Protein Separation and Hemocompatibility of
Nitride Membranes in Microfluidic Filtration Systems
Alec Salminen, Kayli Hill, Henry L. Chung, James L. McGrath, Dean G. Johnson Member, IEEE

Abstract— Improving the health outcomes for end-stage
renal Disease (ESRD) patients on hemodialysis (HD) requires
new technologies for wearable HD such as a highly efficient
membrane that can achieve standard toxic clearance rates in
small device footprints. Our group has developed nanoporous
silicon nitride (NPN) membranes which are 100 to 1000 times
thinner than conventional membranes and are orders-ofmagnitude more efficient for dialysis. Counter flow dialysis
separation experiments were performed to measure urea
clearance while microdialysis experiments were performed in a
stirred beaker to measure the separation of cytochrome-c and
albumin. Hemodialysis experiments testing for platelet
activation as well as protein adhesion were performed. Devices
for the counter flow experiments were constructed with
polydimethylsiloxane (PDMS) and a NPN membrane chip. The
counter flow devices reduced the urea by as much as 20%. The
microdialysis experiments showed a diffusion of ~60% for the
cytochrome-c while clearing ~20% of the Albumin. Initial
hemocompatibility studies show that the NPN membrane
surface is less prone to both protein adhesion and platelet
activation when compared to positive control (glass).

I. INTRODUCTION
There were ~680,000 patients with end-stage renal
Disease (ESRD) in the US in 2014 with ~121,000 new cases
reported [1]. The standard of care for ESRD patients is
lifelong HD treatments at a frequency of three times per week
with 63.4% of prevalent ESRD cases undergoing HD in 2014
(98% in centers, 2% at home). In-center thrice-weekly
treatments have been linked with significantly increased risk
of cardiovascular disease (CVD) events and mortality due to
the increased interdialytic period [2]. Even with frequent HD,
life expectancies for ESRD patients aged 30 to 85 years are
typically less than 10.5 years [3]. Post dialysis recovery time
can be twice as long as the treatment time, during which time
patients report feeling ill, rundown, and depressed.
A prerequisite for portable, wearable, and implantable
HD systems is the development of highly efficient
membranes that can achieve standard toxin clearance rates in
small device footprints. Conventional HD uses membranes
that are ~10 microns thick with tortuous flow paths. These
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characteristics slow diffusion and convection through
membranes. Consequently, dialyzers incorporating these
membranes require long flow channels (15” to 18”) and large
membrane surface areas (1.4 m2 to 2.4 m2) to achieve target
clearance values. Our group has developed nanoporous
silicon nitride (NPN) membranes for inclusion in a small
format HD device. These membranes, which were first
described by our group four years ago [4], are 100 to 1000
times thinner than conventional HD membranes and are
therefore orders-of-magnitude more efficient for dialysis [5].
In fact, given the molecular thickness of these membranes
(~15 nm to ~75 nm) and their appreciable porosity (~15%),
NPN membranes operate near the maximum permeability
that is achievable for a nanoporous membrane [5-10]. These
characteristics also make the NPN membranes highly
selective [11, 12] and therefore candidates for next generation
hemodialysis membranes. Additionally, the membrane pore
sizes can be tuned to match specific molecular separation
goals [13] and the silicon platform allows for scalable
manufacturing and straightforward integration with fluidics.
Other groups are also working on silicon-based filter
membranes [14] but have not achieved the thinness of our
nanoporous nitride membranes and therefore cannot achieve
the clearance rates with the same surface area.
Many significant changes have been made to
hemodialysis device technology since Dr. Willem Kolff
constructed the first dialyzer in 1943. Advances in HD
technology continue to improve the dialysis machines, adding
functionality and safety features. However, since the 1970’s
the filtration material has remained fundamentally the same,
specifically maintaining the same basic size and form.
Various research groups have been working to develop
miniaturized hemodialysis devices [15-18]. The small size of
these devices, with lower flow rates and reduced
extracorporeal volume, preclude testing with the current HD
delivery systems, especially those that involve a major
change in the dialyzer format. This points to a need for
reliable, efficient, and cost-effective testing methods for
small format dialyzers. As a first step, characterization
studies were performed on nanoporous nitride (NPN)
membranes included in a small format HD device for bench
top studies.
Here we report on the results of these bench top studies.
We describe the design and operation of a small benchtop
microfluidic system that explores urea dialysis clearance
predicted from finite element models of our system. We also
report on the initial hemocompatibility studies, protein
adhesion and platelet activation, of the NPN membrane chips
used in the clearance studies.
II. MEMBRANE FORMATION AND CHARACTERIZATION
The ultrathin NPN membranes are fabricated in silicon
chips via a transfer etch process [4]. The pore pattern is

contacts the membrane on the flat side of the chip. Diffusion
coefficient of urea in PBS was set to 1.38e-9 m2/s while the
value used for the membrane was decreased to account for
the porosity of the membrane, 15% (and scaled for the model
geometry as the 75 nm membrane was drawn as 75 mm).
IV. SINGLE-PASS BENCH-TOP DIALYSIS

Figure 1: A. Membrane Fabrication. Thick NPN-O process starts with 75
nm thick silicon Nitride layer below nanoporous pnc-Si mask. Oxidation
step thickens and strengthens mask allowing for long DRIE etch though 75
nm silicon Nitride Channels etched in Si substrate forming membrane
regions. B: Nanoporous silicon nitride filter chip. Active membrane are
(center of chip) is 1 mm x 3 mm) C. Sieving curves for the various
membranes comparing membrane thickness and old non-Oxide process. D.
Chip shown in fluidic device, upper channel (filled with red fluid) passes
into trench in membrane surface. Lower channel (outboard ports) passes
along the flat bottom of the chip.

formed into a hard mask on the surface of a silicon wafer by
rapid thermal annealing of a stack of materials whose
properties, along with the anneal parameters, control the pore
size and density [12]. The porous poly-nanocrystalinesilicon
(pnc-Si) can be used as a hard mask as is or after an oxidizing
process, which strengthens it for use as a hard mask during
more mechanically intensive lithography processes. The
pores are then etched through this hard mask into an
underlying nitride layer creating a nanoporous nitride (NPN)
layer. Membranes created with the oxidized pnc-Si are
designated NPN-O membranes. By etching through the
backside of the wafer, channels are formed exposing the
underside of the membranes and individual chips are
delineated. The resulting NPN and NPN-O membranes are
ultrathin, 50 nm to 100 nm, with pore sizes from 30 nm to
45 nm. The process is illustrated in Figure 1 A. The sieving
curves, which show the size separation characteristics of the
membranes, are shown in Figure 1 B. Notice how the ‘cutoff’ size for the 50 nm NPN-O membranes is much lower
than the 50 nm NPN membranes (~10 nm v ~30 nm).

This experiment was designed to explore the membrane
permeability in a small dialysis format. The flow rate was
bound on the lower end by the need to have the necessary
volume of fluid for the colorimetric assays. On the upper end,
there was no specific cut off, only that our COMSOL model
suggested that the clearance increased as the flow rate
decreased. The analyte fluid, comprised of 5 mM urea and
fetal bovine serum, was passed over the top side (trench) of
the membrane while PBS (dialysate) was passed on the
underside (flat surface of the chip). The flow rates for the
analyte and dialysate are 1 µL/min and 2 µL/min
respectively. The dialysate flow rate was twice that of the
analyte to prevent ultrafiltration rates that could complicate
the clearance calculations. The set up, which used syringe
pumps to deliver the fluids and a fraction collector, allowed
for fully automated collection of samples over the entirety of
the experiment, giving the user flexibility in designing long
experiments with many sample collections. For our current
research, we collected samples every hour for 6 hours. In this
format, we expect to see steady clearance of urea of
approximately 15% to 20% as determined by the COMSOL
model. The lack of specificity of these initial models is due to
the variability of the diffusion coefficients used for both the
analyte fluid and in the membrane.
V. MICRODIALYSIS RETENTION
While the above experiments aimed to probe the NPN
membranes for urea diffusion, the results are a measure of the
system itself and not indicative of the membrane separation
characteristics. To address this question without
complications of fluid flow, we used an open bottom SepCon
based experiment that addressed separation through
diffusion. The analyte comprised of 1 mg/ml BSA and
cytochrome C and PBS was introduced to the top of the
column (50 µL) placed in a clean beaker was filled with PBS.
The system was placed on a magnetic stir plate in the
refrigerator (6 ºC) and left to separate for 24 hours; enough

III. DEVICE AND MODELING
Devices are constructed with a single membrane chip,
several layers of silicone gasket material, and an upper layer
of PDMS (which holds the inlet/outlet tubing). All the layers
are bonded, along with the chip, on top of a microscope
coverslip (to provide stability and microscopy compatibility)
via an ozone bonding process. The device can be seen in
Figure 1 D. A finite element model was constructed of the
single chip system in three dimensions using the COMSOL
Multiphysics 5.3 software package (see Figure 2) to provide a
theoretical instantaneous clearance value for comparison with
clearance values obtained in the single pass dialysis
experiments. The analytes flow through the upper channels
into the trench etched into the silicon chip and come in to
contact with the nanoporous membrane. Dialysate (clean
PBS) flows in the opposite direction in the lower channel and

Figure 2: Upper Callout: 3D fluid velocity in COMSOL. Cente: 3D Fluid
volume model, Analyte flows through upper channel in the chip and
Dialysate flows across flat side of chip in lower flow channel. Lower
Callout: Urea Concentration shown in central portion of device, Urea at
100% concentration enters in upper right channel, exits at 80% on left.

time for both BSA and cytochrome c to diffuse into the
beaker at equilibrium if the membrane did not hinder their
progress.
VI. HEMOCOMPATIBILITY
A. FITC-BSA Adsorption
We studied the adsorption of fluorescent protein (BSA)
on nanoporous nitride membrane (NPN) chips using
epifluorescence as the imaging modality. NPN chips were
incubated (membrane side up) in 1 mg/mL of FITC-BSA for
1 hour, then rinsed/washed in DiH2O and let dry. The NPN
chips were then flipped upside down onto a U-shaped gasket
(to suspend the membrane from contact) for imaging on an
inverted microscope. In this study, glass was chosen as the
positive control for protein adsorption.
B. Platelet Activation
Substrates (glass and nanoporous nitride) were incubated
with plasma rich platelets for two hours, then all samples
were inverted upside down and let sit for 30 min to allow
unbound platelets to detach by gravity. The samples were
washed with PBS, before being fixed via 4%
paraformyldehyde (20 min). The samples were blocked with
BSA (20 mg/mL) for 1 hour at RT, followed by incubation
with primary antibodies, 20 μg/mL CD62P (label for platelet
activation) and 20 μg/mL CD41 (label for platelet adhesion)
(Abcam, Cambridge, MA) overnight at 4°C then incubated
with the secondary antibodies, AF488 goat anti-mouse (100
μg/mL) and AF568 goat anti-rabbit (100 μg/mL) (Abcam,
Cambridge, MA), for 1 hour.
The samples were then washed in DiH2O and let dry
before imaging. DiH2O was used instead of PBS since salt
crystals tend to reduce image clarity. The substrates where
then imaged with a fluorescence microscope and analyses for
intensity and reported as the degree of platelet activation.
VII. RESULTS
A. Single-Pass Bench-Top Dialysis
In the counter-flow experiment, 20% of the urea was
diffused through the membrane into the dialysate fluid. This
is in agreement with the expected values from the COMSOL
model. Fluid change was monitored to ensure that analyte
dilution did not occur due to negative ultrafiltration of
dialysate into the analyte fluid. The clearance was stable over
the run of the experiment. Data points from hours four and
six are shown in Figure 3 A. Importantly, urea was cleared
with very little membrane surface area, 1.4 mm2.
B. Microdialysis Retention
Results showed a large reduction in cytochrome-c and a
smaller reduction for BSA over 24 hours (>55% reduction
cytochrome-c, < 20% reduction BSA) as shown in Figure 3
B. The data suggests the membranes are less permeable to
albumin then cytochrome c as expected and a requirement for
hemodialysis membranes. This indicates that the molecular
weight cut-off was somewhere between the size of
cytochrome-C (12 kDa) and that of albumin (66.5 kDa).
C. Hemocompatibility
FITC-BSA Adsorption: The results (see Figure 3 C) show
that there is a significant reduction of the adsorption of the

Figure 3: A: Single Pass Small-molecule clearance in a counter-flow
system at 4 hours and 6 hours B: Microdialysis separation of BSA and
Cytochrome-C C: Comparison of Albumin adsorption on Glass, and NPN
D: Platelet Activation on Glass and NPN

protein on the NPN membrane compared to glass, the
positive control. This is as expected and provides a starting
point for future improvements via surface functionalization.
Platelet Activation: Platelet activation is also reduced on
the NPN membrane surface compared to the positive control
(see Figure 3 D). The error bar represents the standard error
of the mean. For each substrate type there are three samples
with five regions on each sample analyzed. Again, this a an
indication that while the activation is improved, additional
steps must be taken to reduce this even further.
VIII. CONCLUSION
The positive results from the urea clearance with the NPN
membranes, which reduced the urea by 20%, show how
efficient the ultrathin membranes are in a microfluidic
format. These chips and devices will continue to be used to
gather information on the diffusion of various molecules
under different situations, (e.g. flow rates, functionalization,
complex protein fluids). This result will also be used to
determine the diffusion coefficient for urea in water through
the membrane in order to determine coefficients for proteins
of various sizes for membranes with different pore sizes and
porosities. The microdialysis experiments showed that not
only will small molecules diffuse through the membranes,
but larger molecules with be held back providing good
separation. This basic cut-off experiment will aid in
characterizing chip-based membranes with a variety of
parameters (e.g. pore size, porosity, membrane thickness).
The presence of protein adsorption and platelet activation,
even though less than the positive control, points to the need

for more careful design of the fluid flow in future
experiments, as well as the need for surface functionalization,
which our group has developed for nitride surfaces [19].
The top barriers to adoption of home-based HD include,
space for equipment and supplies, lack of support/care
partner, training/education limitations, self-cannulation, and
medicalization of the home [20-23]. All of these hindrances
can be ameliorated, to some extent, with the small form
factor devices that our membranes can bring to market. The
smaller size of our filters and the associated reduction in
amount of extracorporeal blood flow will enable the
substantial reduction in the size and complexity of the
dialysis equipment. The low flow rates will enable the use of
smaller needles for less intimidating self-cannulation. The
small size of the equipment reduces the space requirements,
minimizing the medicalization effect in the home.
Patients adopting home hemodialysis can experience
immediate benefits such as lifestyle normality, satisfying
self-sufficiency, personalized treatment, and a positive
treatment environment [22]. There are dialysis centers (e.g.
Rubin Hemodialysis Center) that allow in-center patients to
experience the home hemodialysis equipment while in their
center, which gives the patients a chance to better understand
the benefits as well as the procedures without having to
commit to home treatments first. They find this early
motivation promotes adoption of home hemodialysis (20%)
above the national average (2%).
This approach, coupled with a smaller, more efficient
device that requires lower blood flow rates, should positively
impact the adoption rate of home hemodialysis devices. This
transition, however, does not come without challenges; small
device sizes with the accompanying lower flow rates and
reduced extracorporeal volume, preclude testing with the
current HD delivery systems, especially those that involve a
major change in the dialyzer format. This points to a need for
reliable, efficient, and cost-effective testing methods for
small format dialyzers. Our next steps are to design, build,
and test an in vitro model of the concentration of middleweight molecules in the intravascular fluid volume (blood)
and arteriovenous fistula access for hemodialysis that can be
used to test both commercial hemodialysis machines and
miniaturized HD delivery systems.
The present work has shown these NPN membranes to be
capable of performing the filtration required for
hemodialysis. Further work, including surface treatment and
characterization, is required to achieve viable implementation
of these NPN membranes in hemodialysis devices.
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