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Abstract Extracorporeal membrane oxygenation (ECMO) has
been advancing rapidly due to a combination of rising rates of
acute and chronic lung diseases as well as significant improve-
ments in the safety and efficacy of this therapeutic modality.
However, the complexity of the ECMO blood circuit, and chal-
lenges with regard to clotting and bleeding, remain as barri-
ers to further expansion of the technology. Recent advances
in microfluidic fabrication techniques, devices, and systems
present an opportunity to develop new solutions stemming
from the ability to precisely maintain critical dimensions such
as gas transfer membrane thickness and blood channel geom-
etries, and to control levels of fluid shear within narrow ranges
throughout the cartridge. Here, we present a physiologically
inspired multilayer microfluidic oxygenator device that mim-
ics physiologic blood flow patterns not only within individual
layers but throughout a stacked device. Multiple layers of this
microchannel device are integrated with a three-dimensional
physiologically inspired distribution manifold that ensures
smooth flow throughout the entire stacked device, including
the critical entry and exit regions. We then demonstrate blood
flows up to 200ml/min in a multilayer device, with oxygen
transfer rates capable of saturating venous blood, the highest
of any microfluidic oxygenator, and a maximum blood flow
rate of 480 ml/min in an eight-layer device, higher than any yet
reported in a microfluidic device. Hemocompatibility and large
animal studies utilizing these prototype devices are planned.
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Increasing prevalence of acute and chronic lung diseases,
combined with limitations and complications associated with
mechanical ventilation,'? have spurred intense interest in
extracorporeal membrane oxygenation®* (ECMO). A critical
need remains for low prime volume, lower flow respiratory
support devices with reduced reliance on anticoagulants for
neonates.” There is also an urgent requirement for simpler,
safer, and more portable ECMO technologies for the treatment
of battlefield injuries in the early post-injury phase before
patient transport to definitive care facilities.'®'" Recent expe-
riences with the 2009 HINT1 pandemic'? and COVID-19""
have highlighted concerns with mechanical ventilation and
are spurring further impetus toward advancements in ECMO
technology.

Microfluidic oxygenators have emerged as a potential ave-
nue for improving the efficiency and safety of ECMO, by virtue
of the precisely controlled blood path and physiologically rele-
vant dimensions of microchannels and gas transfer membranes
in ways that are not achievable by current hollow fiber mem-
brane (HFM) oxygenators.”'” These advantages may translate
into shorter gas diffusion distances and tighter control over
blood flow patterns in microfluidic devices relative to their
hollow fiber-based counterparts.'® However, a remaining chal-
lenge for microfluidics-based technologies in medicine is the
difficulty encountered when attempting to scale these devices
toward blood flow rates required for clinical applications.’2°

Microfluidic devices emerged as a platform for lab-on-a-chip
devices for applications in clinical diagnostics and bioanalysis,
where small fluid volumes and low flow rates are actually a
technological advantage,’' and efforts to apply microfluidic
platforms toward therapeutic applications, such as kidney dial-
ysis and respiratory assist, have appeared only recently.'®17.22-27
Conventional microfluidic fabrication techniques are based
upon photolithographic processes that are best suited for small
features and rectangular geometries, and are generally limited
to a single feature depth in the vertical dimension unless stren-
uous efforts are made to patch together multiple photomask-
ing, lithographic, and/or etching steps.?® These considerations
have heretofore limited most oxygenator designs to relatively
low flow rate prototypes, and larger structures have required
stacking of numerous low flow layers together using tech-
niques that are labor-intensive and introduce undesirable flow
patterns into the distribution and manifolding regions.

Precision machining technologies capable of generating
three-dimensional branching microchannels of varying depths
across the network, mimicking the architecture of the in vivo
microcirculation, represent a promising approach toward scal-
ing microfluidic oxygenators. As reported by Hoganson and
Vacanti’® and our group,* these micromachining approaches
are capable of generating branching networks in a manner not
possible through conventional lithographically based microflu-
idics. These reports described single-layer oxygenator devices
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MULTILAYER BIOMIMETIC MICROFLUIDIC OXYGENATOR

limited to maximum blood flow rates well under 100ml/
min, spurring interest in scaling the technology in the vertical
dimension. A previous report of vertical scaling®® successfully
demonstrated the integration of 32 single oxygenator layers,
but utilized square cross-section constant dimension manifold
channels and was only able to reach blood flow rates of 48 ml/
min in a multilayer configuration.

Here we present a novel approach toward scaling micro-
fluidic oxygenator devices using three-dimensional branch-
ing manifolds that integrate multiple stacked layers of oxygen
transfer units. Multiple gas transfer units are stacked into a
three-dimensional network joined by fully three-dimensional
precision-machined blood distribution manifolds, designed
to distribute blood uniformly and to control shear within a
desired physiologic range across the entire stacked device.

The use of precision machining of the blood distribution
manifold enables stacks to be joined while avoiding sharp
corners and sudden transition regions that are known to dis-
turb blood flow streamlines. These vertical blood distribu-
tion manifolds that join layers are fabricated from directly
machined transparent hard plastics, with rounded channel
cross-sections and smoothly varying dimensions that carry
blood to and from the extracorporeal circuit. At blood flow
rates of 200ml/min in an eight-layer device, gas transfer
capable of raising venous blood to 95% oxygen saturation,
corresponding to a volume percent transfer of 5 vol%, is dem-
onstrated. This flow rate also corresponds to a shear rate in
the gas transfer channels of approximately 250/s, consistent
with favorable conditions for blood health in extracorporeal
circulation systems. Maximum blood flow rates up to 480 ml/
min in an eight-layer device, the highest yet reported for a
microfluidic device, are demonstrated, with blood gas transfer
measured under multiple blood flow and gas flow conditions.
Initial evaluation of the hemocompatibility of this stacked
structure microfluidic oxygenator is underway, to evaluate this
approach as a step toward safer and more efficacious respira-
tory assist technology.

Materials and Methods

Computationally Based Device Design

A computational finite element analysis tool (COMSOL,
Burlington, MA) was utilized to help drive the design of the
device from two aspects, first to optimize the blood flow pat-
terns and second to optimize the gas transfer efficiency. In
each case, governing principles included the requirement for
carefully controlled fluid shear and pressure drops and the aim
to achieve a highly efficient transfer of oxygen while main-
taining channel dimensions that could be fabricated using
currently available techniques. As described elsewhere, a
single gas transfer unit of the microfluidic oxygenator device
comprises a network of gas channels, positioned opposite
a layer with a network of branching blood channels, and a
nonporous gas-permeable layer in between. Each of these
three layers is comprised of the highly gas-permeable silicone
poly(dimethylsiloxane) (PDMS).

The design of the vascular network layer is aimed at con-
trolling the shear stress on the blood within a narrow window
by maintaining smooth, laminar flow while minimizing dis-
ruptions to the blood streamlines throughout its entire journey
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from the inlet distribution manifold, into the large parallel
array of gas transfer channels, and exiting at the outlet distri-
bution manifold. This design paradigm has been applied to
the vertical manifold that joins multiple channels in a three-
dimensional stack arrangement.

The device design invoked here is described elsewhere?’;
briefly, it comprises a layer roughly 20 x25 cm in the horizon-
tal dimension, encompassing 176 parallel blood channels,
each with a width of 500 microns and intervening 500-micron
walls, and the length of the channels in the parallel array is
15.1cm, with transition regions designed to accommodate
lengths sufficient to achieve fully developed flow. The blood
layer design is shown in Figure 1; a similar approach is invoked
for the oxygen network design.

Shear rate and blood flow distributions were modeled as
described in the Methods, using COMSOL, generating predicted
values throughout the microchannel network and the blood distri-
bution manifolds. Modeled shear rates at 200 ml/min blood flow
in an eight-layer device, for sections comprising the gas trans-
fer microchannels, are shown in Figure 2A, and for the in-layer
blood distribution manifold in Figure 2B. Shear data obtained
from the COMSOL model for the channel regions, bifurcations,
and manifold trunk line is provided in Table ST, Supplemental
Digital Content 1, http:/links.lww.com/ASAIO/A768, along with
supplemental details on the fluid dynamic simulations.

A second evaluation of the fluid dynamics of the system was
conducted using COMSOL to predict flow streamlines in the
system. In Figure 3A, flow streamlines through branches of the
in-layer blood distribution manifold are shown at low magni-
fication, illustrating the gently curved paths the blood follows
along the excursion from the trunk line into the gas transfer
channels. Figure 3B shows the streamlines at higher magnifica-
tion, providing further insight into the physiologically inspired
flow patterns at branch points.

Device Fabrication

Master molds in aluminum were fabricated with a com-
puter numerical control (CNC) milling machine (Mitsui

Figure 1. Drawing of single-layer microfluidic oxygenator blood
layer, showing in-layer manifolds and 176 parallel blood channels.
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Figure 2. A: False color map of wall shear rate predicted by the COMSOL model across several parallel gas transfer microchannels in
the single-layer oxygenator. B: Similar COMSOL model predicting wall shear rate across the trunk line and multiple branches of the blood

distribution manifold.

Seiki VU50A Machining Center, with positional accuracy of
+0.00004" at full stroke) to produce an inverse replica of the
layer design described above. Blood layer and oxygen layer
designs were reverse-machined into aluminum molds for
microreplication into the respective microchannel networks.
Surface roughness on the CNC-machined Al molds was mea-
sured to be less than 0.2 microns on average. The fabrication
process for the single-layer device layers is described and
illustrated elsewhere.?

For these devices, the channel depth was 200 microns and
the target gas transfer membrane thickness was 50 microns.
We have estimated the thickness of the adhesive layer for mem-
brane attachment, determined by comparing mold dimensions

in several locations to the overall channel depth after mem-
brane bonding, at a value of 13 microns on average.

Blood and oxygen layers were bonded using a thin layer of
adhesive as described elsewhere.?* A thin layer of adhesive
(DOWSIL 3140 RTV, Dow Silicone Corporation, Midland, MI)
was deposited onto a flat surface, followed by transfer to the
oxygen layer using an ink roller. This layer was then placed in
contact with the open surface of the thin gas transfer membrane
while it was still held by the Si wafer, and the layer-membrane
bond was cured overnight at 65°C. The same procedure was
used to attach the blood layer to the other side of the membrane
after the oxygen layer/membrane assembly was fully removed
from the Si wafer. Care is taken to avoid any buildup of adhesive
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Figure 3. Fabrication process diagram showing the steps involved in constructing and assembling a single layer oxygen layer-membrane—
blood layer sandwich structure with tubing connections. A: Low magnification map of flow streamlines modeled using COMSOL, showing
the patterns of flow in the in-layer distribution manifold. B: Higher magnification view of flow streamlines, illustrating patterns of flow exiting
the in-layer distribution manifold and entering the arrays of parallel transfer channels.

that might lead to wrinkling of the membrane, and each sand-
wich structure is carefully inspected to ensure that no wrinkles
are present. A perpendicular alignment of the blood and oxy-
gen channels in their respective layers was maintained during
the bonding process, so that the oxygen channels effectively
crossed each of the blood channels in the design. The assem-
bled stacked structure of the blood layer-membrane-oxygen
layer was placed in an oven set to 65°C for at least 1.5 hours.

Individual blood—membrane-oxygen connections were
made with 1/32” ID Tygon tubing (Cole Palmer, Vernon Hills,
IL) attached to 1/32” ID stainless steel tubing (New England
Small Tube). A thin layer of uncured PDMS was applied to tub-
ing interfaces followed by curing at 65°C for at least 3 hours,
followed by leak and pressure testing.'”

Fabrication of Eight-layer Stack

After leak and pressure testing, eight fully functional device
layers were stacked and aligned so that the blood inlet and
outlet ports were in vertical alignment. The inlet and outlet
blood manifolds were attached to the individual device lay-
ers by connecting the previously attached Tygon tubing to the

stainless steel tubes on the manifolds. The manifolds were con-
nected to the testing system via Luer lock connectors on the
manifolds. The oxygen layers of the eight individual devices
were connected in series such that the outlet from layer 1 was
connected to the inlet of layer 2. All connections of the oxy-
gen layers were completed using Luer lock connectors.?*

Manifold Fabrication

Uniform fluid distribution to and from each of the layers of
the eight-layer stack was accomplished using a custom 1-to-8
bifurcating vertical manifold. The branching channels were
designed to smoothly split or recombine the flow such that
the fluid in every branch experiences the same level of shear
stress. The manifolds were fabricated by Edge Embossing Inc.
(Charlestown, MA) by precision machining the half-channel
geometry into two identical pieces of polycarbonate, which
were subsequently thermally bonded to each other in a
heated press to create the full lumen geometry. To provide
connection points to the manifold, a polycarbonate male
Luer fitting was glued into the one-port side of the manifold,
while 19 XTW gauge 304 stainless steel tubing (New England
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Small Tube) was glued into each of the channels on the eight-
port side.

Gas Transfer Testing

Blood oxygen transfer testing was conducted as shown in the
photograph in Figure 4. This testing system for the eight-layer
device differed from prior single-layer device testing that uti-
lized a syringe pump, comprising a peristaltic pump (Watson
Marlow, Wilmington, MA), a pressure sensor (Pendotech,
Princeton, NJ), two pressure controllers (Alicat, Tucson, AZ),
heated blood rocker (ThermoScientific, Waltham, MA), and
the assembled eight-layer device. The peristaltic pump con-
trolled the blood flow into the device. The pressure sensor
monitored the inlet pressure in the vascular channel and was
used to measure the pressure drop in mmHg across the device
and the tubing connections. The two pressure controllers con-
trolled the inlet and outlet pressure of the oxygen channel. The
vascular channel layer of the assembled device was purged
and primed with ethanol (EtOH) to remove air bubbles in the
device. Connections between the syringe, the device, pres-
sure sensors, and pressure controllers were all Luer lock con-
nections. Connections to the vascular layer were made using
the wet-to-wet connection technique with an EtOH prime fol-
lowed by a saline prime to ensure no air bubbles were intro-
duced in the line.

A pressure controller was connected in line between the
oxygen tank and the oxygen inlet of the device. This control-
ler controlled the inlet oxygen flow out of the tank into the
device. The blood was tested after it had been passed through
the device using a Blood Gas Analyzer (BGA; Instrumentation
Laboratory, Bedford, MA), and the Avoximeter (ITC, Edison, NJ).
The BGA was used to measure the partial pressure of O, in the
blood before and during the experiment. The Avoximeter mea-
sures the oxyhemoglobin content (percent of hemoglobin satu-
rated by O,) before and during the experiment. Experiments
were performed using porcine blood treated with anticoagu-
lant citrate-phosphate-dextrose (Lampire Biologic Laboratories,
Pipersville, PA) and shipped overnight under refrigeration. The
blood was heated up to 37°C and conditioned to venous con-
ditions for pH, O,, and CO, concentrations. This condition-
ing process was accomplished by passing the blood through a
loop circuit with a commercial hollow fiber oxygenator until
the blood measured 65 +5% oxygen saturation, a target value

=
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that typically brings the pH and CO, concentrations into fairly
well-controlled ranges as well. The blood was placed in a
heated rocker to prevent clotting and hold the temperature.

Blood was drawn from a transfer bag (Terumo, Tokyo, Japan)
into the pump. The blood in the transfer bag was tested with
one blood gas reading and three Avoximeter readings before
flowing through the device. This established a baseline for
the blood going into the device. The oxygen pressure control-
ler was tuned for a 100 ml/min oxygen flow rate. Blood flow
rates included 10, 20, and 30 ml/min through a single layer
of the microfluidic oxygenators. The flow rates were held for
a duration ranging from 2 to 4 minutes. Flow rates were not
randomized, but fresh venous blood was introduced before
each measurement. Samples of the blood outlet were taken
for measurements using the BGA and Avoximeter. One BGA
reading and three Avoximeter readings were taken. These
measurements were used to calculate the transfer of oxygen
from the oxygen layer into the blood layer.

Results

Assembled Device Construction

The eight-layer assembled device structure is shown in
Figure 5 before filling with blood; note the vertical distribution
manifold in the foreground. The device was observed to fill
smoothly with blood, with the manifold effectively distribut-
ing blood through each of the eight horizontal layers simul-
taneously, by virtue of the manifold design and the resistive
network that provided even flow distribution to each layer in
rapid sequence. Small bubbles were visible during the initial
filling process and were manually tapped out from the layers
to eliminate any visible bubbles that might disturb or occlude
flow within the network.

Blood Pressure Testing: Experimental
and Computational Results

Blood pressure was measured as a function of flow rate in
the eight-layer device assembly as described in the Methods
section. Results are provided in Figure 6, where the markers
indicate the experimental data and the solid line shows the pre-
dictions of the computational model. Here, we have included
the resistance and associated contribution to the pressure drop

Figure 4. Photograph of test apparatus used to evaluate oxygen transfer in the multilayer microfluidic oxygenator described in the text.
Blood gases are measured using a blood gas analyzer (BGA, not shown on the left), and hemoglobin-bound oxygen is measured by a hemox-
imeter. Blood is pumped with a peristaltic pump (syringe pump also shown as it is used to test single-layer devices) through the device, and
pressure drop and blood flow rate are monitored as shown. High purity oxygen is introduced through the gas channel network and the flow

rate is measured as shown.
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Figure 5. Photograph of the eight-layer microfluidic oxygenator
before blood filling featuring inlet blood manifold at front left.

of the vertical manifold and tubing in addition to the layer drop.
Note that the resistive losses in the manifold and tubing con-
nections are roughly equivalent to those observed in the layers.

Oxygen Transfer Testing: Experimental
and Computational Results

Blood gas oxygen transfer testing was conducted on a sin-
gle eight-layer stack device, using methods as described in
the Methods section. Given the very high volumes of blood
required, testing needed to be carried out very efficiently to
capture multiple oxygen transfer data points across a range
of blood flow rates in this device. The oxygen transfer data
is shown in Figure 7, where the oxygen transfer is plotted
in volume percent transfer (ml O,/min divided by ml blood
flow/min x 100%). As described elsewhere,'” a 5 vol% trans-
fer rate is equivalent to raising blood oxygen saturation from
65% to 95%, and a 3.3 vol% transfer rate is equivalent to
raising blood oxygen saturation from 75% to 95%. There are
three sets of data plotted in Figure 7, one at each of three
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Figure 6. Measured blood pressure drop in mmHg (labeled data
with blue markers) versus blood flow rate (ml/min) for the full eight-
layer device with tubing and the external manifold. Lines represent
computational model predictions for connector tubing, external
tubing, eight-layer stack of devices, and the total pressure drop
(dark line).
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different gas flow conditions. In each case, the gas is 99.99%
pure oxygen, and the oxygen flow rate is held constant as
described in the Methods section. However, the diamonds
(400 mmHg) and squares (200 mmHg) markers in the figure
pertain to increases in the oxygen pressure in the device dur-
ing testing, relative to the circles (0 mmHg oxygen pressure.)
The highest oxygen pressure is represented with the orange
markers, resulting in more efficient oxygen transfer across all
flow rates. Even at the highest oxygen pressure, visual obser-
vation for the presence of oxygen bubbles in the blood was
marginal and did not disturb the testing. To avoid the forma-
tion of gas emboli in the blood, the blood pressure should
exceed the oxygen side pressure, and this is the case for
almost all of the conditions tested, except for the lowest flow
rates at the 200 and 400 mmHg oxygen pressure points. The
raw data for this test is provided in Table S2, Supplemental
Digital Content 2, http:/links.lww.com/ASAIO/A770.

In Figure 8, we demonstrate the reproducibility of the oxy-
gen transfer testing with a repeat test done at the lowest oxy-
gen pressure (corresponding to the data marked by circles in
Figure 7), with error bars reflecting the standard deviation
across three repeat measurements at each flow rate.

Discussion

Microfluidic oxygenator technology possesses potential
technical advantages over conventional HFM devices due to
its ability to entrain blood in precisely defined, physiologi-
cally based microchannel networks throughout the circuit.
Shortcomings in HFM cartridges have been partly addressed
by modification and optimization of the housing region and
the placement of the fiber assembly, but the fundamental
inability of HFM devices to maintain smooth branching flow
in a closed channel network remains. Therefore strenuous
efforts have been made over the past several years to advance
microfluidic systems, largely based on their ability to realize
designs with very shallow blood channels and thin gas transfer
membranes. While these advantages are potentially important,
the techniques used to produce these devices face limitations
in both the ability to generate smooth blood flow patterns at
channel junctions and within distribution manifolds. Further,
many aspects of the microfluidic technology are difficult to
scale, given the reliance on semiconductor cleanroom pro-
cesses such as photolithography and etching. Finally, standard
microfluidic fabrication processes invoke patterning methods
that limit channel depth to a single level, while a critical aspect
of the physiologic microcirculation is the relatively symmetric
increase in vessel cross-section in regions of a larger flow.

Given these challenges facing microfluidics-based technolo-
gies, we have pursued a design approach based on precision
CNC machining, which has advanced rapidly in terms of mini-
mum dimension and geometric tolerances over recent years.
This technique overcomes two of the three fundamental limita-
tions described above, namely the inability to create smooth
blood flow paths at channel junctions and the restriction of
microchannels to a single depth throughout an entire network.
The other limitation, related to difficulties in scaling the tech-
nology toward larger blood flows, is addressed by a combina-
tion of expanded lateral blood flow network patterns and the
development of techniques capable of stacking and integrating
multilayer structures in a biomimetic manner. Manifold designs
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Figure 7. Blood oxygen transfer testing for eight-layer microfluidic oxygenator with volume percent oxygen transfer (O, transfer in mi/min
divided by blood flow rate in ml/min x 100%) plotted against blood flow rate. Data represent three different oxygen flow and pressure conditions
(diamonds higher than squares higher than circles); each data point represents an average of three readings taken at each blood flow rate.

and fabrication processes capable of vertically integrating mul-
tiple layers are critical aspects of this new approach.

Here, we report the first demonstration of substantially
higher flow microfluidic oxygenator devices, reaching flow
rates as high as 480ml/min in a multilayer structure. We
believe that these flow rates are the highest ever achieved
in a complex microfluidic device. Oxygen transfer is tested

in these devices across a range of gas flow conditions, with
the transfer as high as 5 vol% at 240ml/min and 3.3 vol%
at 400ml/min. This advance brings microfluidic oxygenator
technology to the threshold, from a blood flow rate perspec-
tive, of the scale necessary for pediatric testing, a significant
opportunity realized by the convergence of new design and
fabrication techniques.
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Figure 8. Blood oxygen transfer testing for eight-layer microfluidic oxygenator with volume percent oxygen transfer (O, transfer in ml/min
divided by blood flow rate in ml/min x 100%) plotted against blood flow rate. Repeat test at lowest oxygen pressure condition (green data
from Figure 7) with error bars indicating standard deviation of three readings at each flow rate.
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The high flow rates achieved in this study are very promis-
ing, but many significant challenges remain. The blood pressure
drops in these devices at high flow rates are well in excess of tar-
geted values for clinical oxygenators (HFM oxygenator pressure
drops are typically under 100 mmHg at operating flow rates),
and therefore new device designs that distribute the blood flow
at lower pressures while maintaining high-efficiency transfer
will be needed. This technology has been shown to be capable
of extremely high gas transfer efficiencies, in excess of 300ml/
min/m? of active membrane area, several-fold higher than for
HFM devices."” These high pressures result in membrane distor-
tion in the range of 10-30 microns at operational flow rates, an
effect that would be addressed by reducing pressure drop in the
network.

Key future requirements include the development of higher
volume device manufacturing processes, potentially replacing
current casting methods with injection molding or other tech-
niques. Current construction techniques are very labor-intensive,
limiting fabrication rates such that only one eight-layer device
was built for this study. Also critical will be the demonstration
of stable, high gas transfer rates in extended large animal stud-
ies, as well as rigorous hemocompatibility testing as a function
of anticoagulant administration, requiring the ability to access
large volumes of blood for extended device evaluations. More
extensive studies are currently underway, along with evaluation
of the integration of antithrombotic coating technologies in these
microfluidic devices as a further means to mitigate potential clot-
ting and to reduce reliance on systemic anticoagulant adminis-
tration. Further developments aim to continue to ultimately scale
this technology toward levels required for adult human use.
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