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Recent global events such as COVID-19 pandemic amid rising rates of chronic

lung diseases highlight the need for safer, simpler, and more available
treatments for respiratory failure, with increasing interest in extracorporeal
membrane oxygenation (ECMO). A key factor limiting use of this technology
is the complexity of the blood circuit, resulting in clotting and bleeding and
necessitating treatment in specialized care centers. Microfluidic oxygenators
represent a promising potential solution, but have not reached the scale or
performance required for comparison with conventional hollow fiber
membrane oxygenators (HFMOs). Here the development and demonstration
of the first microfluidic respiratory assist device at a clinical scale is reported,
demonstrating efficient oxygen transfer at blood flow rates of 750 mL min~—",
the highest ever reported for a microfluidic device. The central innovation of
this technology is a fully 3D branching network of blood channels mimicking
key features of the physiological microcirculation by avoiding anomalous
blood flows that lead to thrombus formation and blood damage in
conventional oxygenators. Low, stable blood pressure drop, low hemolysis,
and consistent oxygen transfer, in 24-hour pilot large animal experiments are
demonstrated — a key step toward translation of this technology to the clinic

1. Introduction

Lung diseases represent the third leading
cause of death in the United States be-
hind heart disease and cancer! and re-
cent events, including the COVID-19 pan-
demic, have further exacerbated this sit-
uation, with high morbidity and mortal-
ity resulting from acute respiratory distress
syndrome.?’l The predominant treatment
for acute lung injury is invasive mechani-
cal ventilation,*! which is highly efficacious
in addressing hypoxemia and hypercarbia
but is associated with complications includ-
ing barotrauma arising from high pressures
from the ventilator, biotrauma stemming
from exposure of the lungs to highly con-
centrated oxygen flows, and an elevated risk
of infection resulting from microbial col-
onization in the ventilator lines.[**] These
safety risks have spurred interest in ap-
proaches that permit injured or diseased
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lungs to rest while treating hypoxemia,

principally through the use of extracorpo-

real membrane oxygenation (ECMO) which

involves placement of central venous and
arterial catheters and circulation of blood outside the body
and through a hollow fiber membrane oxygenator (HFMO),!®]
within which oxygenation and CO, removal takes place. First
explored by Dr. Robert Bartlett as a treatment for newborns
with meconium aspiration syndrome in 1975,/”! significant clin-
ical and technological advances continued through the 1980s
and 1990s.3-1%111 ECMO has gained ascendancy in adult pop-
ulations after initial demonstration of a survival benefit in the
CESAR trial,[*?! and following the 2009 HIN1[*3l and COVID-19
pandemics.l'*!%] In spite of rapid progress,!'®17] ECMO generally
remains a choice of last resort,!® due to factors including a
requirement for a central vascular access, the need for a large
team of highly trained specialists managing the patient and cir-
cuit, and complex administration protocols for anticoagulants to
prevent thrombus formation.['*!] Therefore ECMO procedures
represent only a fraction of the total patient population suffering
from respiratory failure, most of whom still receive invasive me-
chanical ventilation.[?%]
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Limitations preventing expanded use of ECMO arise prin-
cipally from the complexity of the blood circuit, which leads
to complications such as clotting, bleeding, and inflammatory
responses.[2>-26] Beyond systemic anticoagulation, most efforts
to further address these complications are directed toward mit-
igating surface-induced activation of the blood, via application
of anti-thrombotic surface treatments applied to the HFMO car-
tridge and to associated tubing and other circuit elements.[?’-2°]
However, another major cause of hemocompatibility issues in
ECMO stems from the presence of non-physiologic blood flows
in the circuit®3%]: regions of excessive shear stress, zones of
blood stasis, and transition regions, all serving as a nidus for
clot formation. The fundamental geometry of HFMO cartridges,
in which blood flows through large bore plastic tubes and over
oxygen-carrying fiber mats within a large housing, limits the abil-
ity to precisely control blood flow circulation patterns or shear
rates on a local level.[2%3234] [t is important to note that the car-
tridge is far from the only source of blood circuit complications,
as extensive efforts have been devoted to the development of oxy-
genator pumps and other circuit elements that are known to be
responsible for blood damage and clotting. In the field of mi-
crofluidic oxygenators, promising advances in the demonstration
of pumpless configurations have been reported, toward address-
ing these concerns.%!

One of the most promising routes of innovation in ECMO
entails the use of microfluidics technology for the design and
construction of the oxygenator, effectively replacing the HFMO
configuration with a branching network of microchannels that
recapitulates key aspects of the lung vasculature.?®¥] A cen-
tral rationale for introducing a microfluidics-based architecture
is that it enables devices with thinner gas transfer membranes
and shallower blood channels that are possible with HFMO de-
vices, reducing diffusion distances and hence increasing the ef-
ficiency of gas transfer while reducing membrane surface area
and blood prime volume.l’®**2 This has been demonstrated in
a large number of recently reported studies, where high oxygen
transfer efficiencies were obtained in small-scale prototype de-
vices tested on the bench[**3#3] and, in selected cases, in short-
term experiments in small animal models.>**] However, in
spite of the promise of microfluidic oxygenators and the encour-
aging test data obtained from gas transfer studies, these devices
have largely been limited to very low blood flow rates.[*!] Fur-
thermore, early results from small animal experiments do not
indicate that thrombus formation or other blood circuit com-
plications are mitigated by these microfluidic designs.3>* Mi-
crofluidic design features alone do not necessarily address a
key limitation of the HFMO: the presence of non-physiological
flow patterns of blood flow. The high surface-to-volume ratio
for shallow channel devices may be another impediment. Vir-
tually all microfluidic oxygenators reported in the literature are
constructed using photolithographically-based microfabrication
techniques, where inverse patterns of rectangular channel net-
works are created on silicon wafers,* followed by microrepli-
cation with silicone films to create networks of microchannels.
Photolithographic processes generally patterned features all at a
single height, resulting in a constant channel depth in the replica-
molded cast. This imposes a severe limitation on the design that
renders the resulting blood flow networks vastly different from
the true branching nature of the physiological microcirculation,
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necessitating extremely wide trunk lines that are as shallow as
the narrowest capillary-like channels. These devices have proven
very difficult to scale beyond 10 mL min~! in a single layer, and,
therefore, stacks of as many as 16 layers have been required to
reach blood flows of 100 mL min~!,[*] with vertical pipes in dis-
tribution manifolds connecting the layers. These vertically ori-
ented manifolds are inherently thrombogenic because they com-
prise sharp, rectangular junctions between the vertical trunk line
and the lateral feed channels entering each layer. Animal studies
of these devices have been limited to durations of 2-3.5 h, with
heavy thrombus formation observed unless coagulation mitiga-
tion procedures such as heparin coatings and nitric oxide admin-
istration are invoked.3>*] We propose that these difficulties in
blood flow dynamics originate from the non-physiologic nature
of the branching networks in these devices, both within layers
and between layers, and that a more bioinspired branching archi-
tecture is potentially capable of significantly reducing shear stress
and hemolysis, as demonstrated by very low levels of plasma-free
hemoglobin (PfHb) during extended testing.

Here we present the first significant scaling of a microflu-
idic blood oxygenators (BLOx) built using fully 3D branching
networks of microchannels designed on the basis of princi-
ples drawn from the in vivo microcirculation. These princi-
ples include bounding the shear rates across the entire network
within ranges known to avoid tissue factor-induced activation and
platelet activation, targeting shear stress levels near 3.5 Pal**]
in the large trunk lines as well as the smallest gas transfer chan-
nels. In addition, Murray’s Law,*%! a design paradigm first re-
ported nearly 100 years ago to describe the way that branched
daughter channel diameters relate to the diameter of the parent
vessel, is used to guide branches and bifurcations across these
networks.>!l These designs are realized in the construction pro-
cess by invoking 3D high precision micromilling of master molds
used for silicone microreplication, a process that enables smooth
and gradual transitions from deep to shallow and narrow to wide
channels. This approach is used to fashion both the in-network
channel patterns and the blood distribution manifolds that join
stacks of layers. Resulting BLOx devices are tested in vitro for
blood oxygen transfer, demonstrating very high oxygen trans-
fer efficiencies consistent with computationally modeled perfor-
mance predictions. We then present the first large animal studies
conducted with a microfluidic oxygenator, assessing the feasibil-
ity and performance (evaluated by the stability of the blood flow
rate, blood pressure drop, and oxygen transfer rate), and one im-
portant metric of blood health (testing for the presence of hemol-
ysis by monitoring PfH), of a group of three devices operated at
750 mL min~! blood flow in pilot studies carried to 24 h in a
porcine model. Importantly, unlike prior short-term microfluidic
oxygenator animal studies, these studies were conducted with
microfluidic devices that received no anti-thrombogenic surface
coatings or nitric oxide administration, only systemic introduc-
tion of heparin to maintain activated clotting time (ACT) levels
of 250-350 s. We demonstrate low PfHDb levels- a key metric of
shear stress, over the entire 24-h duration of circulation. These
groundbreaking results in terms of scaling toward clinical blood
flows represents an important step forward toward the develop-
ment and demonstration of microfluidic oxygenators as a credi-
ble alternative to HFMO cartridges for safer, simpler, and more
widely available ECMO for critical care patients.
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Figure 1. Overview of single layer of the BLOx device. a) An image of a BLOx layer showing the key blood-side features and nomenclature used. White
arrows show the general path of the blood through one part of the network. b) A magnified view of the dashed yellow region of Panel a showing overlap
between the blood (red) and oxygen (blue) channels as well as a schematic of the oxygen transfer across the membrane in the overlap region. c) A
magnified view of the dashed green region of Panel a showing greater detail of smoothly transitioning 3D distribution network that maintains the wall
shear stress within a narrow range for the goal of maintaining good blood health. Darker, deoxygenated venous blood enters from the top trunk and
bright, oxygenated arterial blood leaves the oxygenation channels to the bottom trunk. d) A table of channel dimensions, flow rates, and shear stresses
for individual channel types in the single layer BLOx device. The ranges shown for the trunk and finger channel types indicate their narrowest to widest

values as they taper from one end to the other.

2. Results

2.1. lterative Modeling-Yielded Multi-Banked Channel Design

Computational modeling described in the Methods section was
used to generate a 4-bank design, illustrated and annotated in
Figure 1, that was the most compatible with a bifurcating mani-
fold network. Here we present the overall structure and detailed
features of this design. The final 4-bank design contained 736 in-
dividual oxygenation channels, each of which were 9.1 cm long,
500 pm wide, and 160 pm deep. Within each bank, oxygenation
channels are connected upstream and downstream by a two-level
bifurcating channel network to large distribution channels re-
ferred to as “fingers”, that connect with an even larger distribu-
tion channel referred to as a “trunk”. Trunk lines interface di-
rectly with the entrance and exit ports of the layer. At each con-
vergence point or change in channel dimensions, carefully engi-
neered transitions regions allow flow to be maintained in a nar-
row range of shear stress and to evenly distribute blood across all
channels (Figures S2,53,54,S5, Supporting Information). Layer
prime volume is 14.7 mL with a residence time of 8.8 s at a blood
flow rate of 100 mL min~!. Final layer dimensions are 253 mm
wide by 478 mm long.

The primary design goal of the oxygen layer was to ensure uni-
form oxygen distribution across the network to provide optimum
oxygen transfer at all points. Unlike the blood side, the oxygen
side is comprised of a single large bank of parallel channels that
run perpendicular to the blood channels and connect to the en-
trance/exit ports via large trunk lines. This arrangement allows
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for a balance between oxygen transfer area and support for the
membrane, which is prone to bowing at higher oxygen pressures.
The oxygen channels are 500 um wide, 300 um deep, and 17.2 cm
long, resulting in a total overlap transfer area with the blood side
of 0.0167 m? (total blood contacting surface area is significantly
higher, given the relatively large area where blood channels over-
lap bulk silicone rather than thin membrane regions.) The oxy-
gen layer footprint is the same as for the blood side.

2.2. BLOx Construction

3D precision micromilling and silicone microreplica molding re-
sulted in accurate replication of the smooth transitions designed
into the two-level bifurcating channel network of the BLOx vas-
cular layer, as verified by dimensional and surface characteriza-
tion described in the following. Figure 2 summarizes the surface
profile of a molded vascular layer. Three regions of the 4-bank
vascular design shown in Figure 2a were measured using an op-
tical profilometer. The color gradients demonstrate the smoothly
transitioning regions of channel geometries in major branching
sections of the layer.

2.3. In Vitro Testing
2.3.1. Single-Layer Microfluidic Oxygenator Performance

Single layer device performance was evaluated by quantifying
the transfer of oxygen into the blood channel over a range of

2207455 (3 of 13)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Images of a fabricated BLOXx layer. a) Computer-aided design (CAD) layout of the BLOx device showing the 4-bank configuration with the blood
inlet at the lower left and the blood outlet at the upper right. The dashed lines and boxes indicate regions of interest that are shown in greater detail in the
remaining panels. b) — d) metrology images of trunk, finger, and channel regions called out in Panel a. Images were obtained with laboratory microscope
capable of optical profilometry scanning to determine channel depth as it varies across the vascular network pattern in a layer. b) Branch point in the
in-layer manifold with curved transition, shown visually and with a false color map to indicate the channel depth, showing the deeper horizontal channel
(dark blue) in the trunk line leading to a shallower vertical finger ramp channel (lighter blue). c) False color map showing the entry point (finger ramp) as
the deepest channel (dark blue), moving into lighter blue along the vertical finger channel, and branching into the shallowest lateral oxygenation channels
(shown in yellow and orange.) d) 3D close-up of lateral oxygen transfer channels (orange) coming from steadily deeper bifurcation points (yellow) and
tracing back to the trunk line (dark blue.) The color scale bar spans 0.6 mm. e)-f) Light micrographs of cross-sections of a single layer along the dashed
green (e) and dashed yellow (f) lines in Panel a showing the blood and oxygen channels separated by a thin, gas permeable membrane. In Panel e, the

blood channels run perpendicular to the plane of the image and the oxygen channels run parallel, whereas the opposite is shown in Panel f.

blood flow rates, as described in Experimental Section, and in
previous reports.[***52] Blood oxygenation levels were measured
atdiscrete flow rates ranging from 25 mL min~! to 150 mL min~!
and were compared to predicted results from computational
modeling. Additionally, experiments were conducted across a
range of oxygen back pressure levels applied to the outlet of
the oxygen chamber, as described in Experimental Section,
operating under the concept that oxygen at higher pressure is at
a higher concentration which should increase the concentration
gradient across the membrane and resulting in an increased rate
of diffusion. Figure 3 demonstrates the corrected oxygen transfer
rate in single layer BLOx devices in both mL O, /min (Figure 3a)
and in volume percent (vol%, defined as the volumetric O,
transfer rate normalized by the blood flow rate, see Supporting
Information 1) (Figure 3b). The average oxygen transfer rate was
3.3 vol% at 100 mL min~! of blood flow through the device, a
level of transfer that corresponds to raising oxygen saturation
from 75% — 95%.1>] This result was obtained with zero oxygen
back pressure applied to the outlet of the oxygen chamber.
Increasing the oxygen back pressure to 400 mm Hg resulted in
an oxygen transfer rate of 4.8 vol%. As reported elsewhere,[**]

Adv. Sci. 2023, 10, 2207455

a transfer rate of 4.95 vol% would correspond to raising the
oxygen saturation from 65-95%, and therefore this performance
very closely approaches that level. Maintaining the 400 mm Hg
back pressure and increasing blood flow to 150 mL min~! in a
single layer device resulted in an average oxygen transfer rate of
just under 4 vol%, highlighting the significant impact of applied
back pressure on overall oxygen transfer.

The measured performance matched closely with predicted
oxygen transfer rates (Figure 3b, dotted lines), particularly at a
blood flow rate of 100 mL min~', where measured transfer rates
were within 4-16% of predicted values depending on applied
back pressure conditions. The discrepancy between measured
and predicted values was higher at the ends of the tested blood
flow range. As can be seen in Figure 3b, the computational model
was far more predictive across the range of blood flow rates tested
in cases with zero applied oxygen back pressure, while it diverged
significantly from the experimental data at low blood flow rates
for the higher back pressures.

Pressure in the blood layer was monitored during oxygen
transfer tests at each blood flow rate and applied oxygen back
pressure. At 100 mL min~! blood flow, the measured pressure

2207455 (4 of 13)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Transfer of oxygen into the blood channel of the device was measured over a range of flow rates and compared to predicted values. a) The
corrected oxygen transfer rate increased with increased blood flow and with increased applied back pressure, reaching over 5 mL O2/min at the maximum
conditions tested. b) At a nominal flow rate of 100 mL min~', the volume of oxygen transferred into a unit volume of blood (vol%) reaches 3.3 vol%
and 4.8 vol% with 0 and 400 mm Hg applied O2 back pressure, respectively. N = 2-7 replicates for each data point. Dotted lines and open symbols
represent predicted transfer of oxygen based on simulation results.
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Figure 4. Pressure recorded in the blood layer depends on flow rate, applied oxygen back pressure, and oxygen layer design. a) The pressure drop
remains below 100 mmHg when there is no additional back pressure applied to the oxygen channel. In the nominal design of the oxygenator, the blood
pressure drop increases with added back pressure. b) modifications to the oxygen layer design eliminates membrane bow in fingers and trunk regions

of the device, collapsing pressure drop in the blood channel across applied back pressures.

drop was ~#80 mm Hg. Increasing applied oxygen back pressure
increased the pressure drop measured in the blood channel by
4.5x, a result we hypothesized was due to membrane bow into the
blood channels in the on-layer blood distribution manifolds. To
address this, a preliminary design modification comprising ad-
ditional mechanical membrane supports was incorporated into
BLOx (see Supporting Information 5) to mitigate high pressures
recorded in Figure 4a. Data in Figure 4b illustrates the signifi-
cant reduction of blood pressure in the modified design, where
at 100 mL min~! blood flow, the average pressure did not exceed
105 mm Hg, regardless of applied oxygen back pressure.

2.4. In Vivo Animal Testing
2.4.1. 8-Layer Microfluidic Oxygenator Performance

The three 8-layer BLOx devices were evaluated at clinically rele-
vant blood flow rates potentially applicable for neonatal, pediatric,
or adult partial lung support of 750 mL min~! in a 24-h porcine
feasibility and safety study in swine. Briefly, all animals were kept
in an intensive care unit in supine position and were supported
by intravenous anesthesia, continuous fluid administration, and

Adv. Sci. 2023, 10, 2207455

mechanical ventilation as previously described by our group.>*

After initial lineup the microfluidic device was connected to the
animals via a dual lumen veno-venous catheter inserted into the
jugular vein. Systemic anticoagulation was achieved by continu-
ous administration of unfractionated heparin.l**! Due to the ob-
servation that the application of oxygen back pressure increased
the blood pressure drop significantly in the original designs for
the oxygen channel networks as mentioned above, these ani-
mal studies were conducted with zero applied back pressure. As
shown in Figure 5, all three BLOx devices maintained consis-
tent performance over 24 h duration of the study, in terms of
blood flow rate, blood pressure drop, and oxygen transfer rate. As
shown in Figure 5a, these devices supported the target blood flow
rate of 750 mL min~! with a standard deviation of 14.8 mL min~!
across the entire 24 h test in each of the three studies. Fig-
ure 5b shows that the measured performance in terms of oxygen
transfer matched or exceeded the predicted oxygen transfer of 3
vol% with no applied oxygen back pressure. The corrected oxygen
transfer rate in the first study averaged near 3.0 vol% and was 3.9
and 3.8 vol% in studies 2 and 3, respectively.

Pressure drop across the blood channel network was also
evaluated in the animal study. In each of the three studies, the
pressure drop remained relatively stable for 24 h, with variability

2207455 (5 0f13) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Performance of three microfluidic oxygenator devices was evaluated over 24 h in animal studies. a) The flow rate maintained a target of
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consistent performance of the device over time. All animals survived and there were no untoward safety effects during these pilot studies.
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thrombus after 24 hours

Study #1 17.8% +/- 5%
Study #2 19.4% +/- 10.4%
Study #3 2.1% +/- 1.3%

Figure 6. Readouts indicative of blood flow conditions and hemolysis were measured over 24 h for each of the three animal studies. a) Pressure drop was
measured in the vascular channel. b) Plasma-free hemoglobin (PfHb) was measured in blood sampled immediately post-device exit. c—d) Photographs
of 8-layer devices following 24-h Animal Study #2 and Animal Study #3 after gentle rinsing to remove whole blood from channels. (Table) Remaining
visible clots were analyzed using a laboratory camera to count the number of microchannels in which one or more thrombi were present; ~17-19% of
the channels (assessed across each of the 8 layers) showed the presence of at least one visible thrombus in Studies #1 and # 2. An average of 2.1%
of channels had at least one visible thrombi in the device tested in Animal Study #3. Note that the pressure drop across the device was not impacted
by the presence of these thrombi. The device from Animal study #3 did incur a small leak in a manifold region during the testing that did not impact
oxygenation, pressure drop, or thrombus formation, as each of these parameters was similar to observed performance of the device for Animal Study #2.

in some studies but no perceptible rise in pressure across the ex-
periment, as seen in Figure 6a. Animal study #1 had a brief spike
of blood pressure drop seen at the 3-h mark, before steadying
out ~60 mmHg for the remainder of the study. Studies #2 and
#3 were relatively stable ~50 and 40 mmHg, respectively for 24
h. PfHD (Figure 6b) measured at the device exit did not become
significantly elevated to a degree that would indicate a clinical

Ady. Sci. 2023, 10, 2207455

concern of hemolysis during mechanical circulatory support
(clinical diagnostic threshold >30-50 mg dL~!).155] This indicates
that blood circulation through the BLOx device did not elicit
significant injury to red blood cells that would be detrimental.
Additional analyses addressing clinical course, systemic effects
including the end-of study histological evaluation are currently
ongoing and will be reported elsewhere. Of note, however, no

2207455 (6 of 13)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Performance comparison to recently published in vivo microfluidic ECMO devices.

Device Device flow Layers per Sweep gas Vol% 2 Pressuredrop  Transferarea  Residence  Animal Model ~ Hct[%]  Duration
rate [mL/min] device [mmHg] exchange Time [s] [hr]
efficiency @
[mL/min/m?]
Current work 750 8 100% O,, 2.9% (3.4%) 51 164 (192) 9 Adult Yorkshire 27-29 24
1-3 L/min pig
Dabaghil**] 67 16 100% O,, 2.8% (6.0%) 48 31 (67) 5 Newborn piglet ~ 23-27 33
passive
Thompsonl#4] 12 1 100% O, 2.9% (3.7%) 66 109 (1471) 1.7 adult New 21 2
0.034 L/min Zealand
white rabbit
Getinge 1400 NA 80% O,, 4.4% (NA) 58 164 (NA) 1.7 Human > =30 1.4
Quadrox-i 1.6 L/min
Neonatal(>®]
Getinge 5700 NA 49% 0O,, 2.4% (NA) NA 77 (NA) 3.5 Human NA 1.7
Quadrox-i 2.9 L/min
Adult!®8]

?) Values shown as “uncorrected (corrected)” )Getmge states that the utilization period of the Quadrox-i is limited to 6 hours. “NA” is used to denote values for which there

was not sufficient data reported in the studies to calculate corrected oxygen transfer.

untoward effects were observed during the 24-h experiment and
all animals survived until the end of the study. At the conclu-
sion of the 24-h studies, devices were rinsed to assess residual
clotting, as a means to assess the propensity for microchannel
blocking even in the presence of systemic heparinization. In
spite of the fact that no surfaces in this microfluidic oxygenator
were functionalized with anti-thrombotic coatings, after rinsing
there were low to moderate levels of thrombi present in the
channels (Figure 6¢,d). ~#17-19% of channels showed evidence
of thrombus formation in devices evaluated in animal studies #1
and #2, but as pressure monitoring shows, the thrombi that were
present in the devices did not contribute to a detectable increase
in pressure drop across the oxygenator. The stack evaluated
in Animal Study #3 had perceptibly lower number of visible
thrombi at ~2% of oxygenation channels. The lower percent
of channel blockages in Study #3 matches the trends across
studies seen in the pressure drop and platelet count, where the
magnitude of each was lower in the third study compared to
the first two studies. These trends are being further explored in
ongoing and future planned studies with larger statistics.

3. Discussion

The microfluidic oxygenator described here is the largest scale
microfluidic oxygenator ever reported, and may represent the
highest flow microfluidic device ever constructed. The blood flow
rate of 750 mL min~! renders this device the first clinical-scale
microfluidic oxygenator, equivalent to the lower end of the blood
flow rate of a neonatal oxygenator, and therefore enables future
studies to compare the performance of a microfluidic design to
an HFMO in terms of gas transfer and hemocompatibility. The
microfluidic design reported here is motivated by the opportu-
nity to address limitations of traditional HFMO in terms of blood
health, by recapitulating key aspects of the microcirculation such
as vessel dimensions designed for optimum oxygen transfer and
minimal pressure drop as well as flow patterns that allow for

Adv. Sci. 2023, 10, 2207455

smooth transitions between large high-flow distribution chan-
nels and the small, low-flow channels where oxygen transfer pri-
marily occurs.l*®) While considerable progress has already been
made in advancing microfluidic ECMO toward clinical relevance,
three areas have been particularly lacking in the field: tight con-
trol of shear stress at all points in the network, scalable opera-
tion at clinically relevant flow rates, and stable long-term perfor-
mance. We believe that the data presented here represent a major
step forward on all three fronts and demonstrate a clear path to
further improved performance.

The highest blood flow rate for a microfluidic ECMO de-
vice prior to this work reported 5 vol% oxygen transfer at
240 mL min~! using an 8-layer devicel®?! based on a previously
reported design,l*’] but this device exhibited high blood pressure
drop and was not tested in an animal model. The highest blood
flow rate in a microfluidic oxygenator tested in an animal model
was reported by Dabaghi et al., where devices achieved 95% oxy-
gen saturation at a flow rate under 100 mL min~! in a 16-layer
stack,[®! a configuration that would require 167 layers to reach
a neonatal oxygenator scale (a comparison of the performance
metrics from two recent animal studies using microfluidic oxy-
genators with those from the current study is summarized in Ta-
ble 1). In the table, we provide a synopsis of the animal study
parameters as well as key device parameters including the num-
ber of layers and the active membrane surface area (area of blood
channels overlapping oxygen channels). As the table indicates,
we have expanded our throughput to 750 mL min~! by increas-
ing the flow rate of our individual layers by fourfold, while sig-
nificantly reducing the pressure drop across each layer, enabling
a neonatal device scale with an 8-layer device. We also compare
device performance to the Getinge Quadrox-I oxygenator based
on two clinical references in the literature.[%8>9]

In three 24-h large animal studies, we have monitored oxygen
transfer, pressure drop, and hemolysis, three key performance
metrics for future applications of this device in an ECMO system.
The oxygen transfer rate in our device matches the computational
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prediction, in the range of 3.3 to 4 vol% at the 750 mL min~!

operational blood flow rate. We have achieved higher levels of
oxygen transfer in the laboratory through the application of oxy-
gen back pressure, but have not yet implemented this feature in
animal studies. Pressure drop across the device is maintained
throughout the 24-h study, with some variation observed in the
measured value but no perceptible trend of increasing pressure
as would be expected if thrombus formation were significant
enough to begin blocking flow. It is of particular significance
that the PfHb remained low, suggesting minimal levels of dam-
age to erythrocytes- an important clinically relevant marker of
device safety. The spike in PfHb for Study 3, and the apparent
rise in PfHb from 6 to 24 h in Studies 1 and 2, do not necessar-
ily reflect a clinically meaningful elevation of free hemoglobin,
in our view; interpretation of this data is limited by the free
hemoglobin measurement methodology. We utilized the FDA-
approved CLIA HemoCue® Plasma/Low Hb System platform,
a choice motivated by the utilization of this instrument in clini-
cal ECMO centers, where the diagnostic threshold for clinically
significant hemolysis is PfHb > 50 mg dL~1.55¢] Deleterious
outcomes are typically associated with free hemoglobin levels >
100 mg dL~'.[61] The HemoCue® system measures PfHb us-
ing the azide methemoglobin method with corrective wavelength
and turbidity compensation.[®?) The device is primarily rated to
identify hemolysis greater than 30 mg dL~!, with caution in inter-
pretation and differentiation of readings from 0-30 mg dL~1.1%]
Our objective with free hemoglobin assessment in this pilot
study was identification of clinically significant hemolysis (not
observed across the three studies) versus observed fluctuations
in hemoglobin below this diagnostic threshold.

Systemic anticoagulation levels were high, maintaining ACT
levels above those that would typically be targeted in ECMO,
and therefore future studies with devices that have received an
antithrombotic coating and other potential improvements will
probe an expanded set of metrics related to hemocompatibil-
ity. With the very significant scaling and increased throughput
reported here, our system has moved into the range required
for clinical relevance for pediatric patients and for adults re-
ceiving partial lung support via extracorporeal CO, removal or
ECCO,R,P*%564] although further optimization and testing will
be needed.

Scale is a critically important challenge addressed by the
present study, and the higher flow rates achieved here will per-
mit future studies to further explore measures of hemocompat-
ibility in direct comparisons with HFMO devices at equivalent
blood flows. In spite of the promise of microfluidic oxygenators,
prior studies with these devices have resulted in very abbreviated
experiments (5 h by Gimbel et al.,[*! 2 h by Thompson et al,[*]
and 3.5 h by Dabaghi et al.3%) Further, these prior reports, some
with the application of antithrombotic coatings and or nitric ox-
ide administration even to achieve those short duration demon-
stration studies, an aspect that raises concerns regarding the re-
quirement for long-term blood stability and mitigation of throm-
bus formation in the microfluidic platform. Here, in the absence
of any anti-thrombotic coating on any surface of the device while
utilizing systemic anticoagulation with heparin, we have demon-
strated a proof-of-concept 24-h operation in a very large-scale de-
vice. This increase in scaling and blood stability is enabled by
the implementation of a fully 3D microchannel network geome-
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try with smooth, tapered transitions and branches that provides
high blood flow rates while recapitulating key aspects of the in
vivo microcirculation in terms of flow patterns and shear stress.

In order to guide our design of the current BLOx device, we de-
veloped a computational model that informed design decisions
for optimizing blood oxygenation and carefully sculpting the
hemodynamics in the transition regions and in the distribution
channel network. Using data from previous studies employing
earlier generation devices,*>%’] we developed and trained a com-
putational model of microchannel blood oxygenation that would
allow us to rationally choose an optimum set of channel dimen-
sions consistent with oxygen transfer rate targets while subject
to the shear stress and pressure drop constraints imposed on the
design. The experimental results in Figure 3 validate the predic-
tions of the model around the target flow rate of 100 mL min~!,
but is somewhat less predictive at lower flow rates, particularly
for the 400 mm Hg back pressure condition. This is most likely
the result of the model not adequately accounting for saturation
of the blood, resulting in an over-prediction of oxygen transfer
when the blood is close to saturation, as is the case at low flow
rates. Future versions of the model will be modified to adequately
account for this behavior.

Beyond the ability to efficiently oxygenate a patient’s blood, an-
other important feature of ECMO devices is the ability to operate
consistently over extended periods of time without failure of the
device or harm to the patient, both of which require creating a
flow path that is not only amenable to high oxygen transfer effi-
ciency, but also one that is designed with blood health in mind
that is tolerant to perturbations, fouling, and clogging. The de-
sign presented here is the logical extension of our previous work,
based on a design philosophy that posits that maintenance of uni-
form shear stress within a physiological range throughout the
flow path improves blood health outcomes in ECMO devices even
in the absence of anti-thrombogenic coatings. In our previous de-
sign, this approach was implemented on the oxygenation chan-
nels and the on-layer distribution network of the flow path, but
did not uniformly extend to all parts of the device. In particular,
the inlet and outlet regions of the layers that interface with ex-
ternal tubing via stainless steel hypo tubes were areas where the
blood was exposed high shear stress gradients, which are known
to adversely affect blood health,[®] as it transitions from a circu-
lar tube to a rectangular duct. The current design takes a more
holistic approach to sizing and shaping each area of the flow
path that ensures the blood is exposed to a very narrow range
of shear stress (7-35 dynes/cm"2) at nearly all points in the flow
path with no sharp gradients!®! or oscillations. While we con-
sidered platelet activation and sensitization as a driving factor in
determining the ramp geometry and the total shear load of the
device, the peak shear stress limit!*8] was set by the desire to re-
main in a thrombin dominant platelet aggregation regime (<35
dynes/cm?) rather than a von Willebrand Factor regimel®! (>50-
100 dynes/cm?). The thrombin regime theoretically allows us
to limit platelet aggregation with heparin-based strategies, both
systemic dosage and bound surface coatings. The lower limit of
7 dynes/cm? theoretically allows us to reduce material induced
trauma or recirculation-like effects which exhibit as increased
complement activation.[®”] The cross-section of each portion of
the flow path was chosen to meet the above criteria and the shape
of transition regions between channels of different dimensions
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was achieved via an iterative process involving analytical esti-
mates of shear stress, updating of the 3D CAD model and verifi-
cation with computational fluid dynamics (CFD)in order to care-
fully sculpt these regions to avoid any sudden changes in shear.
This approach is most clearly demonstrated in the improvements
made to the layer inlet/outlet transition areas as show in Figure
S8 (Supporting Information) comparing the wall shear stress in
the current design to the that of our previous work. Another key
aspect to this new design is the introduction of multiple banks of
shorter oxygen transfer channels, a features that enables mainte-
nance of low blood pressure drop as the device is scaled to larger
flow rates. This approach is enabled by the use high-precision
micromachining, which is capable of generating molds with suf-
ficiently complex 3D channel geometries to replicate the smooth
transitions between different length scales inherent in our de-
sign, whereas soft lithography, which serves as the basis for most
microfluidic ECMO devices, is primarily limited to generating
structures that are 2D in nature, and 3D printing, which has not
yet demonstrated the resolution, dimensional stability, or bio-
compatibility over the large areas and multiple length scales re-
quired to adequately replicate our design.

Increasing the pressure of the oxygen sweep gas has proven
to be a simple and effective means of enhancing the oxygena-
tion performance of the device. During the in vitro testing, this
came at the cost of an unexpectedly large increase in pressure
drop across the layers due to the membrane deflection caused
by the differential pressure between the oxygen and blood chan-
nels, resulting in an increase in channel resistance. While we had
originally expected some degree of membrane deflection, our ini-
tial attempts to model this phenomenon had suggested that this
would not be a significant cause for concern. However, the model
did not account for the complex interaction of the blood-side pres-
sure and the degree of deflection-induced resistance at individual
overlap areas throughout the length of the blood channel. There-
fore, the animal studies which utilized devices built with the ini-
tial oxygen layer design were conducted without applied oxygen
back pressure, while a design modification was explored for fu-
ture generation devices. Using this approach, we were able to
achieve oxygenation comparable with our modeling predictions
and our in vitro results without applied oxygen back pressure,
giving us confidence that the device was behaving as expected
in vivo, and that we would be able to achieve our oxygen trans-
fer target in future animal studies with full oxygen pressure ap-
plied. To address this issue directly, in parallel with the animal
experiments, we redesigned the oxygen-side of the mold to re-
duce the dimensions of the overlap area in each channel without
decreasing the overall transfer area by doubling the number of
oxygen channel while reducing their width by half, resulting in a
greatly reduced pressure drop across the device (Figure 4, Figure
S5, Supporting Information). Furthermore, we are also explor-
ing options to strengthen the membrane with a support structure
similar that reported elsewhere(®® in which PDMS is cast around
a thin mesh to minimize membrane deflection under pressure.
The combination of these approaches will allow for even greater
oxygenation efficiency at low blood pressure drop.

In three large animal studies, the BLOx device demonstrated
two major results: 1) Stable and consistent performance over 24
h and 2) Meeting or exceeding the predicted/designed oxygen
transfer performance. The device achieved stable 750 mL min~!
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blood flow rate, stable pressure drop at ~#51 mm Hg and stable
oxygen transfer near 3.5 vol% (27 mL O,/min). This surpasses
flow rates of recently published microfluidic ECMO devices by
over 9%, while maintaining clinically-acceptable pressure drops in
the blood channel for more than 7x longer than reported in the
literature.3°] The multi-banked design and parallel stacking of
device layers are responsible for the low observed pressure drop,
while the consistent pressure drop over the 24-h duration of the
experiments suggests limited clot accumulation within the device
channels despite lack of surface coating. An important considera-
tion in evaluating the blood health associated with a new technol-
ogy such as BLOx is the potential for embolization in the animal,
a significant risk with current ECMO procedures. Ongoing stud-
ies are aimed at evaluation of these aspects of blood health in our
system relative to HFMO devices, and will be detailed in future
reports. Future studies will also invoke further scaling of the de-
vices, and will investigate these microfluidic designs in combina-
tion with antithrombotic surface coatings in experiments where
systemic heparin dosing and ACT levels are held consistent be-
tween the microfluidic oxygenators and HFMO controls.

4, Conclusions

Here we have demonstrated the first microfluidic respiratory as-
sist device ever to achieve a clinical scale in terms of blood flow
rate, with three microfluidic oxygenators operated in swine at
a blood flow of 750 mL min~"'. These large-scale devices main-
tained low, stable blood pressure drop across a 24-h duration,
a milestone that also represents a first in terms of the durabil-
ity and stability of a microfluidic device in an extracorporeal ap-
plication (Table 1). The central innovation reported here is the
use of large-scale microfluidic layer designs comprising fully 3D
branching networks of microchannels, both within the individual
layers as well as the vertical blood distribution manifolds connect-
ing the layers. These results, particularly in light of the absence
of an anti-thrombogenic coating on the device surfaces and the
use of a systemic heparinization protocol, represent a promising
innovation in the field of ECMO technology. An extended com-
parison of the physiological and coagulation effects of the BLOx
devices described here in comparison with conventional HFMOs
is underway and will be the subject of a future publication. Mov-
ing forward, we anticipate that further scaling of the 3D branch-
ing architecture, combined with surface functionalization treat-
ments to the oxygenator and other circuit components, will result
in continued advances toward long-term full-scale adult oxygena-
tor platforms that contribute to broader use of lifesaving ECMO
treatments for patients suffering from acute and chronic lung
diseases.

5. Experimental Section

Unless otherwise noted, all reported values of oxygen transfer rate and
vol% were corrected to a standardized set of blood parameters (see Sup-
porting Information 1).[52]

Device Design—Modeling: A single layer BLOx device was comprised
of two molded halves: one for blood and one for oxygen, separated by a gas
permeable membrane. An iterative design procedure described below was
used to identify multiple channel configurations for a single-inlet/single-
outlet blood layer capable of achieving our target performance specifica-
tion of 5 vol% oxygen transfer at a flow rate of 100 mL min~" layer. The
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COMSOL model was set up as described in Supporting Information 2. Us-
ing data from previous iterations of devices!#3°%57 with varying thickness
membranes and back pressures, the model was tuned to precisely match
the device performance by adjusting the membrane permeability and us-
ing an apparent oxygen diffusivity and solubility in blood (as opposed to
using literature values, see Supporting Information 2 for details). Because
devices were tested that had different channel heights (65 um vs 200 um),
lengths (4.7 and 8 cm), and various measured membrane thicknesses (50—
100 um), and were tested at different back pressures, the oxygen diffusivity
and solubility of both the membrane and the blood could be independently
back-calculated to create a model that precisely matched the data from all
testing. Note that all channel widths were previously set to 500 um, due
to manufacturing constraints; this value was never altered.

This model was then run with a series of channel lengths, heights, num-
ber of channels, membrane thicknesses, back pressures, and flow rates.
The outputted oxygen transfer from each condition was then plotted to
determine trends. It was discovered that total channel length (number of
channels times the channel length) determined the oxygen transfer, signif-
icantly simplifying device design. Therefore the total channel length was
plotted and an equation extracted for vol% oxygen transfer versus total
length. For a given membrane thickness and desired vol% transfer, a poly-
nomial curve fit was used between data points to determine the required
total channel length for a given channel height and flow rate.

The target oxygen transfer and flow rate per layer were set at 5 vol%
at 100 mL min~", respectively. Because higher back pressure results in a
smaller overall layer size due to the higher rate of oxygen transfer, it was
decided to design the final device based on the use of 400 mmHg back
pressure.

To determine the maximum length of an individual channel (and there-
fore determine the number of channels required as L;o;.1/Lonanner) for a
given flow rate and channel height, a maximum pressure drop of 50 mmHg
per channel (excluding manifolds) was set. The maximum length of a
channel was then determined using the formula for pressure drop in a
rectangular channel (h < w),

129LQ

A= (1 —0.63§)h3w

M

where AP is the pressure drop, 7 is the dynamic viscosity, L is the chan-
nel length, Q is the flow rate, h is the channel height and w is the chan-
nel width.[®] The above expression is an approximation for a rectangular
duct, and the error associated with this approximation is less than 0.2%.
The shear stress was computed numerically based on a series expansion
method of the velocity profile, as a function of the channel geometry and
flow rate.l’%l The total channel length was divided by the individual chan-
nel length to obtain the number of channels needed.

As many channel height/length combinations fit this criteria, a further
design constraint was added; minimize the device area. Using values for
the maximum device width of 10 inches and assuming 400 um between
channels, the number of channels per width was calculated, and a number
of banks calculated. This narrowed down designs to a series of 3 designs,
with three, four, or five banks, all which had very similar minimum areas.
Four banks were chosen as the final design due to the possibility of keep-
ing a bifurcating manifold. Additionally, to ensure shear was in the correct
range, the channel height was increased slightly to 160 um and the to-
tal channel length recalculated to ensure adequate oxygen transfer. The
final device length was calculated as follows: Lyeyice = 2% (Wsinglemanifold)
(Nbank'.l)*wmanifoldpair + Nbank*Lchannel' This final dESign was then mod-
eled at various flow rates and back pressures to predict device perfor-
mance at other back pressures and flow rates; the final result is shown
in Figure 3 compared to data.

Additional design constraints included a maximum 50 mmHg pressure
drop, 3.5 Pa maximum shear stress, 50 um thick membrane, and 10 in
maximum layer width. This effectively limited the number of parallel chan-
nels that span the layer to 184, allowing room for distribution channels
and entrance/exit regions. In order to maintain the hemocompatibility of
our design, an additional set of rules were applied across the device to
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optimize the flow-induced shear stresses imparted on the blood cells and
key plasma proteins. As shear forces increase, so does the risk of activat-
ing platelets, enabling shear-modulated platelet binding regimes, and trig-
gering the release of pro-thrombotic agents. Alternatively, low shear rates,
caused by recirculation or low flow rates, can result in stasis-like conditions
or prolonged exposure to the device’s foreign material surfaces, which
promote platelet aggregation and the release of pro-inflammatory factors.
Balancing these effects can minimize the thrombogenicity of the channel
design and eliminates the presence of cell damaging shear forces which
occur far above the shear thresholds discussed here. Previous microflu-
idic oxygenators have been designed to target shear stress magnitude
and exposure combinations thought to have low blood trauma risk due
to conservative extrapolations from platelet shear response studies.[4%38]
However, the available data to inform these trauma risk thresholds have
significantly improved since their initial compilation, and the additional
derived rules were used to constrain our design to improve hemocompat-
ibility. Conservative thresholds were chosen for the design’s total shear
stress load and transitional shear ramp rate; 1000 dyne*s/cm? for dura-
tions greater than 10 seconds and <170 dynes/cm?/s respectively.l6%71]
A maximal shear stress target of 35 dynes/cm? was set to minimize von
Willebrand factor modulated platelet aggregation and maintain a throm-
bin dominate regime that can be addressed with a heparin-based antico-
agulation strategyl*35¢]. Finally, the targeted lower shear stress limit was 7
dynes/cm? was applied to limit complement activation.l”?] We note that a
risk incurred in the design of the microfluidic oxygenator is that optimiza-
tion of the shear, pressure and flow distribution in the pristine, as-designed
network can be altered once a significant level of thrombus formation oc-
curs.

External manifolds used to connect individual layers in the 8-layer de-
vices (as described below) were designed as a three-level bifurcating man-
ifold (1-to-8). Murray’s law was used to define the branch diameters using
the inner diameter of layer entrance/exit port as the basis for sizing the
other channels and the same shear stress target range described above for
the individual oxygenation layers. An iterative CAD-CFD process was used
to shape the transition from one level to the next in order to minimize
low-flow regions and shear gradients. Additional details can be found in
the Supporting Information (Figure 6, Table S3, Supporting Information).

Device Design—Mold Machining: Molds for casting the vascular and
oxygen channel networks were created by milling the negative of the de-
signed channel architecture described above into an aluminum block. A
CNC machine (VU50A with FANUC 16i-M, Misui Seiki, Franklin Lakes, NJ)
using various end mills was used to remove aluminum from the block and
leave behind the trunk manifold and channel structure. The blocks were
then gold sputtered coated by AccuCoat Inc. (Rochester, NY)

A pair of identical molds for the manifolds were also milled out of
Aluminum with the same technique described above. Tapped holes were
placed in the mold at 5 different spots. This was to allow for pins to be
placed in the mold in order to allow for alignment features to be cast into
the manifold casted parts. The manifold molds were gold sputter coated
using a KDF Sputterer (Rockleigh, NJ).

Device Fabrication—Layer Fabrication: Each layer consisted of a vas-
cular channel part and an oxygen channel part with a PDMS membrane
sandwiched between the two. The vascular and oxygen parts were cast
by pouring 550 g of Nusil MED6015 (Avantor, Carpinteria, CA) into each
mold. The MED6015 was prepared by mixing the PDMS with curing agent
in a 10:1 ratio per manufacturers specifications. The mixture was placed
in a FlackTek DAC 600.1 FVZ (FlackTek,Landrum, SC) high speed mixer at
1000 RPM for 15 seconds followed by 2000 RPM for 1 minute and 15 sec-
onds. The molds containing the PDMS were placed into a vacuum cham-
ber in order to remove any trapped air bubbles. The parts were placed in
a 65°C oven for a minimum of 4 hours to cure.

Manifold parts were cast using the same method described above.
120 g of MED6015 were used in each mold in order to create the two halves
of the distribution manifold.

A layer was assembled by bonding the casted PDMS with the oxy-
gen channel structure to a sheet of PDMS membrane (Silpuran, Wacker,
Germany). A thin layer of room temperature vulcanizing (RTV) silicone
(DOWSIL™ 3140 RTV, Dow Corning, Midland, MI) was applied to the
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channel side of the oxygen part using a ink briar in order to form a thin
uniform layer of the DOWSIL. The oxygen part was placed onto the mem-
brane and allowed to cure under weight at room temperature overnight.
After removing from weight, a thin layer of DOWSIL was applied to the
vascular part using the same procedure as used for the oxygen part. The
vascular part was bonded to the opposite side of the PDMS membrane and
allowed to cure under weight overnight. Stainless steel tubes were bonded
into the inlet and outlet ports on both the vascular and oxygen channels
using RTV(SS-301AP Plastics Bonding Silicone Adhesive RTV, Silicone So-
lutions, Cuyahoga Falls, OH). The RTV was allowed to cure in a 65°C oven
for 48 hours. Lengths of tygon tubing were inserted over the stainless steel
inlet and outlet tubes. A thin coating of PDMS was added to the edge of
the completed layer in order to seal them. The layers were tested for bond-
ing strength by pressurizing the vascular layer to 400 mmHg for 5 min. A
final leak test was also performed by flowing water through the vascular
layer at 100 mL/min for 5 minutes. Leaks were checked for at the inlet and
outlets and any sign of membrane tear.

Manifolds were fabricated by bonding the two halves of casted mani-
fold parts using the DOWSIL. One part was placed on the manifold mold
with alignment pins placed in the mold. A thin layer of the DOWSIL was
applied to the second part using an ink briar to evenly apply the DOWSIL.
The matching alighment holes in the second part were used to align the
two parts together in order to create the manifold channels. The bonded
manifold was cured in the oven at 65°C for a minimum of 4 hours. Stain-
less steel tubes were secured to the manifold inlet and outlet using the
SS-301AP RTV and allowed to cure in the oven at 65°C for 48 hours.

Device Fabrication—Device Assembly: Each device was comprised of
eight layers and two manifolds. The layers were placed into specially de-
signed trays in sets of two. The trays interconnected to form a complete 8
layer device. The trays were designed to allow the inlet and outlet tubes to
enter and exit from the tray and support the length of the layer. The blood
tubes were directed and supported around a 180° turn from the layers to
the manifolds. The manifolds were mounted to the sides of the completed
tray stack. The oxygen tubes were connected in a “parallel” configuration
in order to provide equal oxygen flow to each layer.

Device Fabrication—Metrology: Metrology to assess dimensional ac-
curacy was conducted on the master molds for the vascular and oxygen
layers, and on the casted replicated silicone layers. The latter measure-
ments were conducted both profilometers and SEM characterization to
ensure that the dimensions of the silicone channels (depth and width) did
not vary significantly from the mold geometry. The SEM was also used
to assess the tapered and ramped regions of the distribution manifolds
to confirm that the designed transition regions were accurately replicated
during the machining process.

In Vitro Blood Testing—Blood Oxygen Transfer Testing: Donor swine
blood (Lampire) was warmed to 37C and corrected to 65% SO2 +/- 3%
before being perfused through single-layer BLOx devices to evaluate oxy-
gen transfer. Blood flow rates ranged between 25 mL/min and 150 mL/min
and were controlled with a peristaltic pump (Watson Marlow). 100% oxy-
gen gas was delivered to the oxygen microchannels and controlled with
a mass flow controller (Alicat Scientific). Oxygenation status of the blood
was measured using a blood-gas analyzer (BGA, Instrumentation L) and
a co-oximetry assessment using an Avoximeter (Werfen). Blood was sam-
pled pre- and post-device for accurate assessment of blood oxygenation
at each flow rate and applied back pressure tested.

Oxygen back pressure was applied by setting a dual-valve pressure
controller (Alicat) to the oxygen outlet of the oxygenator test circuit.
100 mL/min oxygen continued to flow through the oxygen channels while
a back pressure of 200 mm Hg or 400 mm Hg was controlled while sweep-
ing blood flow rates.

Pressure in both the vascular and oxygen microchannels was measured
in real time with BIOPAC pressure transducers and data acquisition sys-
tems. Transducers were placed at the vascular and oxygen entrance ports.
Sampling rate was set to 50 Hz.

In Vitro Blood Testing—Pressure Drop Measurement: Pressure drop
across the microfluidic oxygenator was monitored using a pressure sen-
sor (Pendotech, Princeton NJ) monitoring the inlet pressure at the vas-
cular channel entry point. Pressure drop in mm Hg was monitored as a
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function of the blood flow rate set for the peristaltic pump. The measured
pressure drop included the microfluidic vascular network and the inlet and
outlet tubing connections.

Experimental Set-Up—Animal Preparation: The animal study was car-
ried out at the AREVA laboratory, in compliance with the Animal Welfare
Act, the principles of the Guide for the Care and Use of Laboratory Animals,
and all local, state, and federal guidelines for ethical use of animals. In
conducting research using animals, the investigators adhere to the laws
of the United States and regulations of the Department of Agriculture.
The University of Texas Health Science Center San Antonio (San Anto-
nio, TX) Institutional Animal Care and Use Committee approved all re-
search conduct (Protocol SU0050824). Secondary level animal use proto-
col approvals were obtained from the Department of the Army Animal Care
and Use Review Office (PR181115). Female Yorkshire swine (55 + 5 kg)
were anesthetized, intubated and volume-control ventilated. Arterial and
venous lines were placed for monitoring, administration of intravenous
anesthesia medication and continuous heparin infusion. Animals received
surgical plane anesthesia and analgesia for the entirety of the study.[>4]

Experimental Set-Up—Extracorporeal Life Support:  The extracorporeal
circuit incorporating the BLOx microfluidic oxygenator was constructed
using 1.3 m length tubing connections (0.635 cm ID) at the pre-membrane
inlet and post-membrane outlet. A centrifugal pump (DP3 pump head
with Novalung Console; Fresenius Medical Care; Bad Homburg, Ger-
many) was integrated into the pre-membrane tubing line. A clamp-on
flow sensor (ME6PXL; Transonic Systems, Ithaca, NY) was placed on the
post-oxygenator tubing line for monitoring blood flow rate. Pressure sen-
sors compatible with the Novalung Console (Fresenius Medical Care; Bad
Homburg, Germany) were placed at the pre- and post-membrane tubing
ports for monitoring of circuit pressures. The entire extracorporeal circuit
including the BLOx membrane was primed with heparinized saline (5000
U /L) at a flow rate of 750 mL min~! for a minimum duration of 1 h to
remove air from the system prior to start of cannulation. A photograph of
the device during priming is illustrated in Figure S9a (Supporting Infor-
mation).

Prior to start of cannulation, a 4000 U unfractionated heparin (UFH)
bolus was administered. A veno-venous jugular dual lumen catheter was
placed for initiation of veno-venous ECLS. The catheter was placed percu-
taneously into the right jugular vein and the connected to the microfluidic
oxygenator in an air-free fashion. Blood flow was then initiated through
the BLOx device at a flow rate of 750 mL min~'. Sweep gas (100% oxygen)
was initiated at a flow rate of 4 L min~" (the first animal study started at 1
L min~! sweep gas and was increased to 3 L min~" during the last hour,
while the other two studies were conducted at 4 L min~! sweep through-
out). Following cannulation and start of extracorporeal circulation, UFH
was infused continuously at a starting rate of 40 U kg™' h™" and titrated
to achieve an ACT of 250-350 s.

Blood samples were collected to determine oxygen transfer and plasma-
free hemoglobin (Hemocue AB; Angelhom, Sweden). Circuit pressures
and flow rates were recorded hourly. A photograph of the device during
Animal Study #1 is depicted in Figure S9b (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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