 
films prepared from (A, E) pure base copolymer and blends with (B, F) 
PS(10k), (C, G) PS(57k) and (D, H) PE(2.3k)-b-PS(50k). Scale bar, 200 nm. 

A E 

B F 

C G 

D H 
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indicates that the faster etching penetration for homopolymer 

PS(10k) than for pure block copolymer gives the desirable 

continuity of nanopores. 

The other homopolymer blend with PS(57k) exhibits the 

spherical nanopores (Figs. 2C and 2G). These morphologies are 5 

ascribed to the original aggregated homopolymer components 

with bicontinuous phase separation of the base copolymer (see 

Figs. 1C and 1G). As discussed above, etching penetration for 

homopolymer PS is faster than base block copolymer, thus 

similar spherical nanopores are observed even for the 1min-10 

etching, as depicted in Fig. 2C.  

In the case of the other asymmetrical copolymer blend with 

PE(2.3k)-b-PS(50k), the elongated nanopores are emphasized 

even for 1min-etching, as depicted in Fig. 2D, but gradually 

transformed into the bicontinuous networks composed of the 15 

wider pore channels (Fig. 2H). Considering that the un-etched 

morphology in Figs. 1D and 1H also exhibits the cylindrical 

phase separation similar to the blend with homopolymer PS(10k), 

the “two-step” etching is assumable for this blend with PE(2.3k)-

b-PS(50k). Here, the MW of PE component for the counter 20 

PE(2.3k)-b-PS(50k) is much lower than that for base copolymer. 

Our previous study34 for blending a pair of homopolymer PE with 

different MWs suggests that the lower MW component 

concentrates on the region near the film surface, due to the higher 

molecular motion during crystallization. A similar concentration 25 

of the PE(2.3k)-b-PS(50k) component increases the PS 

component in the region near the surface of the precursor film, 

resulting in the elongated nanopores for short-time etching. 

However, the longer-time etching gradually reveals the wider 

nanopore networks, similar to those obtained for the complete 30-30 

min-etching for pure base copolymer film obtained in our 

previous studies.27,29 This means that the surface segregation of 

the PE(2.3k)-b-PS(50k) component accelerates the nanopore 

formation even for short-time etching in this study. 

In contrast, blending two homopolymer PS with different MW 35 

causes homogeneous composition from surface to internal,35 thus 

each nanopore characteristic for the blend with homopolymer 

PS(10k) or PS(57k) is independent of the etching time, as 

discussed above. These comparisons suggest that the 

morphological heterogeneity across the membrane thickness for 40 

the blend with PE(2.3k)-b-PS(50k) is caused by phase separation 

of PE components originated from base copolymer and blended 

counter copolymer during melt-recrystallization of the precursor 

film.  

F 

H 

G 

E 

Fig 2 SEM images for nanoporous membranes prepared from (A, E) pure 

base copolymer and blends with (B, F) PS(10k), (C, G) PS(57k) and (D, H) 

PE(2.3k)-b-PS(50k). The etched times were 1 min (left) and 5 min (right). 

Scale bar, 100 nm. 

A 

B 

C 

D 

A E 

B F 

C G 

D H 

Fig 3 SEM Comparison of internal structures for a series of nanoporous 
membranes prepared from (A, E) base copolymer, and blend with (B, F) 
PS(10k), (C, G) PS(57k) and (D, H) PE(2.3k)-b-PS(50k). The membranes 
were cleft within liquid nitrogen, and cross sections were analysed by SEM 
observation. The regions near the surface and internal membrane were 
compared for the left and right columns. The etched time was all 5min. Scale 
bar, 200 nm. 
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In order to characterize the homogeneity of pore geometry 

across the membrane thickness, the cross-section of these 

nanoporous membranes prepared from the blend systems were 

analyzed by SEM observation. Fig. 3 compares the cleft-edge 

morphologies obtained for a series of 5min-ecthed membranes. 5 

Both regions near the surface and internal were compared for 

each membrane. These results also allow us evaluate the pore 

continuity from the regions near the surface into the membrane 

bulk. For pure base copolymer (Figs. 3A and 3E), the isolated 

nanopores spread across the whole membrane region, but their 10 

connection is less remarkable.  

In contrast, the blend with homopolymer PS(10k) gives the 

continuous nanopore networks, independent of the position across 

the membrane thickness, as depicted in Figs. 2B and 2F. In the 

case of the blend with homopolymer PS(57k) in Figs. 3C and 3G, 15 

the larger pore pockets are observable here and there within the 

membrane thickness, corresponding to the spherical aggregation 

for the initial isothermally-crystallized film (Figs. 1C and 1G). 

These pore pockets homogeneously distribute both at the surface 

and internal regions. The remarkable nanopore morphology 20 

observed for the blend with PE(2.3k)-b-PS(50k) (Fig. 2D) is also 

confirmable for the cleft edge in Figs. 3D and 3H. The obvious 

bicontinuous nanopore networks across the membrane thickness 

was similar to those for the 30-min-etched membrane of the pure 

base copolymer,27,29 which nanopore size is larger than 5min-25 

etched membrane of pure base copolymer (Figs. 3A and 3E). 

Such morphological uniformity across our nanoporous 

membranes is quite different from the asymmetrical pore 

morphology for commercial ultrafiltration membranes.15 The 

size-selectivity is secured through the entire thickness of such 30 

nanoporous membranes, which provides more accurate size-

selective permeation of diffusant molecules, as discussed latter.  

Recently, Jones et al.36 obtained nanoporous PE thin film 

prepared from a ternary blend of PE-b-poly(ethylene-alt-

propylene) (PE-b-PEP) with PE homopolymer, and PEP 35 

copolymer. The blended PEP copolymer is selectively removed 

by solvent dissolving, but the PEP block in the PE-b-PEP 

remains. Wong et al.37 also applied blending PS-b-PE-b-PS with 

PS homopolymer to obtain nanoporous membrane, where PS 

homopolymer alone is removed by solvent etching. In contrast, 40 

our FNA etching can degrade PS components of base copolymer 

as well as PS homopolymer components within the blends, which 

is advantageous to control pore size and volume even for bulk 

membrane with several tens of micrometer thickness.  
 45 

Pore Size Evaluation from SAXS Measurements 

Recently, Wong et al.37,38 estimated the pore size from SAXS 

profiles obtained for nanoporous membranes prepared by solvent 

etching. We also analyze both initial phase separations and 

resultant porous morphologies from SAXS profiles for these 50 

series of the blend samples.  

Fig. 4 depicts SAXS profiles recorded for the series of un-

etched precursor films prepared in this study. Obviously, there 

are two types of profile shapes; one is sharper for A and D, but 

the other is broader for C and D. The former type was prepared 55 

from pure base copolymer and blend with the other block 

copolymer, PE(2.3k)-b-PS(50k), meaning that copolymer 

blending maintains the initial bicontinuous phase separation of 

pure base copolymer, which is also confirmed from SPM 

observations in Fig. 1D and 1H. In contrast, blending with 60 

homopolymer PS(10k) or PS(57k) disorders the phase separation, 

giving the broader long-period peaks. Here, characteristic 

spherical PS components are observed for the blend with PS(57k) 

in Fig. 1C and 1G. The vaguer boundaries of phase separation for 

the blend with PS(10k), as depicted in Figs. 1B and 1F, cause the 65 

less pronounced long-period peaks in Fig. 4C. 

Fig. 5 compares the SAXS line profiles for a series of 5min-

etched membranes. The data for the 1-min-ecthed series are also 

plotted in Fig. S4 (ESI†). With increasing etching time, the long 

period peaks in SAXS profiles are gradually emphasized and 70 

shifted into the lower-q side. This means that the pore size shifts 

to the larger side for 5-min-etched membrane. These changes 

induced by etching are attributed to selective removal of PS 

components. Pore formation caused by replacement of PS 

components enhances the scattering intensity. In contrast, the 75 

increasing long-period with etching is ascribed to gradual growth 

of nanopores, as revealed by SEM observations in Figs. 2 and 3.  

Fig 5 Comparison of SAXS profiles for a series of nanoporous membranes 
prepared from (A) base copolymer, and blend with (B) PS(10k), (C) PS(57k) 
and (D) PE(2.3k)-b-PS(50k). Etching time was always 5 min. 
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Fig 4 SAXS profiles for a series of isothermally melt-crystallized films 

prepared from (A) base copolymer, and blend with (B) PS(10k), (C) PS(57k) 
and (D) PE(2.3k)-b-PS(50k). These profiles were calibrated by the sample 
thickness. 

0.1 0.2 0.3 0.4
10

-4

10
-3

10
-2

10
-1

10
0

 A

 B

 C

 D

 

 

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

)

q (nm
-1
)

Page 6 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 

The averaged pore diameter and its dimensional distribution 

were estimated from these SAXS profiles, assuming PE cylinders 

with hexagonal paracrystal lattice arrangement with the interface 

of residual PS components within the empty matrix space. For 

this SAXS analysis,39 the following equation (1) was fitted to the 5 

observed profiles for the series of 5min-etched membranes. It is 

assumed that the length of the cylinder is sufficiently longer than 

the diameter, the cylinders are present enough, and randomly 

orient in a scattering volume. Total scattered intensity Q(q) is 

described by the following formula: 10 

 
                                                                                                 (1) 
 

where, q is a scattering vector. A function derived the shape of 

cylinder f is given by 15 

 

 (2) 

 

Here, A2∆ρ is a constant parameter depending on the apparatus 

and sample density. R is a radius of the cylinder. σs is a parameter 20 

characterizing the interface thickness of the cylinders along their 

radii. We assume that the distribution of the cylinder radius is 

given by a Gaussian distribution with a variance σR. Z1 and Z2 are 

given by 

where,  25 

 

(5) 

 

By integrating from 0 to 2π for φ, Q(q) is calculated. a is the 

distance between cylinders. ∆a is associated with paracrystal 30 

distortion factor g; (g = (∆2a ⁄ a2)1⁄2). When a pore exist between 

the cylinder of the backbone and it is assumed cylinder, the pore 

diameter is represented by 2(a ⁄√3 - R). The volume fraction of 

pore (porosity) are calculated by 1 - (2π⁄√3) (R⁄a)2.  

The fitting example is depicted in Fig. 6 for the 5min-etched 35 

membrane of the blend with PS(10k). There are three peaks in 

this q range, which are well reproduced in the simulated profile. 

Similar adequate fittings were achieved for the other 5min-etched 

membranes. 

The obtained pore characteristics are summarized in Table 2. 40 

Pore size distribution is evaluated by σR. The g values are similar 

in the range of 0.15-0.17. The pore diameter and volume for pure 

copolymer membrane were 15.1 nm and 19.1 %, which are both 

smallest in a series of 5min-etched membranes prepared in this 

study. These results are coincident with the pore morphologies 45 

shown in Figs. 2E, 3A and 3E. Also, the interfacial thickness is 

smallest, ascribed to the sharp boundaries between PS and PE 

phases in the precursor film,  
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which agrees with the precursor morphology depicted in Figs. 1A 

and 1E. In contrast, the blend membranes exhibit the larger 70 

values, which are attributed to the enhanced pore continuities. 

Among these blends, the narrowest pore size distribution is 

obtained for the blend with PS(10k), as expected in Figs. 2F, 3B 

and 3F. In the case of the blend with PS(57k), the heterogeneous 

spherical pores in Figs. 2G, 3C and 3G result in the largest pore 75 

diameter and volume. The other blend with PE(2.3k)-b-PS(50k) 

give a little smaller values of pore diameter and volume, but the 

widest distribution, which are coincident with SEM observations 

on membrane surface (Fig. 2H) and edge (Figs. 3D and 3H). 
 80 

Table 2 Pore characteristics and permeations of albumin and glucose for 

nanoporous membranes prepared from (A) base copolymer, and blends with 

(B) PS(10k), (C) PS(57k) and (D) PE(2.3k)-b-PS(50k). Results for (E) 

commercial alumina nanoporous membrane and (F) porous PTFE 

membrane filter were also included. Etching treatment for these nanoporous 85 

membranes were performed for 5 min.  

 a
 Averaged pore diameters for commercial alumina (E) and PTFE 
membranes (F) were the catalogue values. 
 

Tested membrane A B C D E F 

Pore diameter (nm) 15.1 19.8 21.1 20.4 20
a)
 100

a)
 

Pore size distribution (nm) 3.4 3.3 3.5 3.6 - - 

Interfacial thickness (nm) 4.7 5.8 5.2 5.0   

Pore volume (%) 19.1  25.9 29.0 26.5  - - 

Permeation 
(%) 

Albumin 2 4 10 11 22 32 

Glucose 26 95 82 85 92 100 

� = 2�2∆� �1	
��
� exp�−
2��22 � 

�1 = 	1 − exp�−	∆2��
2���
1 − 2 exp �−12 	∆2��
2�� cos ��
 cos � − !6#� + exp�−	∆2��
2��

 (3) 

(4) �2 = 	1 − exp�−	∆2��
2���
1 − 2 exp �−12 	∆2��
2�� cos��
 sin	 �� + exp�−	∆2��
2��

 

� = cos2 � − !6# + sin2  
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Fig 6 Comparison of observed SAXS profile (blue) and the simulated one 

(red) assuming the cylindrical pore distribution for the 5-min-etched 

membrane prepared from the blend with PS(10k). 
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Here, our previous study27 reveals that 30-min etching achieves 

the resultant 50 % porosity for pure base copolymer. This value 

exceeds PS component volume in the precursor copolymer, 

which indicates that all the PS components are removed. In 

contrast, the porosities for the above series of nanoporous 5 

membranes prepared from the blends are 20-30 %, thus the half 

of the PS components are remained in the resultant membranes. 

Namely, mild etching for shorter time in this study does not 

decompose all the PS components in the precursor films. 

However, the pores are continued thorough membrane thickness, 10 

which is confirmable from the molecular permeation tests, as 

described below. 
 

Molecular Permeation of Nanoporous Membranes 

Molecular permeation tests were performed for the series of 15 

nanoporous PE membranes prepared above in order to test the 

molecular size-selectivity for diffusion or filtration.29 Table 2 

summarizes the results obtained for 5min-etched membranes 

prepared with various blending counter materials. For 

comparison, two commercial nanoporous membranes were also 20 

tested. One was an alumina membrane composed of straight 

pores with 20-nm diameter passing through the membrane 

thickness, and the other was a hydrophilic PTFE membrane filter 

having network nanopores with 100nm diameter within the 

membrane. The former alumina membrane almost completely 25 

passed the glucose molecules (92-% permeation), but the albumin 

molecules were also diffusible (22-% permeation). This indicates 

that a commercial nanoporous alumina membrane cannot 

separate glucose molecules from albumin molecules. A PTFE 

membrane filter also completely passes the glucose molecules, 30 

but exhibits much greater albumin permeation (32%) than 

alumina membrane because of its larger pore diameter.  

Nanoporous PE membranes prepared from pure base 

copolymer can block albumin permeation at 2 % but also yields 

the lowest glucose permeation of 26 %, which is predictable from 35 

the pore volume in Table 2. In contrast, a membrane prepared 

from a blend with the homopolymer PS(10k) achieved the 

desirable combination of high glucose permeation (95 %) and 

low albumin permeation (4 %). Such enhanced glucose 

permeation with keeping albumin retention is desirable for rapid 40 

and precise sensing the glucose concentration if it is applied as 

the interface of glucose sensors. This is attributed to the greater 

pore volume for this blend membrane, which accelerates glucose 

permeation, while the conjectured narrower nanopore channels 

still block albumin permeation although the albumin is smaller 45 

than the estimated pore diameter of the prepared nanoporous 

membranes. It should be noted that the pore size distribution is 

narrowest for this membrane, resulting in the superior size-

selective permeation of glucose and albumin molecules. 

     A nanoporous membrane prepared from a blend with the 50 

homopolymer PS(57k) exhibited inferior size selectivity, with 82-

% glucose permeation and 10-% albumin permeation. The 

characteristic spherical nanopores give the largest pore diameter 

and volume, which are less effective for the size-selectivity for 

molecular permeation. Another nanoporous membrane prepared 55 

from an asymmetrical copolymer blend with PE(2.3k)-b-PS(50k) 

produced a similar size selectivity to that for the blend with the 

homopolymer PS(57k). Leaks of the larger albumin molecules for 

these membranes prepared from the blends with PS(57k) and 

PE(2.3k)-b-PS(50k) agree with the larger pore size distribution in 60 

Table 2.  

These results indicate that narrower pore size distribution is 

advantageous for the size selectivity in the molecular permeation. 

Also, the larger pore volume is desirable for the rapid diffusion of 

glucose molecules. Here, molecular size of albumin is still 65 

smaller than the estimated pore diameters listed in Table 2, but 

diffusion prevented through pore junctions within our nanoporous 

membranes contributes the size-selectivity for molecular 

permeation obtained in this study. 

Li et al.40 reported that poly(ethylene glycol) molecules in 70 

water solution can cause heavy fouling of nanoporous 

hydrophobic membranes prepared by selective thermal 

degradation of the counter segments. In contrast, nanopores for 

our PE membranes are created by FNA etching, which induces 

hydrophilic groups of –NO2 or –COOH. Such existences of 75 

hydrophilic groups are confirmed by ATR-FTIR measurements, 

as depicted in Fig. 7. With comparison to those for the initial 

isothermally crystallized films before etching, the peaks assigned 

to carbonyl and nitro groups newly appear around 1345, 1517, 

1598 and 1723 cm-1 after etching. Such hydrophilic chemical 80 

structures on the membrane surface and pore walls can prevent 

albumin fouling on permeation tests applied in this study. For 

further resistance of biomolecular fouling, the surface 

modification is considerable using the other hydrophilic groups as 

reaction sites. Seo et al.41 reported that the PDMS and PE surface 85 

can be successfully modified by phospholipid polymer for 

antifouling and lubrication of artificial knee or hip joints. Very 

recently, Kato et al.42 modified the hydrophobicity of nanoporous 

PE by blending the counter block copolymer containing the 

functional groups. Similar surface modification technology is 90 

available for nanopore walls of our PE membranes prepared in 

this study. Such additional treatments may provide effective 

control of bio-fouling for our nanoporous PE membranes, but 

they should be future study.  
 95 

Mechanical Properties of Prepared Membranes 

The mechanical properties of the resultant nanoporous 

membranes were finally compared. Fig. 8 depicts the stress-strain 

Fig 7 Comparison of ATR-FTIR spectra for a series of nanoporous 

membranes prepared from (A) base copolymer, and blend with (B) PS(10k), 
(C) PS(57k) and (D) PE(2.3k)-b-PS(50k). Etching time was always 5 min. 
The spectra for membranes B to D were placed every 15 % downward, 
compared to the standard height for membrane A. The arrows indicate the 
peaks assigned to carbonyl and nitro groups induced by FNA treatments. 
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curves recorded at room temperature for the series of 5-min-

etched membranes. The obtained nanoporous membrane was very 

flexible, thus the strips cut from the membranes could be knotted 

without breaking, independent of blend system. Such desirable 

flexibility was similar to that for the 30-min-etched membrane of 5 

pure block-copolymer prepared in our previous study,29 but the 

tensile strength was remarkably increased in the present study, 

due to the shorter time of etching. It should be noted that such 

30min-etched membrane of pure base copolymer gives the larger 

pore diameter (30 nm) and pore volume (50 %),27,29 due to the 10 

complete removal of all amorphous PE and PS components. For 

comparison, its stress-strain curve is also included in Fig. 8.  

The maximum tensile strength of 17 MPa was obtained for the 

5min-etched membrane of pure block-copolymer, which is 

quadrupled from that for the previous 30-min-etched membrane. 15 

However, this membrane exhibited inferior permeability of 

glucose molecules, as depicted in Table 2. Less continuity of 

nanopores, as depicted in Figs. 2E, 3A and 3E, is advantageous 

for the mechanical properties of this membrane, but is not 

suitable for molecular permeation.  20 

The second strength was 14 MPa for the membrane prepared 

from the blend with PS(57k). This is also attributed to the 

heterogeneous morphology composed of the spherical nanopores. 

Correspondingly, glucose permeation of this membrane is in 80% 

level, which is inferior to that for the previous 30-min-etched 25 

membrane of pure base copolymer. In turn, the polymer matrix is 

continuous, giving the superior mechanical properties. 

The other blends with PE(2.3k)-b-PS(50k) and PS(10k) gave 

the third and fourth values around 11MPa, which are still tripled 

to that for the previous 30min-etched membrane. Glucose 30 

permeation of latter blend is highest in this study, but blockage of 

albumin permeation is almost perfect. Such a combination of 

superior size selective permeation and membrane robustness is 

preferred for the interface of the implantable MEMS devices. 

Another possible approach for practical usage of such robust 35 

nanoporous membranes is pressurization during permeation 

testing. For dialysis, the solution is pressurized to shorten he 

treatment time, which improves the quality of life for diabetic 

patients. The superior mechanical properties of our nanoporous 

membranes are also desirable for such pressurized filtration. The 40 

flux measurements for the prepared nanoporous membranes are 

also important, but succeed to the future study.  

Although the glucose sensor requires the rapid permeation, the 

long-term permeation is targeted for drug or nutriment molecular 

release. The 24hour-permeation adopted in this study is the 45 

intermediate condition for the evaluation of permeation 

characteristics of the prepared membranes. The shorter and longer 

permeation tests are also considered in the future study.  

Conclusions 

A series of the nanoporous PE membranes could be prepared by 50 

mild FNA etching the isothermally crystallized films composed 

of base copolymer and blended PS components. An isothermally 

crystallized film of the blend with homopolymer PS(10k) 

produced a cylindrical phase separation. Such morphology 

narrows the distribution of resultant nanopore size, but preferable 55 

pore continuity was confirmed even within the membrane 

internal, giving the resultant larger pore volume, compared to that 

for pure base copolymer membrane. In contrast, the blend with 

the other homopolymer PS(57k) exhibits the aggregation of the 

blended PS component, due to its higher MW, within the 60 

isothermally crystallized film. Therefore, the largest pore 

diameter and volume were obtained after etching of this blend 

film. The blend of base copolymer and the other block-copolymer 

PE(2.3k)-b-PS(50k) also gives a cylindrical morphology after 

isothermal crystallization, resulting in the elongated nanopore 65 

morphology for short-time etching. However, the gradual 

transformation into the remarkable networks composed of the 

wider nanopores with longer etching time gives the largest pore 

size distribution among a series of 5-min-etched membranes in 

this study. Molecular permeation tests were also conducted for 70 

this series of nanoporous PE membranes. A desirable 

combination of rapid glucose diffusion and stable albumin 

retention was obtained for the nanoporous membrane prepared 

from the blend with homopolymer PS(10k), due to the connective 

nanopore networks with the narrowest pore size distribution. The 75 

excellent robustness of these nanoporous membranes was also 

preferred for various practical applications.  
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