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ABSTRACT

Extracorporeal blood therapies such as hemodialysis and
extracorporeal membrane oxygenation supplement or re-
place organ function by the exchange of molecules between
blood and another fluid across a semi-permeable membrane.
Traditionally, these membranes are made of polymers with
large surface areas and thicknesses on the scale of microns.
Therapeutic gas exchange or toxin clearance in these de-
vices occurs predominantly by diffusion, a process that is
described by an inverse square law relating a distance to
the average time a diffusing particle requires to travel that
distance. As such, small changes in membrane thickness or
other device dimensions can have significant effects on de-
vice performance – and large changes can cause dramatic
paradigm shifts. In this work, we discuss the applica-
tion of ultrathin nanoporous silicon membranes (nanomem-
branes) with thicknesses on the scale of tens of nanometers
to diffusion-mediated medical devices. We discuss the the-
oretical consequences of nanomembrane medical devices for
patients, analyzing several notable benefits such as reduced
device size (enabling wearability, for instance) and improved
clearance specificity. Special attention is paid to computa-
tional and analytical models that describe real experimental
behavior, and that in doing so provide insights into the rel-
evant parameters governing the devices.

INTRODUCTION

Extracorporeal blood therapies such a hemodialysis and
extracorporeal membrane oxygenation (ECMO) have seen
little innovation over the last several decades despite poor
outcomes for patients reliant on these technologies. These
treatments involve transport of solutes into or out of blood
through a semi-permeable membrane in an extracorporeal
blood circuit. The membranes employed for these processes
are typically regenerated cellulose or synthetic polymer, and
are many microns in thickness. To compensate for their
poor permeabilities membranes with very large areas are

employed, typically arrayed into a bundle of hollow fibers
to maximize transport.

Due to their large membrane areas (and thus high hy-
draulic resistances) these devices are made very large to
accommodate not only the large fiber bundles, but a sig-
nificant volume of tubing, a pumping apparatus, and other
elements. This may be problematic depending on the ap-
plication. For instance, in hemodialysis the size of dialysis
devices restricts the availability of the treatment to patients
to short and somewhat infrequent sessions, in effect denying
them access to the life-sustaining functions of renal replace-
ment therapy. The deleterious effect of this infrequency in
treatment is apparent in the fact that dialysis patients are
most likely to suffer hospitalization and death on the days
just before their scheduled treatments [1, 2], and that more
frequent treatments are associated with improved patient
outcome [3, 4].

Similarly, while ECMO devices are for intensive care ap-
plications and thus may be immobile without limiting the
patient’s access, the large extracorporeal blood volume can
be itself extremely dangerous due (for instance) to the need
for frequent red blood cell transfusions, which have been
shown to be an independent risk factor in patient morbid-
ity and mortality [5]. This is especially true in pediatric and
neonatal patients, for whom the extracorporeal circuit vol-
ume could be as much as twice their own blood volume [6].
Furthermore, for the cardiac health of the patient (and es-
pecially children) extracorporeal circuits representing more
than roughly 10% of the patient’s blood volume are consid-
ered undesirable [7].

The large device sizes and extracorporeal blood volumes
of current dialysis and ECMO devices are direct products
of the active membrane area required for these devices to
allow for adequate blood solute transport to occur. Our
contention is that increasing the transport efficiency of the
membranes used in these applications would enable a reduc-
tion in device size, which in turn would have direct positive
effects on patient health.

In order to arrive at this increased efficiency, we pro-
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pose the application of ultrathin silicon membranes to these
therapies. Initially reported in pure crystalline silicon by
Striemer et al., this class of highly permeable materials is
molecularly thin and yet mechanically robust [8]. By reduc-
ing the diffusion distance of solutes across the membrane by
two to three orders of magnitude compared to traditional
membranes, the average diffusion time is reduced by ten-
thousand to a million times, affecting a massive increase in
the efficiency of transmembrane diffusion.

In this work, we present a theoretical framework for
modeling the relevant transport problems in these sorts of
devices. We develop analytical and computational models
and demonstrate their effectiveness in predicting the results
of experiments. In this way we demonstrate the promising
possibilities represented by nanomembrane-enabled minia-
turized hemotherapeutic devices and pave the way for future
prototyping and testing towards making them a reality.

METHODS AND MODELS

Silicon Nanomembranes

The highly porous, exceedingly thin, and strikingly ro-
bust pure silicon nanomembranes developed by Striemer et
al. [8] are an ideal material for extracorporeal blood ther-
apies. A recent publication by our group describes a fur-
ther improvement in this technology with the creation of
silicon nitride membranes, which are significantly stronger
and more chemically inert [9]. The materials can be tuned
for a desirable average pore size and thickness in order to
maximize their applicability to a given device.

These membranes have been shown to act as walls to
convective flow (that is, flows on either side of the membrane
do not couple to one another [10]). In diffusion, they behave
as anisotropic, non-absorbing spaces in which the effective
diffusion coefficient can be calculated using the scheme de-
scribed by Dechadilok and Deen [11, 12].

Hemodialysis

Experimental System The experimental system that
our models attempt to predict the behavior of consists
of two channels separated by a 300 micrometer-thick chip
supporting a 2-by-0.7 millimeter nanoporous silicon nitride
nanomembrane. 1X phosphate buffered saline (pH 7.4) is
employed in both the dialysate and the blood channels, and
the latter is spiked with a known concentration of an analyte
before the experiment begins.

A photograph of the system is shown in Figure 1. The
dialysate channel is 2 millimeters wide and 300 microme-
ters tall, while the blood channel is 1 millimeter wide and
has a variable height (100, 300, or 1000 micrometers). The
flow rate in the dialysate channel was 9 cubic millimeters
per second, and varied in the blood channel depending on
the channel height (0.02, 0.06, or 0.2 cubic millimeters per
second) to obtain an average velocity of 0.2 millimeters per
second.

The results of each experiment were obtained by
assaying the fluid at the blood channel outlet for the
appropriate analyte. Three analytes and three assays
were used: urea (BioVision Urea Colorimetric Assay Kit,
catalog #K375-100), cytochrome c (absorbance at 410
nanometers), and bovine serum albumin (ThermoFisher
Scientific Quant-iT Protein Assay, catalog #Q33210).

Analytical Model The transport of blood solutes
in hemodialysis is governed by the convection-diffusion
equation:

BOTTOM

TOP

MEMBRANE Dialysate

Blood

FIGURE 1: A photograph of two experimental systems, one in-
verted to show the bottom. The blood channel inlets and outlets
are the outermost holes and the channel passes under the mem-
brane, while the dialysate channel inlets and outlets are the in-
nermost holes and the channel passes over the top. The 2-by-0.7
millimeter membrane is indicated. Inset: An idealized cross sec-
tion of the device at the membrane, which is marked by a dashed
line. The height of the blood channel is variable.

@c

@t
= D0r

2c+ vrc (1)

where the first term on the right side is diffusion governed
by the solute diffusivity D0 and the second is convection
governed by the velocity field v.

To arrive at a preliminary analytical solution, we made
three simplifying assumptions. First, we approximated
the velocity field as constant within the channel. We also
assume that diffusion is negligible in the direction of flow
and that the concentration in the dialysate is negligible
at all times. With these assumptions in place, we can
non-dimensionalize the problem:

@�c

@�t
=

@2�c

@�x2
(2)

for 0 � �x < 1 and �t � 0, where

�x =
x

a
; �c =

c

c0
; �t =

tD0

a2
(3)

and where we can see that defining dimensional time t as the
length of the membrane divided by v eliminates the concen-
tration profile’s dependance on the two spatial dimensions
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in which diffusion does not occur. Here, a is the distance
from membrane to wall in the blood channel, and c0 is the
initial concentration of the diffusing solute.

We can define the resistance of the membrane to
transmembrane diffusion of solutes as a fraction of the
overall resistance to transport in that direction via a new
term:

� =
d=Dm

a=D0
(4)

Here, the ratio of membrane thickness d to solute diffusivity
within the membrane Dm is compared to the same ratio
for the fluid space. Incorporating this term, the boundary
conditions for this problem are:

@�c

@�x
(0; �t) = 0 (5)

�c(�x; 0) = 1 (6)

�c(1; �t) + �
@�c

@�x
(1; �t) = 0 (7)

In the case that � is negligible, the solution to this
problem is [12]:

�c(�x; �t) =
2

�

1X

n=1

(�1)n+1

n� 1=2
cos(�(n� 1=2)�x)e

�(�(n�1=2))
2�t (8)

Otherwise, it is:

�c(�x; �t) =

1X

n=1

2sin(zn)cos(zn�x)

zn + sin(zn)cos(zn)
e�z

2

n

�t (9)

The values of zn in Equation 9 are obtained by finding
the solutions to an eigenfunction:

tan(zn) =
1

�zn
(10)

where z1 is the smallest solution, and so on. Fractional
clearance from the device can be obtained by subtracting
from one the average value of the concentration profile
calculated at the outlet. This model can be corrected
somewhat to account for less than 100% active membrane
area by scaling its output by the active area fraction, but
this is only an empirical improvement.

Computational Model Under certain conditions of com-
plicated dialyzer geometry or when the assumptions made
by the analytical model are not suitable, a computational
approach enables us to continue to make accurate predic-
tions of system behavior at the cost of speed. We built
our computational models using the COMSOL Multiphysics
4.2a software package across three computational domains
and two types of physics simulations.

The computation is split into the distinct domains
of the blood channel, the dialysate channel, and the
membrane. The former two contain simulations of both
Navier-Stokes laminar fluid flow and Fickian diffusion,
while the latter contains diffusion only. The model is first
solved for flow fields in both fluid domains, and these
are passed as convective terms to the diffusion simula-
tion. The steady-state outlet concentration as a fraction
of the inlet concentration in the blood channel is taken
to be the fractional clearance of the solute from the dialyzer.

Model Validation The models were validated by com-
parison to experiments across a range of blood channel
heights and experimental analytes (each with a different
diffusion coefficient). The results of these comparisons are
shown in Figure 2. The models were good predictors of ex-
perimental outcomes, especially the computational model
(presumably due to its reduced reliance on simplifying as-
sumptions compared to the analytical model).
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FIGURE 2: Comparison between the analytical and computa-
tional models under varying blood channel heights and analyte
diffusivities, and the corresponding experimental results. Ana-
lytes were urea (approximate molecular weight 60 Da), bovine
serum albumin (BSA, MW 66.5 kDa), and cytochrome c (CytC,
MW 12 kDa). Error bars represent standard error of the mean at
n = 3 to 4. The models were generally quite predictive of exper-
iments, though the analytical model was typically less accurate
due to its several simplifying assumptions.

Extracorporeal Membrane Oxygenation

Similarly to hemodialysis, oxygenation in ECMO can
be described analytically through partial differential equa-
tions. However, in this case three simultaneous equations
are required – one for oxygen, one for deoxyhemoglobin,
and one for oxygenated hemoglobin – and an additional
term must be included for the reaction between the species
[13].
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@cO
@t

= DOr
2cO + vrcO � � (11)

@cHb
@t

= DHbr
2cHb + vrcHb � � (12)

@cHbO
@t

= DHbr
2cHbO + vrcHbO + � (13)

The first of these equations describes the concentration
distribution of oxygen cO while the second and third de-
scribe the distribution of hemoglobin (or more specifically,
heme binding sites), both oxygen-bound cHbO and unbound
cHb. The diffusivity DO is that of oxygen in blood, while
DHb is the diffusivity of hemoglobin within red blood cells,
which is approximately one sixth that of its free diffusivity
and is assumed to be constant across all oxygenation states
[14].

The reaction term is given by the expression [13]:

� = k � cT [(1� S)C2:65 � S] (14)

where k is the dissociation rate between heme and oxygen,
cT is the total concentration of heme, S is the oxygen
saturation fraction and C is the oxygen concentration
normalized to the concentration at reaction equilibrium at
S = 0:5, c50. The parameter values used here are [13]:

k = 44
1

s
(15)

cT = 2:03� 10�5
mol

mL
(16)

c50 = 4:12� 10�8
mol

mL
(17)

Because Equations 11 through 13 are too difficult to
solve analytically, we modeled the process numerically with
a COMSOL model incorporating fluid flow, diffusion, and
reaction. As before, the fluid flow is solved first to arrive at
a velocity distribution that is passed to the diffusive (and
now, reactive) model as a convective term.

The flux of gasses across semi-permeable membranes
from a gaseous to a liquid phase depends inversely upon the
membrane thickness, so oxygen should be expected to enter
the blood through a nanomembrane 100 to 1000 times faster
than through traditional ECMO membranes. Hoganson et
al. [15] have reported approximately 89.3 mL �min�1 �m�2

of oxygen flux through their 15 �m-thick membrane, sug-
gesting that the expected flux for a nanomembrane un-
der the same conditions should be on the order of 90,000
mL �min�1 �m�2.

However, in order for the diffusive flux of oxygen away
from the membrane towards the bulk blood to equal this
rate of transport through the membrane, the concentration
gradient of oxygen in the blood would have to be roughly 6
mM � �m�1. Since the solubility of oxygen in blood at the
typical gas pressures used in ECMO is only about 1 mM ,
the necessary gradient would have to be maintained over the
entire duration of the oxygenation process at a difference of
the maximum concentration to zero oxygen over just one
sixth of a micrometer, or about 167 nanometers. Since this
is clearly unrealistic, the appropriate boundary condition for

the oxygen at the membrane is a concentration condition of
cO equal to the solubility of oxygen in blood, rather than a
flux condition.

DISCUSSION

Our models find their applications as tools in the design
and prototyping of real devices for nanomembrane extra-
corporeal blood therapies. While much work remains to be
done on the application of these tools, it is not difficult to
use them in proposing proof-of-concept designs that illus-
trate and gauge the potential these therapies represent.

Hemodialysis

For example, consider the process of designing a minia-
turized hemodialyzer. In order to maintain a given toxin’s
serum concentration at a certain level during a continuous
hemodialysis treatment, we must clear it at a rate equal to
the rate at which it is generated within the patient’s body
divided by that desired concentration.

Q � f = G=C (18)

That is, the rate at which the blood passes through the
dialyzer Q multiplied by the fraction of the toxin that is
cleared from the blood in a single pass f is equal to the rate
at which the toxin is produced in the body G divided by
the steady-state serum concentration C. This allows us to
control the toxin concentration by designing a dialyzer with
the appropriate flow rate and fractional clearance.

If we choose to fix the concentration of (for example)
urea in the patient’s blood to a reasonable value (something
close to the physiological value in healthy individuals), then
we must establish a relationship between the blood chan-
nel residence time t and the blood channel height a (both
of which affect the values of both Q and f) that satisfies
Equation 18 for the appropriate values of G and C.

We can arrive at this relationship using Equation 8,
since urea is a very small molecule and as such will have
a very small value of �. Estimating the rate of urea
production to be 10 mmol � hr�1 [16] and choosing a
target steady-state concentration of 4.6 mM , the required
relationship between t and a is:

t = 1:55� 10�4
min

mm
� a+ 2:47� 10�5 min (19)

When this equation is satisfied, the concentration of urea
in the patient’s blood will always tend towards the desired
value. An additional constraint can then be placed upon
the system by considering a large molecule – for example,
albumin – that will have a significantly large value of �.
This molecule’s clearance must be controlled in the same
way (since many toxins bind to albumin and must be cleared
along with it [17]) but this time by constraining the pore size
of the membrane. Equation 9 is appropriate here. Once the
relationships between residence time, pore size, and chan-
nel height have been fixed, the final design can be selected
by maximizing clearance of middle molecules, such as �2-
microglobulin.

By following this process and implementing the results
in the computational model to incorporate practical device
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geometry, we can arrive at a design that in theory boasts
superior clearance of molecules across a huge range of molec-
ular weights and rates of generation when compared to tra-
ditional therapies, as shown in Figure 3. Perhaps not imme-
diately apparent from the figure is that improved albumin
clearance is in fact desirable over traditional treatments,
which often fail to clear sufficient albumin [17].
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FIGURE 3: Comparison between expected serum concentrations
of various uremic toxins in people with healthy renal function, peo-
ple on traditional hemodialysis, and people treated with a theoret-
ical continuous nanomembrane dialyzer. All values are millimolar.
Experimental data for the Healthy and Traditional cases are re-
ported by Mumtaz et al. [18].

Extracorporeal Membrane Oxygenation

As for the ECMO model, a total transmembrane oxygen
flux for a small representative model can be measured in or-
der to arrive at the minimum total membrane area required
for complete oxygenation. The flux depends somewhat on
the flow rate in the system, so the inlet flow was set to the
full cardiac output of a neonatal patient (approximately 1.3
L �min�1 on the high end [19]) with 60% initial saturation.

The flux was on the order of 430 mL � min�1 � m�2.
Because at this flow rate and inlet saturation approximately
220 mL �min�1 of oxygen is required to fully saturate the
blood, it is predicted that roughly 0.5 m2 of membrane area
would be required at minimum. Fashioned into a hollow
fiber dialyzer with inner diameter 100 �m, the total device
volume would be about 25 mL, which is very close to one
tenth of a neonate’s intrinsic blood volume (recall that this
was the target device volume).

While this is theoretically a significant (though not rev-
olutionary) improvement over traditional ECMO devices,
achieving nanomembranes with these surface areas remains
impractical for the near future. Current feasible nanomem-
brane areas are closer to square inches than square meters.
However, future development of the technology may see
nanomembrane ECMO devices become practical, in which

case they might very well become the preferred treatment
modality for pediatric patients with very low intrinsic blood
volume.

CONCLUSION

Models of solute transport in nano-scale silicon mem-
brane hemodialysis and ECMO have been created and used
as the foundations for design and discussion of these hypo-
thetical devices. Nanomembrane ECMO devices have been
shown to be hypothetically superior to traditional devices
by a small margin, assuming continued progress in the fab-
rication of nanomembranes with larger areas. In contrast,
nanomembrane hemodialyzers are predicted to be extremely
effective treatment tools with membrane areas and channel
geometries already demonstrated to be possible in the labo-
ratory. This work will continue to develop towards an exper-
imental validation of the efficacy of nanomembrane dialysis
for treatment of kidney failure.
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