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The novelty of this study resides in the fabrication of
stoichiometric and stress-reduced Si;N,/SiO,/Si;N, triple-
layer membrane sieves. The membrane sieves were
designed to be very flat and thin, mechanically stress-
reduced, and stable in their electrical and chemical
properties. All insulating materials are deposited
stoichiometrically by a low-pressure chemical vapor
deposition system. The membranes with a thickness of
0.4 pm have pores with a diameter of about 1 pm. The
device is fabricated on a 6” silicon wafer with the
semiconductor processes. We utilized the membrane sieves
for plasma separations from human whole blood. To
enhance the separation ability of blood plasma, an agarose
gel matrix was attached to the membrane sieves. We could
separate about 1 pL of blood plasma from 5 pL of human
whole blood. Our device can be used in the cell-based
biosensors or analysis systems in analytical chemistry.
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1. Introduction

The passage of individual molecules, cells, or particles
through micro/nano-sized pores in membranes is central to
in biology [1]-[4].
microfabrication technology facilitate artificial solid-state
micro/nano-sized pores to be fabricated in an insulating
membrane. By monitoring the images, ion currents, and force,
as cells or molecules pass through a solid-state membrane sieve,

many processes Advances in

it is possible to observe a wide range of phenomena involving
genes, proteins, and cells [1], [4], [5]. The solid-state
membrane sieve proves to be a very versatile tool for
biophysics and biotechnology.

Among the solid-state membrane sieves, silicon-based
microfabrication protocols for membrane structures with
micro/nano-sized pores can give a well-defined pore geometry
that can be defined as fine as the submicrometer level [4], [6]-
[10]. Silicon-based membrane sieves, even though they are
brittle materials, are not broken easily under typical
hydrodynamic drive pressures, when designed properly. A
highly tight and precise control of the size distribution of pores
can be simply and precisely obtained using photolithography-
based planar fabrication techniques. The pore geometry in
planar microfabrication protocols can be easily designed in any
arbitrary shape.

Si-rich Si;Ny is a typical Si-compound-based membrane
material [4], [6]-[11]. It shows a level of stress relaxation from
that of fully stoichiometric SisNs. This is because the
compositionally induced stress relaxation in Si-rich Si;N, thin
films gives strain relief at the molecular level due to tetrahedral
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distortion, which is found in the substitution of Si for N in a
tetrahedral unit [12], [13]. Due to this substitution, quite a large
nonuniformity in the deposited film thickness occurs. This
means that in case of an integration of a specific device on a
membrane, like a resonator sensor, an unacceptable
nonuniformity in the sensor sensitivity will take place.
Moreover, the fabrication of membranes requires long periods
of exposure of the SizN, films to such materials as aqueous
KOH solutions; while the etch rate of the films in the solutions
is quite low, the rate depends on the ratio of Si and N in the film
[13], [14]. Furthermore, due to the nonuniformity of the
thickness as well as the composition of the film, we also expect
nonuniformity in the residual stress across the wafer surface,
which may lead to mechanical structures with unequal
properties [15], [16]. Thus, despite being complicated and
difficult, optimization of the films for this membrane is a
prerequisite.

A stoichiometric Si;N; film with SiO, films of a stress
compensator as a low-stressed insulator can be a good
candidate for a sieve membrane with amenable properties [17]-
[19]. This is because it has advantages of compatibility with
standard complementary metal-oxide semiconductor (CMOS)
processes, uniformity in thickness, and reliable integration
ability with microsensors on the same membrane. Membrane
sieves using a SiN/SiO, bilayer film have been reported [20]. A
stoichiometric multilayer using the combination of both a
stoichiometric Si;N, layer and a SiO, layer may be preferable
since it can provide residual stress reduction and electrical and
chemical stability.

In this paper, we describe the design, fabrication, and
characterization of stoichiometric, low-stressed, and standard
IC-process-compatible membrane sieves or filters using stress-
reduced SizN4/SiOo/Si;N, triple-layer films. They have been
applied to the separation of plasma and blood cells (for
example, erythrocytes and leukocytes) from human whole
blood. By employing an additional agarose gel matrix as a
visualization matrix at the sieve plate, the absorption ability
was greatly enhanced. Using the fabrication methods of the
membrane sieves, the plasma from the human whole blood
could be separated simply and rapidly.

II. Experiments

1. Si3N4/SiO,/Si3N4 Membrane Design

The silicon-based microfilter membranes were prepared by
combining depositions of the stress-reduced SizN4/SiOy/Si;Ny
triple-layer films. The Si;N4/Si0,/Si;Ns-based micro
membrane includes holes with diameters of 0.5 pm to 2 um
and a membrane with a thickness of 0.4 pm. Detailed
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Fig. 1. Schematic diagram showing working principles of (a)
Si3N4/Si0,/Si;N, membrane filter and (b) its structures.

schematic diagrams of the Si;N,/SiO,/Si;N; membrane sieves
and its structures are shown in Figs. 1(a) and 1(b). For
collecting the plasma from the membrane filter efficiently and
rapidly, an agarose gel has been attached to holes on the
membrane sieves. When using dielectric layers as membrane
layers, the intrinsic stress must also be considered because
intrinsic  stress can occur in single layer or multilayer
compositions and lead to membrane deformation or breakage
[21]. Since residual stresses are generally much larger than
other stresses like thermal stress, controlling the residual
stresses in single layer and multilayer systems is crucial for
membrane stability [21], [22]. Herein, we first compared the
nonuniformity between the Si-rich and N-rich SizN, films by
measuring the thickness values of the films. Then, we utilized
the stress-reduced Si;N,/SiO,/SizNy thin films, obtaining nearly
zero stress films using the low-pressure chemical vapor
deposition (LPCVD) to acquire compatibility with the
following CMOS IC process. The results are summarized in
Table 1. The thicknesses of the thin films deposited on a 6” Si
wafer are measured at five points: top, bottom, right, left, and
center sites using an ellipsometry.

SizN, thin films are deposited by LPCVD at 800°C, in a
mixture of SiCl,H, and NH3. At a pressure of 250 mTorr, the
total gas flow is held constant at about 180 sccm. Films of
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Table 1. Physical properties of designed stacked dielectric
membranes when thickness of thin films is normalized to
1,000 A.
Dielectric film Sl??l?irlfni:: Maximum Gas flow ratio at
@A) deviation (A) |800°C and 250 mTorr
Low-stressed D6 D
Si:N 39.62 113.76 (SiH,Cl, : NH3)
T Dep. rate: 28 A/min
Stoichiometric 203 b pesm
P 5.12 8.53 (SiHCl; : NH3)
S Dep. rate: 20 A/min
300 sccm
Ll;?(;/D 24.22 62.11 Si(OC,Hs)4
2 Dep. rate: 40 A/min

varying compositions are produced by controlling the ratio of
the SiCLH, flow to the total flow in the reactor from 0.14 to
0.83. The LPCVD furnace used in this study is a vertical
thermal reactor with a wafer spacing of 10 mm. The wafers
used are 150-mm diameter n-type Si (100), with a resistivity of
10 Q cm. The thickness of the films used is in the range of
25 nm to 1,000 nm. The thickness of the thin films is fitted to
100 nm.

For a multilayer system, a combination of Si;N4 and SiO,
was employed. The intrinsic stress measurement for the
dielectric layers was performed by measuring the deformation
of a 6” Si wafer after the deposition of a thin film. The results
summarized in Table 2 show that the SiO, is compressive,
whereas the SizN, is tensile. As such, the right combination of
Si3sN, and SiO, can lead to acceptable resultant residual stress
and good passivation for harsh chemical etchants. Therefore,
stress-reduced stacked dielectric layers comprised of LPCVD
SizNy (0.05 um), LPCVD SiO, (0.3 um), and LPCVD Si;N,
(0.05 um) films were used, as shown in Table 2, based on the
equations in the following paragraphs.

The resultant residual stress o, of a stacked membrane can be
approximated by [23]

o = Oginasiong + Tsiondsion + Tsisnasiona

" Aoy +den, +d

; M

Si3N4 Si02 Si3N4

Ogimng = 1.2+ (Egigng X Qisna AT) = (B |V X Uiy AT,

2
Osion = —0.27 + (Eg0p X U500 AT) = (Egi0, / V X 50, AT),

where d and & are the thickness and intrinsic stress, respectively,
of the different membrane layers. Rossi and others suggested
an acceptable range for the resultant residual stresses as
—0.1 GPa<5,<0.1 GPa[19].

Based on (1), the film parameters for the three layers were
selected as shown in Table 2, and the resultant stress was
calculated to be —0.1 GPa<c,<0.1 GPa. The LPCVD SizN,
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Table 2. Composition and their physical properties of multilayered

dielectric membranes.
Intrinsic | Young® | Thermal expansion .
. Poisson
stress modulus, coefficient, ratio. v
(GPa) | E (GPa) a (109/K) ’
Si 160 2.6 0.22
SiO, -0.27 73 0.55 0.17
Stoichiometric| -~ , 323 2.8 0.25
SI3N4
Low-stressed
<
SiiNs | 0.4 |

layers had the highest intrinsic stress values (1.2 GPa tensile),
while the oxide layer played a role in reducing the overall stress
of the membrane. According to (1) and (2), the o range
facilitates a wide range of SizN,4 and SiO, thicknesses at a room
temperature of 27°C, as shown in Fig. 2(a). The acceptable
stress region is shaded. Thus, the thickness of the stacked
membranes is designed to have an acceptable resultant residual
stress, which is marked with the filled circle in Fig. 2(a).

2. Microfabrication of Si3N4/SiO,/Si3N4 Membrane Sieves

The fabrication process was designed to be simple and
suitable for mass production protocols. The fabrication process
for the membrane sieve structures involves creating a Si device,
as shown in Fig. 2(b). A double-sided polished Si (100) wafer
with a six-inch diameter and about 630 pm in thickness was
used as the substrate using the clean room facilities of the
CMOS fabrication facilities at ETRI. After standard initial
cleaning, SizN, (0.050 pum), SiO, (0.30 um), and SizN,4
(0.10 pm), deposited using a LPCVD system (Centrotherm,
Germany), were used to create a stress-reduced diaphragm and
etch masking layer on both sides of the wafer. The thickness of
the films is determined to be thin considering the reduced
stresses after measuring their residual stresses, as previously
reported [23], [24]. The insulating layers on the bottom of the
Si wafers were patterned using a typical photolithographic
system of an i-line stepper (Nikon NSR2205, Japan) and
etched down to the silicon using the RIE system. The upper
Si3N4/Si0,/Si;N, membrane layer (0.4 pm) was patterned by
photolithography and dry-etched using the RIE system onto the
Si substrate. The alignment of the patterns of the membrane
holes on the top of the wafer with that of the membrane was
accomplished by a bottom side alignment using a mask aligner
(MA6/BAG6, SussMicroTec Co.). To form the 0.4-um-thick
stress-reduced SizN,/SiO,/Si;N, diaphragm, the bottom of the
Si wafer was wet-etched in a KOH solution (26% weight,
85°C) for about ten hours through the entire wafer level using a
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vs. SiO, thickness to achieve |0]<0.1 GPa and (b)

sequential procedures for fabrication of Si;N/Si0»/SizN,
membrane sieves.

(b

custom-made etching manifold that completely sealed the top
part and allowed only the bottom part of the Si to be etched.
The wafer was then diced into discrete chips. Photographs of
the process results are shown in Fig. 3. Figures 3(a), 3(b),
and 3(c) show the top view of the membrane sieves, the bottom
view of the membrane sieves, and the top view of the sieves
attached to the agarose gel matrix in a 3x3 array, respectively.
Figure 3(d) shows an SEM photograph of the holes formed
periodically on the SisN/SiO,/SizN; membrane with about a
2-um diameter.

In these membrane sieves, the fill factor, which means the
area ratio of pores to membrane, was 18%. However, the fill
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Fig. 3. Photographs of SizN,/SiO,/Si;Ny; membrane filter
(5 mmx 5 mm): (2) top membrane part, (b) bottom well
part, (c) top membrane attached with agarose gel, and (d)
magnified views on membrane sieves with 2-pum diameter.

factor can be easily and simply expandable by changing the
number and size of the pores at the photomasks.

3. Characterization of Plasma Penetration Using Membrane
Sieves

Agarose, a polysaccharide derived from red seaweed, is a
typical material used in chromatography and electrophoresis. It
is a kind of porous nano-sized sieve having strong capillary
hydraulic permeability like a diaper [25]. Because only a little
amount of plasma can be obtained through filtration, it is
difficult to obtain with a conventional pipette. We attached
small gel blocks on the backside of the microfabricated
membrane holes, inducing a rapid absorption of plasma into
the gel block. The use of hydrogel can contribute to an increase
in the extraction speed of the plasma. It can be a solution for
reducing the clogging effects in the flow since it takes about
30 min to saturate the filter due to clogging [26].

One percent (w/v) agarose gel (Gibco BRL) was prepared by
boiling the agarose powder with deionized water. The melted
agarose was poured into a dish making a 1-mm-thick layer and
was then allowed to be solidified at room temperature. Gel
blocks were obtained by cutting the layer into small 5-mmx
5-mmx1-mm blocks.

Above all, by penetrating the membrane with red dye in
deionized water, we observed the functioning of the sieve and
the resulting color changes on the agarose gel. To monitor the
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plasma passage by observing fluorescence images, we
prepared a blood plasma sample, which was collected through
the centrifugal separation of human capillary blood and twice-
diluted with a phosphate buffered saline solution (0.1 M PBST,
pH 7.4, Tween 0.1%, 1 mM EDTA). Fluorophore Alexa TM
488-labeled hemoglobin (100 pg/mL) was added to the
prepared blood plasma and tested. The sieving products were
observed immediately after 10 min with a sample loading
under a fluorescence microscope with an exposure of 5.9 s.
Finally, a gel block was attached to the backside of the filter
membrane, and 5 pL. of whole capillary human blood, which
had been collected from a normal man’s finger and treated with
an anti-coagulant of ethylenediaminetetraacetic acid (EDTA),
was applied to the filter. The hematocrit of the whole blood
was around 45%. The gel block was removed out of the sieve
membrane after several minutes. Gel blocks were melted down
by boiling with a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer, and the existence
of proteins was analyzed through SDS-PAGE, followed with
staining using Coomasssie Brilliant Blue R-20 (Sigma, Co.), as
previously described [27].

[11. Results and Discussion

1. Properties of SizN4/SiO,/SizN,; Multilayer Membrane
Sieves

The mechanical, electrical, and chemical stability of the
membrane is basically caused by the material and preparation
processes. We first measured the nonuniformity of the
thickness of the Si;N; thin film as a function of the
SiClL,HyNHj; gas ratio in the total flow (~180 sccm) in the
reactor from 0.14 to 0.83 at a temperature of 800°C and a
pressure of 250 mTorr using LPCVD. The results are
summarized in Table 1, which show that the residual stress of
nonstoichiometric SisN, films can be controlled; however, the
nonuniformity of the films is quite large. Lau and others have
reported that for Si-rich SiN film deposition on a five-inch
silicon wafer, nonuniformity of the deposition rate and a
refractive index of around + 10% are obtained while the film
residual stress remains low (< 50 MPa) [16]. The results of our
experiment are well in accord with earlier results. This is
because the compositionally-induced stress relaxation in Si-
rich SizN, thin films provides strain relief at the molecular level
due to tetrahedral distortion, which is caused by the substitution
of Si for N in the tetrahedral unit [12], [14]. Due to this
substitution, quite a large nonuniformity in the deposited film
thickness occurs. This seems to indicate that in the specific
device integration on a membrane, such as a resonator sensor,
some degradation in sensor sensitivity will take place. Because

230 Dae-Sik Lee et al.

of the nonuniformity in the thickness, as well as in the
composition of the film, we also see the nonuniformity in the
residual stress across the wafer surface, which will lead to
mechanical structures with unequal properties. Lau and others
have also reported that at a high temperature (>750°C), for Si-
rich film deposition, the consumption effect leads to thickness
nonuniformity of around +30% along the load [16], whereas
the stoichiometric SizN,4 films show a high tensile residual
stress; however, the nonuniformity is very low. As for
stoichiometric SiO,, the residual stress and nonuniformity of
the films seems to be acceptable.

Si-rich Si;N, films are known to display a large hysteresis
loop in the capacitance-voltage curve and a large flat-band shift
with respect to the polarity of the bias voltage. This is because
Si dangling bonds, which can trap either electrons or holes in
Si-rich SizN, films, are dominant defects. However, the Si
dangling bonds are greatly reduced in N-rich films, that is,
stoichiometric SizNy, and the dominant residual traps are only
hole traps [16], [17]. Thus, the electrical properties of the
stoichiometric Si;N, film will be enhanced and preferable.

Through the fabrication processes, the stoichiometric SisNg4
film shows excellent chemical endurance to harsh chemicals
such as KOH, TMAH, HF, solvents, HNO;, HCI, and H,SO,.
As for KOH solution as a Si etchant, the 100-nm-thick
stoichiometric Si;zN, membrane could endure the solution for
ten hours at 85°C. However, the Si-rich Si;N, membrane could
not endure and showed some nonuniformity in the etch rates.

Thus, combining the advantages of stoichiometric Si;N, and
SiO, films, a stoichiometric Si;Ny/SiO,/SizN, multilayer
membrane that is very flat mechanically stress-reduced and
possesses electrically- and chemically-stable properties would
be a good solution for a stable micro/nano sieve membrane.

2. Application of Multilayer Membrane Sieve in Blood
Plasma Separation

Using the SizN4/SiO,/Si;N; membrane sieves as shown, we
investigated the sieving performances of the chip for red dye
solutions and whole human blood. The testing results were
scrutinized using the optical or fluorescence images. The
agarose gel was utilized for efficient collection and
visualization of the plasma from the whole human blood. In
addition, components of the absorbed plasma through the
agarose gel were analyzed in terms of their molecular sizes
using gel electrophoresis.

The separation speed was improved by combining agraose
gel having strong capillary hydraulic permeability with the
membrane sieves [25], [28]. Otherwise, the flow would be
delayed by the clogging of accumulated cells. First, we
confirmed the penetration of liquid through the filter
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Fig. 4. Si3N,/Si0,/Si3N, membrane sieves containing red dye
solutions: (a) magnified version, (b) absorption patterns
on agarose gel attached to silicon membrane filter for a
plasma sieving after 2 min, and (c) a gray value plot
profile along with diagonal line (AA”) for image in (b).

membrane by observing the passing of red dye. After loading
the red dye solution into the membrane sieves in a 3x3 array
attached with agrarose gel, as shown in Fig. 4(a), we checked
the color changes caused by the red dye solution that was
absorbed into the agarose gel block. We can see the pores on
the membrane very clearly in Fig. 4(a), which means good
contact between the membrane sieves and agarose gel. After
only two minutes, the red dye permeated into the agarose gel in
large amounts, as shown in Fig. 4(b). There was no detectable
damage or breakage in the filter membrane after the
experiments. For more visualization, a gray value plot profile
along with a diagonal line (A-A’) on the image in Fig. 4(b) is
drawn in Fig. 4(c). Therefore, it was evident that the membrane
sieves could let the liquid sample flow through itself.

Second, we observed the blood plasma penetration
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Fig. 5. Fluorescence photographs showing blood plasma
penetration through a triple-layer membrane sieve: (a)
from the start, (b) after 10 min, (c) agarose gel top
surface at removing sieves after 10 min and showing
penetration of blood plasma, (d) agarose gel top surface
before contact, and (e) gray value plot comparison
between (c) and (d).

performance of the membrane sieves. Fluorescence
photographs showing whether the twice-diluted human blood
plasma with PBST solution containing hemoglobin labeled
with fluorophore Alexa TM 488 beads passed through the
membrane sieves are shown in Fig. 5. In the initial loading of
the human blood plasma, the edge of the micro well was clear
and no exudation is found. However, the fluorescence
photograph taken after ten minutes shows that there was some
blurring of the edge line and gradients of fluorescent color
appeared. The gradients of an optical signal are increased as a
function of time. After ten minutes, we detached the membrane
sieves from the agarose gel, took fluorescence photographs of
the agarose gel surface, and then compared them with the
surface before loading, as shown in Figs. 5(c), 5(d), and 5(e).
Even though there is a background signal caused by the self
fluorescence of the gel, the steep intensity increase of the
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Fig. 6. SDS-PAGE analysis of proteins absorbed into gel blocks
in plasma exuded through membrane sieve. The gel
blocks were taken after different sieving times (1 min,
2 min, 20 min). The gel was mixed with equal volume of
loading buffer, boiled for melting, and loaded along with
the size standards and 1 pL of human plasma (lane +).

fluorescence signal means that the exudation of the blood
plasma in the membrane sieves is working well.

Next, we applied the membrane sieves for the extraction of
plasma out of whole human blood, shown in Fig. 6. For this,
we measured the whole blood sample volume using a
micropippet to be 5 pL and put it in the well. After separation
of the plasma, we tried to collect the plasma using a
micropippet again. It is difficult to measure the plasma
volumes precisely because collected plasma volumes are very
small, there is wetting on the chip surface, and some plasma is
absorbed into the gel. Thus, we measured again the whole
plasma remaining in the well, and it was about 4 pul. We
thought the collected plasma from the whole blood would be
about 1 uL. The passing of plasma through the membrane
sieve was revealed through the detection of plasma protein in
the gel block. Figure 6 shows the SDS-PAGE analysis of the
proteins absorbed in the gel block. We could detect serum
albumin protein (~65 kD), the most abundant among the
plasma proteins, after one minute of filtration. The filtration of
whole human blood increased as a function of working time
and saturated at about five minutes (data not shown). There
was no detectable loss of integrity of the membrane sieves after
several usages, and we could not find any blood cells on the
agarose gel block through a light microscope after filtration,
which means that only the plasma passed through the
membrane sieves. As for the hemolysis, because hemoglobin is
the major protein of RBC (> 90% of dry weight), any tiny
amount of hemolysis makes the plasma (or serum) reddish.
According to the figure of filtrate on the agarose gel, we could
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see that detectable amount of hemolysis did happen during the
filtration. However, there was little amount of hemoglobin
when the filtrate was analyzed by SDS-PAGE. Two types of
hemoglobin monomers range around 15 kD. Therefore, we can
conclude that hemolysis happens at a negligible level.

Although we could apparently observe the transferring of the
plasma without attaching agarose gels, the amount of obtained
plasma was too little to harvest for further analyses because of
substantial accumulation of blood cells in the capillary force-
driven microfluidic blood flow. The separation speeds seemed
to be enhanced through the capillary sieving effect due to the
porosity of hygroscopic agarose gel. In such a measurement
system, it is important to keep close and tight contact between
the membrane sieves and agarose gel matrix, for reliable
separation speeds and good separation efficiency. Currently, the
volume of plasma that can be harvested by our membrane filter
is several hundreds of nanoliters. In future work, our research
will focus on increasing the separation efficiency by increasing
the fill factor, finding multistacking membrane structures to
reduce clogging, and designing structure modifications
physically and chemically to facilitate the flow rate. We
speculate that the results could be applied to several
nanofabricated biosensors, considering that most of the current
biosensors are aimed at consuming tiny amounts of samples
[29]-[32]. Furthermore, the fabricated microstructures could
also be applicable to cell cytotoxicity analysis systems or cell-
based biosensor systems [33]-[35].

I'V. Conclusion

We have designed and fabricated a novel stoichiometric
Si3N/Si0,/Si;N, triple-layer membrane sieve device. The
Si3Ny/SiO,/SisN;  micro/nano-sized membrane sieves are
designed to be very flat, very thin, mechanically stress-reduced,
and stable in their electrical and chemical properties. All
insulating materials are deposited stoichiometrically using an
LPCVD system. The SizN4/SiOy/Si;N, membranes with a
thickness of 0.4 um have pores with diameters of 0.5 um to
2 um. The stoichiometric SizN4/SiOy/SizN; multilayer
membrane can be a good alternative for Si-rich low-stressed
Si;N, membranes in terms of electrical and chemical stability
and compatibility with the following processes for the
integration of microdevices. To create pores in the membrane,
we utilized typical semiconductor process protocols of i-line
steppers and dry/wet-etching protocols for mass production
and precise control in terms of the size, shape, and fill factor of
the pores. This microfabrication protocol for a membrane filter
is compatible to the CMOS IC fabrication protocols and
feasible for integrating with microsensors.

The membrane sieves were applied to the plasma penetration

ETRI Journal, Volume 34, Number 2, April 2012



in whole human blood by simply attaching an agarose gel
matrix, which can provide a capillary sieving effect due to the
nano-sized porosity. In addition, the separation performances
are experimentally demonstrated using a liquid dye solution,
twice-diluted plasma with PBST solutions, and real whole
human blood. The membrane sieves penetrated the red dye
solutions and twice-diluted plasma. The sieves can selectively
extract plasma from whole human blood at an apparently
detectable level. The membrane sieves are useful in cell
separation and analysis system or cell-based biosensor
applications in analytical chemistry and the field of separation
science.
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