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a b s t r a c t

Silicon micromachining provides the precise control of nanoscale features that can be fundamentally
enabling for miniaturized, implantable medical devices. Concerns have been raised regarding blood
biocompatibility of silicon-based materials and their application to hemodialysis and hemofiltration. A
high-performance ultrathin hemofiltration membrane with monodisperse slit-shaped pores was fabri-
vailable online 30 September 2008

eywords:
emofiltration
rtificial kidney
anotechnology

cated using a sacrificial oxide technique and then surface-modified with poly(ethylene glycol) (PEG).
Fluid and macromolecular transport matched model predictions well. Protein adsorption, fouling, and
thrombosis were significantly inhibited by the PEG. The membrane retained hydraulic permeability and
molecular selectivity during a 90-h hemofiltration experiment with anticoagulated bovine whole blood.
This is the first report of successful prolonged hemofiltration with a silicon nanopore membrane. The
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. Introduction

The kidney is unique in that it is the first organ for which long-
erm ex vivo substitutive therapy has been available and lifesaving.
ignificant progress has been made to slow or prevent progression
o end-stage renal disease (ESRD), yet in 2004, 335,963 patients in
he United States were dependent on maintenance dialysis for life
1]. Renal transplantation confers excellent survival, but is severely
imited by scarcity of donor organs. The great majority of patients

ith chronic renal failure require dialysis. Patient outcomes in dial-
sis have been disappointing, with an annual mortality exceeding
5% [2].

Several studies have shown improved clinical outcomes when
emodialysis is delivered for several hours every day (“quotidian
ialysis”) compared to the conventional, thrice-weekly therapy.
ierratos and colleagues demonstrated improved nutrition, bone

ineral metabolism, blood pressure control, and regression of left

entricular hypertrophy with high dose therapy, and retrospective
omparisons suggest greatly improved survival when compared
ith conventional thrice-weekly dialysis [3–7].

∗ Corresponding author at: Department of Nephrology and Hypertension, Cleve-
and Clinic, Cleveland, OH 44195, United States. Tel.: +1 216 445 2206;
ax: +1 216 444 9198.
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of renal replacement devices based on these membranes and materials.
© 2008 Elsevier B.V. All rights reserved.

Widespread use of prolonged or continuous therapies will
ikely require significant miniaturization of the renal replacement
echnology so that devices can ultimately be used in a wear-
ble or implantable format. This requires significant improvements
n membrane properties to achieve the ultrafiltrate flux, solute
ransport rates, and immunoisolation required in this application.
onventional polymer filtration membranes have polydisperse and

rregularly shaped pores, making it difficult to achieve the desired
ydraulic permeability while maintaining an absolute barrier to
acromolecular passage. Track-etched membranes can largely

liminate polydispersity in pore size, but the membranes tend to be
airly thick (approximately 10 �m) and they must have low porosity
<2%) to minimize the formation of overlapping pores (ion tracks)
hat would compromise membrane selectivity and immunoisola-
ion [9].

Silicon bulk and surface micromachining and microfabrication
echniques, collectively referred to as the microelectromechani-
al systems (MEMS) toolkit, provide unprecedented control over
anoscale feature size and geometry in a scalable manufactur-

ng process. The control of pore geometry can potentially provide
ovel opportunities to optimize molecular transport rates. A mem-

rane with uniform pores can reduce resistance to fluid flow
hile maintaining molecular selectivity compared to polydisperse
orous materials. Controlled pore shape, such as elongated or
lit-shaped pores, also provide additional reductions in hydraulic
esistance when compared with round or irregular pores. Thus,

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:fisselw@ccf.org
dx.doi.org/10.1016/j.memsci.2008.09.039
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ig. 1. Nanopore membrane fabricated using silicon MEMS technology. Top left: Cro
erated) are formed in the polysilicon diaphragm, which is supported by an underly
f slit pores. Bottom left: SEM image showing membrane cross-section and non-to
mooth surface characteristics.

EMS-based membranes are fundamentally enabling for miniatur-
zation of renal replacement devices to a wearable or implantable
ize, whether for conventional therapies or for an implantable
rtificial kidney. The biocompatibility of silicon-based MEMS sub-
trates has been previously assessed using international standards,
ith the results suggesting that these materials are inert and rela-

ively nontoxic [10].
In this study, we examine the performance of nanoporous mem-

ranes with long, slit-shaped pores that offer significant theoretical
dvantages over round pores in terms of hydraulic permeability
nd molecular selectivity [11,12]. Data are also presented for the
ffects of a covalent poly(ethylene glycol) surface modification on
he overall blood compatibility of these novel membrane materi-
ls and their ability to retain selectivity and hydraulic flow during
rolonged (90-h) hemofiltration experiments with anticoagulated
lood. Membranes were tested for a duration of 90 h, which is
omparable to the lifetime of commercial dialyzer membranes, to
etermine if permselectivity and hydraulic permeability were sta-
le over that period of time.

. Materials and methods

.1. Fabrication of nanopore membranes and thin film substrates

Silicon nanopore membranes (SNMs) have been prototyped
rom silicon substrates by an innovative process based on MEMS
echnology as previously reported (Fig. 1) [13–16]. The process uses
he growth of a thin sacrificial SiO2 (oxide) layer to define the crit-
cal nanoscale pore size of the filter. The oxide is etched away in
he final step of the fabrication process to leave behind open slit
ores. Thermal oxidation of silicon substrates can routinely pro-

ide oxides down to 5-nm thickness with <1% variation across a
00-mm diameter wafer.

Standard microfabrication processes to prepare thin film sam-
les have previously been described in detail [15]. Such samples
ere used to study albumin binding and contact activation of

2

e

ction of membrane illustrating various structural layers (not to scale). Pores (exag-
icon substrate. Top right: SEM image of membrane showing uniformly spaced array

pore geometry. Bottom right: SEM image showing close-up of 9 nm slit pore and

he coagulation cascade as reported herein. Briefly, a lot of vir-
in, prime grade, single side polished, 100-mm diameter, 500-�m
hick, 〈1 0 0〉-oriented, n-type, silicon (Si) wafers was cleaned using

conventional “piranha” clean procedure, which involved a 20-
in immersion in 3:1 H2SO4/H2O2 mixture, followed by thorough

inse in deionized (DI) water and drying with nitrogen gas. After-
ards, the wafers were further cleaned using a dual stage “RCA”

lean procedure, which removed any residual surface organic and
norganic contaminants. Thermal oxidation was then conducted
o grow SiO2 films on some wafers, while polysilicon films were
eposited on other wafers using a low pressure chemical vapor
eposition (LPCVD) process. An additional wafer received no fur-
her processing. The wafers were subsequently cut into 1 cm × 1 cm
hips. Subsets of these 1 cm2 〈1 0 0〉 Si, SiO2, and polysilicon chips
ere either set aside unmodified (“bare”) or poly(ethylene glycol)

PEG)-modified as described below. This chipset represents all the
aterial types in the nanomembrane that contact blood.

.2. Surface modification

To limit membrane fouling by globular proteins, the surfaces of
aterials in the chipset described above were covalently modified
ith PEG using a previously reported solution phase method, mod-

fied to omit all sonication steps and continuing the PEG deposition
or 12 h [17]. A number of previous studies have demonstrated that
ttachment of PEG can significantly reduce protein adsorption and
mprove biocompatibility of a variety of surfaces [18–21]. The tech-
ique used for PEG attachment involved a single-step mechanism
hich covalently couples silicon surface silanol groups (Si–OH)

o a PEG polymer through a trimethoxysilane group forming a
i–O–Si–PEG sequence by a methanol dehydration reaction.
.3. Protein sieving and hemofiltration

Membrane arrays were examined under differential interfer-
nce contrast light microscopy for defects. Membrane hydraulic
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ermeability was evaluated using phosphate buffered saline (PBS),
ith the flow rate evaluated by timed collection over a range of
ressures from 3.4 to 13.8 kPa. The data were used to calculate the
ean pore size, h, as

=
(

12�L �Q

w �P

)1/3

(1)

here L (membrane thickness) and w (long dimension of the slit
ore) were measured by scanning electron microscopy, � is the
iscosity of the PBS, and �Q/�P is the slope determined by linear
egression of the observed flow rate versus pressure data [22,23].

Solute transport measurements were obtained using mem-
ranes mounted in an ultrafiltration cell. The retentate side of the
embrane was continuously perfused at a flow rate of 1 ml/min

rom a 100 ml reservoir containing 50 �g/ml polydisperse fluo-
escein isothiocyanate (FITC)-labelled Ficoll 70 in bovine whole
lood anticoagulated with ACD-A citrate. The permeate side of
he membrane was wetted with a measured volume of PBS. Cit-
ate was chosen as an anticoagulant since its effects can be easily
eversed by addition of calcium to the anticoagulated blood, facil-
tating comparison of this data with results in future experiments.
ompressed dry air was used to generate a transmembrane pres-
ure of 13.8 kPa (2 psi) as monitored by a pressure transducer
Entran, EPX 10PG, Les Clayes-sous-Bois, France) within the filtra-
ion cell. The ultrafiltration volume was monitored in a calibrated
yringe barrel (Hamilton, Reno, NV, USA) capped with parafilm.
dditional tests with feed solutions of 500 �g/ml each of carbonic
nhydrase (“CA”, MW = 29 kD; No. C3934, Sigma), bovine serum
lbumin (“BSA”, MW = 66 kD, No. A5378, Sigma), and thyroglobulin
“TG”, MW = 670 kD, No. T1001, Sigma) in PBS were completed to
ompare observed molecular transport with published transport
odels. Feed and permeate samples were analyzed by gel perme-

tion chromatography with an Ultrahydrogel 500 column using a
00E controller and 474 fluorescence detector (Waters Corp., Mil-
ord, MA). Size calibration of the column for Ficoll was performed
ith monodisperse Ficolls of known sizes, which were the kind gift

f Dr. Bengt Rippe, Lund University, Lund, Sweden.
Membranes were removed from the filtration cell after test-

ng, rinsed with deionized water, dried, and examined for adherent
ells and thrombus by scanning electron microscopy (SEM). Pro-
ein adsorption to the blood and protein filtration membranes was
ssessed by scanning electron microscopy and X-ray photoelectron
pectroscopy (XPS).

.4. Protein adsorption

Protein adsorption to the materials tested was measured follow-
ng the technique of Sharma et al. [21]. Samples of 1 cm × 1 cm bare
nd PEG-modified chips were rinsed with DI water and air-dried.
he bare (unmodified) polysilicon and SiO2 samples were piranha
leaned as above and rinsed 3× with DI water and air-dried. Both
ets of substrates were then placed in 12-well plates with 1.0 ml of
.5 mg/ml FITC-labeled bovine serum albumin (‘FITC-BSA”, Sigma
ldrich) in PBS (pH 7.4). These samples were then incubated at 37 ◦C

n 5% CO2/95% air for 1 h, as previous studies have suggested that
SA adsorption to similar substrates reaches steady state in signif-

cantly less than one hour [24]. After removal from the incubator
ach chip was rinsed three times in PBS and placed in a new 12-well
late with 1 ml of PBS. This entire process was done with minimal

ight in order to limit photobleaching of the FITC-BSA. Tissue cul-

ure polystyrene (TCPS) forms a convenient positive control as it is
idely available and has been treated in the manufacturing process

o avidly adsorb proteins. TCPS (Cat #3513, Corning Inc Life Sciences,
cton, MA) was incubated with FITC-BSA as described above and
sed as a positive control to normalize collected data.
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Imaging was conducted within 20 min of removal from the incu-
ator. Each chip was mounted on a glass microscope slide with one
rop of PBS and a glass cover slip. Images were collected using a
eica DMR Upright Microscope (Leica-Microsystems, Heidelberg,
mbH) with a Retiga EX cooled CCD camera (QImaging, Burnaby,
C, Canada) and an HC PL Fluotar 20× 0.5 NA dry objective. Five

mages for each sample were obtained for each of n = 3 samples
f bare polysilicon, PEG-modified polysilicon, and tissue culture
olystyrene.

ImagePro Plus software (Media Cybernetics, Silver Spring, MD)
as used to analyze the average pixel intensities of 12-bit images

rom each substrate. Pixel intensities were averaged to quantify pro-
ein binding for each substrate type. All controls and experimental
hips were imaged on the same day using identical parameters and
xposure times. Albumin binding to bare and PEG-modified sub-
trates was expressed as percentage of albumin binding to tissue
ulture polystyrene.

In order to measure biofouling of the membranes, XPS was used
o asses the surface chemistry of fresh membranes and membranes
fter 100 h of hemofiltration using anticoagulated blood. X-ray pho-
oelectron spectra were obtained with a PHI-5600 XPS (Physical
lectronics, Inc., Chanhassen, MN) system. A take off angle of 45◦

as used with a monochromatic Al K� X-ray (1486.6 eV) with an
mission current of 17.0 �A and an electron energy of 8.0 eV to min-
mize charging. Survey spectra were collected from 0 to 1100 eV

ith a pass energy of 93.9 eV.

.5. Blood coagulation

Contact activation of the coagulation cascade by bare and PEG-
odified 〈1 0 0〉-oriented Si samples, as well as glass cover slips, was
easured by plasma recalcification time as described by Xu et al.

25], but measured by appearance of a visible clot of fibrin versus an
nitial strand. Briefly, blood samples were obtained from a healthy
onor into citrated tubes and promptly centrifuged at 3000 rpm
t 8 ◦C for 20 min to obtain platelet-poor plasma (PPP). 100 �L of
armed (37 ◦C) PPP and 25 �L of warmed 100 mM CaCl2 in water
ere pipetted onto the substrate surface and incubated at 37 ◦C for

0 min. The plasma droplet was monitored for clot formation by
ipping a 27-gauge needle that had been formed into a hook into
he droplet and observing for a fibrin clot on the hook.

.6. Statistics

Experiments were repeated in triplicate and protein assays in
uplicate. Means, standard deviations, and statistical tests were
alculated using Microsoft Excel 2003 for Windows.

. Results and analysis

.1. Fabrication of nanopore membranes

Membrane characteristics and hydraulic permeability analysis
ave been previously reported [13–16]. After fabrication, the silicon
afer is sized into 1 cm × 1 cm chips bearing arrays of 1 mm × 1 mm
anopore membranes. Each membrane is a ∼4-�m thick polysil-

con diaphragm, which incorporates an array of ∼10 nm × 45 �m
lit pores uniformly spaced with ∼2 �m separation (Fig. 1). The
ores exhibit smooth surfaces and minimal tortuosity through the
hickness of the membrane. Pore size distribution in the mem-

rane is dependent on the thickness variation in sacrificial oxide,
hich showed less than 1% mean variation (Fig. 2). Actual pore

ize of individual membranes were verified by hydraulic perme-
bility analysis, and subsequently confirmed by SEM imaging of
he chips. Membranes tested for this paper had measured hydraulic
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Fig. 3. Protein sieving by 9.7-nm silicon nanopore membrane. Observed sieving
coefficient, �, is plotted versus the ratio of Stokes diameter to pore size, �, for a
9.7-nm PEG-modified nanopore membrane. Three globular proteins, carbonic anhy-
drase (MW = 29 kD, triangles), bovine serum albumin (MW = 66 kD, squares) and
thyroglobulin (MW = 669 kD, circles) were rejected by the membrane in a size-
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during prolonged (90 h) pressure-driven filtration of bovine whole
blood (Fig. 4). Ficoll retention was greater after blood contact and
the sieving profile was sharper, compared with prior observa-
tions in PBS alone, an effect previously reported by Langsdorf et

Fig. 4. Hemofiltration of Ficoll and albumin by 10.9-nm silicon nanopore membrane.
Observed sieving coefficient, �, is plotted versus the ratio of Stokes diameter to pore
size, �, for a 10.9-nm PEG-modified nanopore membrane. FITC-Ficoll 70 was added
ig. 2. Pore size distribution in nanopore membranes. Graph showing minimal vari-
tion in thickness of sacrificial oxide, which establishes the monodisperse pore size.
he oxide film exhibits a <1% mean variation (3% maximum) in thickness across
00-mm diameter wafers over 25 separate runs in an thermal oxidation furnace.

ermeabilities closely matching estimates of pore size from process
ontrol variables and SEM imaging.

.2. Solute transport

Solute transport was evaluated at a 13.8 kPa driving pressure,
iving a filtrate flux of approximately Jv = 1.0 × 10−7 m/s. Spatial
verage velocity inside the pore is estimated to be approximately
wo orders of magnitude higher, reflecting the membrane’s low
orosity. Shear rates in the feed compartment were estimated to be
.5 s−1 at the 1 ml/min feed flow rate. This corresponds to a mass
ransfer coefficient of approximately km = 5.2 × 10−7 m/s as evalu-
ted from the Leveque solution for fully developed channel flow
12]:

m = 0.807

(
D2�w

L

)1/3

(2)

here D is the protein diffusion coefficient, �w is the wall shear
ate in the feed channel, and L is the channel length. Thus,

reasonable estimate of concentration polarization effects is
w/Cb ≈ 1.2 for a fully retained solute with D ≈ 10−10 m2/s where
w is the solute concentration immediately adjacent to the mem-
rane and Cb is the solute concentration in the bulk (feed)
olution. Under the testing conditions, the membrane Peclet num-
er Pem, for bovine albumin is approximately 101, suggesting that
onvective transport dominates and our observed sieving coef-
cients reflect the intrinsic membrane rejection characteristics
12]. The observed sieving coefficient will be approximately equal
o the product of the solution partition coefficient (˚) and the
indrance factor for convection (Kc) since concentration polariza-
ion and transmembrane diffusion were both negligible in this
xperimental system. Dechadilok and Deen published analytic
xpressions for ˚Kc, as well as diffusive hindrances, for a variety of
olute/pore geometries, including results for a rigid sphere in a slit-
haped pore which accurately describes our experimental system
26]:

Kc = 1 − 3.02�2 + 5.776�3 − 12.3675�4 + 18.9775�5

− 15.2185�6 + 4.8525�7 + O[�8] (3)
here � is the ratio of molecule diameter to the critical pore dimen-
ion, analogous to � = rs/rp for cylindrical pores.

PEG-modified membranes displayed size-dependent rejection
f globular proteins. Model predictions overestimated the sieving

t
n
d
a
i
c

ependent manner (solid symbols, means ± standard errors). When the molecular
ize is modeled as the Stokes–Einstein diameter of the protein plus the thickness of
he electrical double layer (open symbols, means ± standard errors), the results are
n good agreement with model predictions.

oefficients for the globular proteins (carbonic anhydrase, bovine
erum albumin, and thyroglobulin) through the silicon nanopore
embrane (filled symbols in Fig. 3). We hypothesize that this

ehavior is due to electrostatic interactions associated with the
istortion of the diffuse electrical double layer around the charged
roteins [27,28]. A simple approximate analysis of these electro-
tatic interactions, in which the protein size is increased by the
hickness of the electrical double layer (EDL) around the protein,
ives model predictions that match the experimental observations
losely (open symbols in Fig. 3) [14,26].

Membranes retained their size-dependent rejection of Ficoll
o citrated bovine whole blood and the mixture filtered by a PEG-modified 10.9-
m pore size membrane. Size-dependent rejection of Ficoll 70 was observed, but
isplayed reduced transmission of Ficoll (solid lines, mean ± standard deviation) and
lbumin (open circle, mean ± standard deviation) when compared with filtration
n PBS (this figure and Fig. 3). The dashed curve represents model predictions for
onvective solute transport.
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Fig. 5. Silicon nanopore membrane after blood filtration. Scanning electron micro-
graphs of blood (A) and filtrate (B) sides of a 10.9 nm pore size membrane after
>100 h of continuous blood filtration. A highly uniform thin film appears to coat
the blood-side surface of the membrane (A, arrowhead), but does not appear to
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Fig. 6. X-ray photoelectron spectroscopy of silicon nanopore membrane before and
after blood filtration. X-ray photoelectron spectra of PEG-modified membranes were
obtained after (black line) >100 h of blood filtration and compared with spectra of
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xtend into the pores (A, arrows), scale bar = 3 �M. The filtrate side appears free
f adherent proteins, and the pores are easily visualized (B, arrowhead), scale
ar = 5 �M.

l. for both cellulose and AN69 hemodialysis membranes [14,29].
or example, the ratio of the sieving coefficient of a 100 kDa Ficoll
o that of a 25 kDa Ficoll was 0.05 when measured using bovine
lood compared to a value of only 0.40 when measured using
BS. This increased selectivity may be related to changes in the
embrane transport properties associated with the formation of a

rotein deposit on and within the membrane pores, as discussed by
angsdorf et al. [14,29], which is clearly seen in the SEM images in
ig. 5.

Alternatively, the reduction in filtrate flux for the experiments
erformed with blood would reduce the extent of concentration
olarization and Ficoll elongation. The observed sieving coeffi-
ient for albumin with bovine blood was 0.07 ± 0.03, which closely
atches the Ficoll results when the albumin size is calculated

s the Stokes–Einstein diameter plus the thickness of the sur-
ounding electrical double layer. Hydraulic permeability of the
embrane was unchanged during 90 h of continuous blood fil-

ration (first run flux = 9.99 × 10−6 m/s compared to the last run
ux = 9.99 × 10−6 m/s). These results demonstrate that the pres-
nce of the PEG significantly limits membrane fouling even upon
rolonged exposure to blood.

.3. Protein adsorption

FITC-BSA adsorption to a positive control, tissue culture
olystyrene, was demonstrated by uniform bright fluorescence.
EG-modification of silicon substrates was confirmed by X-ray
hotoelectron spectroscopy (PHI-5600, Physical Electronics, Chan-
assen, MN) (data not shown). PEG modification reduced FITC-BSA
inding on SiO2 substrates from 24.9 ± 12.5% of positive control
untreated silica) to 4.4 ± 1.2% (PEG-modified silica) (p < 10−6, Stu-
ent’s t-test), and from 10.6 ± 0.2% of positive control (untreated
olysilicon films) to 4.4 ± 1.5% (PEG-modified polysilicon films)
p < 10−5, Student’s t-test).
.4. Blood coagulation

Plasma recalcification time of bare 〈1 0 0〉 silicon substrates
as similar to that measured for glass cover slips (720 ± 17 s vs.

t
s
r
s
f

embranes exposed to PBS only (light grey line). Spectra were similar in oxygen,
arbon, and nitrogen content, but the N 1s peak was slightly higher (6.7% vs. 5.9%)
n the blood-exposed samples, suggesting that the thin film observed in Fig. 5 was
t least partially composed of protein.

10 ± 26 s), but was significantly prolonged (>3600 s) for PEG-
odified 〈1 0 0〉 silicon (p < 10−6, by Student’s t-test). After an hour,

o visible clot had formed on the PEG-modified samples, but the
ecalcified plasma droplets had begun to evaporate, and the experi-
ent was terminated. Scanning electron microscopy of membranes

fter blood filtration revealed a thin film adherent to the blood side
f the membranes (Fig. 5). The permeate side of the membrane
nd the interior of the membrane pores appeared unchanged. X-
ay photoelectron spectra of PEG-modified membranes exposed
o blood and to PBS alone were similar in oxygen, carbon, and
itrogen content (Fig. 6), but the N 1s peak was slightly higher
6.7% vs. 5.9%) in the blood-exposed samples, suggesting that the
hin film observed in Fig. 5 was at least partially composed of
rotein.

. Discussion

A novel fabrication toolkit, MEMS, was used to fabricate fil-
ration membranes with unprecedented control of pore size and
eometry. A simple, easily executed surface modification protocol
nvolving the attachment of polyethylene glycol nearly eliminated
rotein fouling and contact activation by the silicon membranes.
hese membranes were successfully used for prolonged (up to
0 h) hemofiltration using anticoagulated blood, providing the
rst demonstration that these silicon nanoporous membranes
ight be suitable for use in long-term or implantable applica-

ions.
Although the membranes used in these studies are not appro-

riate for immediate use in an implantable artificial kidney, the
esults from this study suggest that it should be possible to develop
ilicon-based membranes with the desired physical and transport
haracteristics using MEMS technology. First, the albumin sieving
ata confirm that existing models for steric interactions, such as
hose by Deen [22,23,26], allow prediction of the maximum pore

ize that will reject albumin, guiding engineering of the albumin-
etentive membrane needed for this application. The required pore
ize will be a function of the ionic strength of the solution, the sur-
ace charge of the final membrane material, and blood–membrane
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nteractions during filtration. Accordingly, the optimum pore size
s likely only slightly smaller than the 9.7–10.9 nm pore sizes of the

embranes examined in this paper and well within the capabilities
f the MEMS toolkit.

Second, the close agreement between hydraulic permeability
heory and experiment allows estimation of package size for an
mplanted filter using capillary perfusion pressure as the driving
orce for ultrafiltration. Using Poiseuille’s law, we can calculate the
umber of pores needed to achieve clinically relevant ultrafiltration
ates, say 30 ml/min at 30 mm Hg driving pressure, at about 5 × 1010

ores. With typical modern nanoscale fabrication, feature sizes
nabled by state-of-the-art MEMS, and nanofabrication technology
hould be able to provide ∼1011 pores (7 nm × 40 �m) in a 0.1-m2

embrane, which is a reasonable size for implantation. Thus, the
ata reported here demonstrate that the end goal of our research

s feasible. That is, it should be possible to develop a hemofiltration
embrane delivering useful filtration rates under cardiovascular

riving pressures in a package size suitable for implantation using
he silicon MEMS toolkit.

Third, the applicability of silicon as the substrate material for
emofiltration and dialysis membranes has been questioned previ-
usly, since the SiO2 that forms naturally as a thin layer on exposed
ilicon surfaces is a potent activator of the coagulation cascade.

hile the data presented here are far from conclusive, it appears
hat the silicon surface can be modified, in this case using polyethy-
ene glycol, to dramatically attenuate contact activation and fouling.
he initial success with this technique lends support to continued
evelopment of renal replacement membranes using the silicon
EMS toolkit.
Future studies will be needed to examine the issues of concen-

ration polarization in more detail, including the changes in flow
ates and mass transfer characteristics caused by the cellular com-
onents in blood. Careful design of the flow path may be needed
o minimize polarization effects at high filtrate flux. There are also
mportant questions about the long-term mechanical stability of
he membranes, particularly when fabricated with very large pore
ensities and reduced thickness.
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