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Advances in extracorporeal membrane oxygenator design for
artificial placenta technology

David G. Blauveltl, Emily N. Abada?, Peter Oishil, Shuvo Roy?!
1.Department of Pediatrics, University of California, San Francisco, California

2Department of Bioengineering and Therapeutic Sciences, University of California, San
Francisco, California

Abstract

Extreme prematurity, defined as a gestational age of fewer than 28 weeks, is a significant health
problem worldwide. It carries a high burden of mortality and morbidity, in large part due to the
immaturity of the lungs at this stage of development. The standard of care for these patients
includes support with mechanical ventilation, which exacerbates lung pathology. Extracorporeal
life support (ECLS), also called artificial placenta technology when applied to extremely preterm
(EPT) infants, offers an intriguing solution. ECLS involves providing gas exchange via an
extracorporeal device, thereby doing the work of the lungs and allowing them to develop without
being subjected to injurious mechanical ventilation. While ECLS has been successfully used in
respiratory failure in full term neonates, children, and adults, it has not been applied effectively to
the EPT patient population. In this review, we discuss the unique aspects of EPT infants and the
challenges of applying ECLS to these patients. In addition, we review recent progress in artificial
placenta technology development. We then offer analysis on design considerations for successful
engineering of a membrane oxygenator for an artificial placenta circuit. Finally, we examine next
generation oxygenators that might advance the development of artificial placenta devices.
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A. Introduction;

Premature birth, defined as fewer than 37 completed weeks of gestion is a major health
problem. It affects approximately 11% of all liveborn infants, totaling 15 million babies per
year worldwide and more than a half a million per year in the United States.> Amongst
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premature infants, there is a clear negative correlation between weeks of completed gestation
and severity of illness.2 With rare exceptions, those born at fewer than 22 weeks of gestation
are considered below the limit of viability and are thus not candidates for resuscitation.3
Neonates born between 22 and 28 weeks of gestation are categorized as extremely preterm
(EPT) infants. In the United States, 25,000 EPT infants are born each year.# These infants
often overlap with another category of extreme prematurity defined by birthweight of less
than 1000 g, known as extremely low birthweight (ELBW). While neonatal critical care has
improved outcomes for EPT babies, it remains a serious problem with high morbidity and
mortality (Figure 1a).

The primary driver for poor outcomes in this patient population is the underdevelopment of
the lungs. Prior to 16 weeks of gestation, the lungs are little more than branching airways
and primitive acinar structures, incapable of gas exchange.® Between 16 and 26 weeks, the
lungs undergo the canalicular period of development, where the acinar structures dilate, and
pulmonary capillaries start to form in the primitive lungs. At 26 weeks, the lungs enter

the saccular phase, which is characterized by rapid lung growth, thinning of the respiratory
epithelium into saccules, approximation of pulmonary capillaries to the developing saccules,
and production of surfactant. The saccular period continues until around 36 weeks, when
saccules start to divide into alveoli to increase the surface area for gas exchange.

Given the lung immaturity of EPT infants, positive pressure ventilation to support
respiratory gas exchange is a primary component of care.® For some EPT infants, this

can take the form of non-invasive positive pressure ventilation, such as continuous positive
airway pressure (CPAP). However, only around a quarter of EPT patients can be adequately
supported with non-invasive ventilation, and the majority require endotracheal intubation
and a mechanical ventilator.2 Though necessary to keep these infants alive, mechanical
ventilation damages the lungs, a phenomenon termed ventilator-induced lung injury (VILI).”
Furthermore, the transition of the lung environment from amniotic fluid /n uteroto
gas-based ventilation may arrest lung development in the canalicular phase.8:9 Together,
these induce inflammation in the premature lungs, leading to abnormal development and
ultimately, chronic lung disease of prematurity, known as bronchopulmonary dysplasia
(BPD).10 While lung-protective ventilation techniques, antenatal steroids, and surfactant
administration have had an impact on reducing lung injury, two-thirds of EPT patients

go on to develop BPD (Figure 1b).11 Infants with BPD frequently require long-term
respiratory support, including supplemental oxygen, CPAP, or a surgical tracheostomy and
years of mechanical ventilation.12 Furthermore, children with BPD are at increased risk

of rehospitalization for respiratory infections,1314 poor lung function in childhood,® heart
failure due to pulmonary arterial hypertension,1 and delayed neurodevelopment.’

Extracorporeal life support (ECLS) is an advanced therapy that can support lung function,
and thus offers the potential to obviate the need for mechanical ventilation, thereby
preventing VILI. ECLS was first introduced into clinical practice in 1972, when a
cardiopulmonary bypass circuit was used successfully to support an adult patient with
post-traumatic respiratory failure in the intensive care unit.18 Shortly thereafter, Dr. Robert
Bartlett successfully used ECLS to support a neonate with hypoxic respiratory failure from
meconium aspiration, which ultimately led to a series of studies supporting its use in the
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neonatal population.1%-21 Since then, the use of ECLS has steadily increased, expanding
beyond neonates to include pediatric and adult patients. To date, over 129,000 ECLS runs
have been recorded in the international registry, with 12,850 in 2019.22

The basic design of an ECLS circuit is shown in Figure 2. Venous blood is drawn from a
large central vein and pumped through an oxygenator. Inside the oxygenator, a sweep gas
mixture of pure oxygen and compressed air interacts with the blood via a semipermeable
membrane such that oxygen diffuses from the gas side into the blood and carbon dioxide
diffuses from the blood into the sweep gas for disposal. This membrane is made of a
gas-permeable material such as polymethylpentene (PMP), allowing gas exchange without
permitting blood or plasma leakage.23 In veno-venous (V-V) ECLS, the oxygenated blood
is then returned to the venous circulation of the patient. V-V ECLS thus supports the work
of the lung but relies on a functioning heart to pump the oxygenated blood to the body. By
contrast, in veno-arterial (\V-A) ECLS, blood is returned to a large artery, such that the heart
is bypassed. Thus, V-A ECLS can support the functions of the heart and lungs.

Despite the established benefit in full-term neonates, ECLS has not been widely applied

in premature infants, a population where the mitigation of VILI in developing lungs

might be especially impactful. Indeed, /n utero, the placenta acts as an extracorporeal
oxygenator for the developing fetus that does not use its lungs for gas exchange. Similarly,
ECLS support could allow the premature lungs to continue to develop in an aqueous
environment instead of being forced to perform gas ventilation. Yet, guidelines from the
Extracorporeal Life Support Organization list gestational age of fewer than 34 weeks as a
relative contraindication to ECLS.24 Although there are case reports of survival with ECLS
in infants between 29 and 33 weeks gestation, this is not standard practice, and many
institutions choose not to offer ECLS to infants younger than 34 weeks gestation.25:26

The purpose of this review is to describe the impediments to the use of ECLS in EPT infants
and potential solutions to these obstacles. The first section discusses the unique aspects of
EPT infants that complicate the use of ECLS. Next, we explore research developments in
ECLS for EPT infants, frequently termed “artificial placenta.” The third section outlines the
design components of an artificial placenta oxygenator, focusing on how to guide the next
generation of this technology. Finally, we analyze artificial lung technology in development
and how to apply these devices to an artificial placenta.

B. Unique Challenges of ECLS in EPT Infants

EPT infants are a unique patient population that present important challenges to successful
ECLS support. Many of these difficulties are secondary to the simple fact that these infants
are much smaller than any other patient population. However, other problems arise from
their immaturity of development.

Thrombosis and Anticoagulation

Bleeding and clotting are the most common serious complications of ECLS.27-2% The ECLS
circuit, as a foreign, non-biological material, is highly prothrombotic, which can result in
catastrophic clotting complications, such as stroke, limb ischemia, and circuit failure.30
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For this reason, systemic anticoagulation is needed to prevent clot formation. However,
anticoagulation is associated with a significant risk of bleeding. In fact, 20-60% of patients
are estimated to have major bleeding?’~29 and 10-50% have thrombotic events while on
ECLS.2728 The wide range of bleeding and thrombosis complications between studies is
likely due to differing anticoagulation target levels. Studies aiming for higher levels of
anticoagulation had fewer clotting events but more bleeding and vice versa. Overall, the rate
of major thrombosis or bleeding is likely more than half of patients on ECLS.

Circuit blood flow rates in infants and children are guided by the size of the patient,
typically 100 mL/min/kg body weight.24 In addition, the blood flow rate is inversely related
with the risk of thrombosis, since areas of blood flow stasis are more likely at lower flow
rates, thus promoting clot formation and propagation.3! Therefore, low weight EPT infants
supported with ECLS are at increased risk for circuit clotting, due to lower blood flow rates
compared to larger babies.

Yet, perhaps the biggest barrier to ECLS in EPT infants is their high risk for intracranial
bleeding that results in death or severe neurologic injury. One of the more common serious
complications of extreme prematurity is spontaneous germinal matrix intraventricular
hemorrhage (IVH).32 One third of EPT infants develop spontaneous IVH, with 16%
classified as severe (Grade 3 or 4 IVH).2 The incidence of severe IVH is inversely related

to gestational age: 7% of 28-week infants versus 38% of 22-week infants. As such, the high-
dose anticoagulation (typically an unfractionated heparin infusion, run at 10-60 units/kg/hr)
24 required for ECLS in EPT infants carries disproportional risk compared to older infants.
One study of infants between 29 and 33 weeks gestational age who underwent ECLS

found an incidence of intracranial hemorrhage (ICH) of 21%,2° around twice the rate of
spontaneous IVH in infants of the same gestational age not exposed to ECLS.33 This is also
higher than the 12% incidence reported in full term neonates undergoing ECLS.30

ECLS results in blood loss via a variety of mechanisms, including hemodilution,

hemolysis, consumption, phlebotomy, and bleeding. Hemodilution relates to the ratio of the
extracorporeal circuit volume to the patient’s intravascular volume as well as the fluid used
to prime the circuit, typically a combination of blood products, albumin, or crystalloid.24
Hemolysis is frequently encountered in patients supported with ECLS;30 the pumps required
to generate forward blood flow through the circuit can cause red blood cell lysis and
subsequent anemia. Hemolysis also leads to an accumulation of bilirubin, which can cause
neurologic damage in neonates (i.e. kernicterus), especially in EPT infants.3* The type of
pump (i.e. centrifugal versus roller pump) may have an impact on the degree of hemolysis,
though this is not a settled issue, with some studies favoring roller pumps3°36 and others
finding no difference.37:38 Consumption of blood components occurs in large part due to
the prothrombotic nature of the ECLS circuit. Thrombosis leads to clot formation, with
consumption of circulating red blood cells, platelets and clotting factors.3? Phlebotomy is
required in order to manage anticoagulation levels, blood product needs, and gas exchange
for patients on ECLS.24 Finally, as previously mentioned, bleeding is a major issue in ECLS
due to the anticoagulation required to maintain the circuit.
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While these mechanisms of blood loss are seen in ECLS patients of all ages, EPT infants

are more profoundly affected by these mechanisms of blood loss due to their smaller blood
volume and underdeveloped blood cell production. The blood volume of an EPT infant is
typically 70-80 mL/kg.4%41 For a typical 22-week infant weighing 0.5 kg,? this equates

to only 35-40 mL total blood volume, much smaller than the volume of an ECLS circuit,
which varies widely by circuit type, but is approximately 100 mL in the smallest circuits.*2
Losses from hemolysis, consumption, phlebotomy, and bleeding are similarly compounded
due to the low blood volume of EPT infants. In addition to having a small blood volume,
EPT infants also have underdeveloped red blood cell and platelet production.4344 This limits
their ability to compensate for blood losses resulting from ECLS support.

Vessel Cannulation

ECLS requires the placement of large cannulae in one or more major veins (V-V ECLS)

or a major vein and artery (V-A ECLS) in order to facilitate high volume blood flow from
and back to the patient. Cannulation of blood vessels presents an obvious challenge in

EPT infants, since the vasculature is smaller and thus more difficult to access the earlier

an infant is born. Newborns, including premature infants, have umbilical vessels, which

are relatively accessible for central venous and arterial catheter placement. While current
neonatal ECLS practices typically use the neck vessels (i.e. internal jugular vein and carotid
artery) for cannulation,*> umbilical cannulation for ECLS remains an important area of
investigation.*6:47 Technical problems related to flow and resistance need to be overcome.
For example, at 22 weeks, the umbilical vein averages 4.7 mm in diameter compared to 8.2
mm at full term, and the umbilical arteries average 2.4 mm in diameter compared to 4.2 mm
at term.*8 Based on the relationship between flow and vessel radius (i.e. Poiseuille’s law),
the 43% change in vessel caliber between 22 weeks and term translates to a nearly 10-fold
differential in resistance to flow.

C. Advancements in Artificial Placenta Technology

Despite the challenges associated with ECLS in EPT infants, attempts have been made
to develop an artificial placenta. Although the placenta performs multiple physiologic
functions, including nutrient uptake, thermoregulation, waste elimination, immune
regulation, and hormone delivery,490 the primary function of an ECLS system is gas
exchange. As such, the term “artificial placenta” has been traditionally applied to ECLS
in EPT neonates for the purpose of allowing natural lung development in an aqueous
environment. While there are no FDA-approved artificial placenta devices, significant
research progress has been made in the development of artificial placenta circuits.

The concept of an artificial placenta was first suggested shortly after the development

of the cardiopulmonary bypass machine for heart surgery. In early 1960s, Callaghan

and colleagues supported fetal lambs submerged in artificial amniotic fluid for up to

40 minutes.5152 The next few decades saw incremental improvements in survival time,
culminating in a study by Unno et al. showing survival of two premature goats for

3 weeks.>3 However, while the study showed impressive survival, the goats required
significant support throughout the study, including dialysis and continuous paralysis, and
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ultimately the goats died of respiratory failure after being transitioned to mechanical
ventilation. In fact, many of these early studies were limited by common problems including
infection, cannulation complications, inadequate circuit blood flow, and circulatory failure
caused by the additional workload imposed on the heart. Several review articles provide
historical context of artificial placenta development throughout the 20t and early 215t
centuries, including in-depth commentary on these issues.>4-56 However, in the last decade,
progress has been made towards overcoming these barriers.

Research on artificial placenta technology led by Drs. George Mychaliska and Robert
Bartlett at the University of Michigan resulted in the first publication of extracorporeal
support in a lamb model of extreme prematurity (Figure 3a,b).>” They studied lambs
between 115 and 120 days gestation, which is the equivalent of a 24-week human infant

in terms of lung development. Lambs were supported by V-V ECLS using the jugular vein
for drainage and umbilical vein for reinfusion. Blood flow was maintained with a roller
pump, and gas exchange was performed with a Capiox RX05 polypropylene hollow-fiber
oxygenator.58 The lambs were not submerged in artificial amniotic fluid, but rather the
lungs were filled with amniotic fluid via an endotracheal tube. Four of 10 lambs survived
to the end of the one-week study, whereas no age-matched control lambs supported with
mechanical ventilation survived beyond 8 hours. Subsequent work reported in Church et
al. using a similar lamb model and ECLS system showed survival up to 10 days in 5
lambs.5® Importantly, this study also showed continued lung development and prevention of
lung injury, validating the concept of using an artificial placenta circuit to reduce VILI and
chronic lung disease in EPT infants.

Another group at RWTH Aachen University has taken a pumpless circuit approach. In Arens
et al., the authors report development of the NeonatOx, a custom hollow-fiber oxygenator
specifically designed for artificial placenta support (Figure 3c,d).® It is significantly smaller
than commercially available neonatal oxygenators, containing only 0.09 m2 of gas exchange
membrane area and a priming volume of 12 mL. The pumpless approach uses an arterio-
venous (A-V) cannulation strategy such that arterial blood pressure drives blood flow
through the extracorporeal circuit. In a follow-up study, the group tested their oxygenator in
7 preterm lambs with a gestational age of 132 days (31-week human equivalent).6! Lambs
were initially mechanically ventilated but slowly transitioned to full extracorporeal gas
exchange via a specific protocol based on blood gas parameters. They were able to support 6
of 7 lambs for the 6-hour duration of the study.

A collaboration between Tohoku University and the University of Western Australia was

the first to study a pumpless circuit in an extremely premature lamb model.52 They tested
their device in fetal lambs with an average gestational age of 112 days (23-week human
equivalent). The circuit consisted of umbilical vessel cannulation and a custom-built hollow-
fiber oxygenator designed to have a low priming volume. To further reduce hydraulic
resistance, they tested a circuit configuration consisting of two half-sized oxygenators,
placed in parallel. All 10 lambs survived to the end of the study, which varied between 48
and 72 hours. Compared to a single oxygenator circuit, their parallel circuit had twice the
circuit blood flow (118 versus 61 mL/min/kg body weight). Oxygen delivery to the organs
was also improved, as evidenced by lower lactate levels. Another study by the same group
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pushed this boundary further, studying a subsequent iteration of their artificial placenta
circuit, which they called the EVE system, in 95-day gestational age lambs.83 While other
groups have tested devices in lambs with lung development that is equivalent to EPT infants,
this is the only study that used lambs of a similar weight to a 24-week infant. They showed
survival and fetal growth for 5 days in 7 out of 8 animals.

An important advance in artificial placenta support was published by a group led by Dr.
Alan Flake from the Children’s Hospital of Philadelphia (Figure 3e,f).54 They reported
multiple device design iterations, with initial pilot studies informing improvements in
cannulation strategy and the artificial amniotic fluid environment. Their extracorporeal
circuit was a pumpless A-V ECLS circuit with a modified version of the commercial
Quadrox oxygenator.5® In addition, they introduced the Biobag system, a closed circuit

for circulation of sterile artificial amniotic fluid. With their final design, they were able to
extracorporeally support 8 lambs (5 between 105 and 108 days gestation, 3 between 115 and
120 days gestation) for up to 4 weeks. Furthermore, lambs showed normal organ growth and
development.

D. Designing Next-Generation Oxygenators for the Artificial Placenta

The past decade has seen significant advancement in the viability of artificial placenta
technology. However, there is still work to be done to improve the design of oxygenators for
this purpose. In this section, we will review some of the design considerations to inform the
next generation of oxygenators.

Minimal Anticoagulation

The most difficult, yet arguably most important, challenge is creating an oxygenator that
can function without (or with minimal) systemic anticoagulation. Due to the devastating
consequences of spontaneous IVH in EPT infants, high-dose systemic anticoagulation

is contraindicated. Interestingly, low-dose heparin has been proposed as a possible
prophylactic treatment for I\VH, the rationale being that thrombi formation the central
venous system may contribute to the development of 1VH.56 While a meta-analysis showed
no benefit of low-dose heparin (1 unit/mL), it also showed no harm at that dose.5”
Therefore, decreasing the anticoagulation requirement to the low-dose heparin range may
be compatible with artificial placenta use in EPT neonates. There are several avenues by
which the need for anticoagulation in an oxygenator can be reduced.

Heterogeneity in the blood flow path is an important contributor to clotting in ECLS.

Both high and low flow can promote coagulation by different mechanisms. High flow can
create shear stress, resulting in platelet activation and aggregation to form “white clots,”68:69
Conversely, low flow can result in stasis, which is well known to be prothrombotic, a
phenomenon noted as early as 1856 by Rudolf Virchow.”? Analysis of ECLS circuits
demonstrates that even in fully anticoagulated patients, clots form at tubing connectors,

the entry to oxygenators, and at the corners of oxygenators.”>~74 Notably, these are all

areas where blood flow fluid dynamics are altered, and this heterogeneity in flow creates a
prothrombotic environment.”® In future generations of artificial placenta circuits, it will be
important to minimize these disruptions to blood flow. However, reducing the number of
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connectors and corners does not ultimately solve a fundamental weakness of hollow-fiber
membrane oxygenators, which is the inability to precisely control the blood flow path within
the oxygenator. Computational fluid modeling of blood flow around individual hollow
fibers has shown significant flow heterogeneity, even in uniformly distributed hollow-fiber
membranes.”8.77

In addition, there have been significant efforts to modify the surface of artificial materials to
make them less likely to induce thrombosis. Heparin-coating of ECLS circuitry is a strategy
that has been used to reduce the need for systemic anticoagulation.”®79 Most modern ECLS
circuits use heparin-bonded materials, though studies have not consistently shown a long-
term benefit.89-82 Phosphorylcholine (PC) is another coating strategy that has been trialed.
PC is the hydrophilic head group found on cell membrane phospholipids, and thus PC
coatings are thought to mimic the endothelial cell membrane. A small study of PC-coated
oxygenators for cardiopulmonary bypass showed a 53% reduction of thrombin formation,
but no difference in fibrinogen, antithrombin, or platelet levels.83 Larger studies looking at
thrombosis with PC-coated ECLS circuitry are lacking. Nitric oxide is another molecule that
has generated interest as a potential surface modifier due to its potent antiplatelet properties.
Nitric oxide added to the oxygenator sweep gas reduced platelet adhesion and thrombosis
by up to 90% in animal models.84:85 Similarly, nitric oxide releasing circuit tubing®6-87

and hollow-fibers88:89 have been shown to reduce platelet consumption and thrombosis in
preclinical studies by approximately two-thirds. Yet another surface modification strategy
that has generated interest is the use zwitterionic coatings such as poly-carboxybetaine
(PCB) and poly-sulfobetaine (PSB), which have anti-biofouling properties.?9-91 When tested
in vitro, these coatings reduced platelet adhesion by 80-96%,%2:9% and an in vivo study
showed reduction of thrombus formation by 59%.%4 Finally, there have been efforts to
create biohybrid hollow-fiber membranes lined with living endothelial cells. Several groups
have established confluent endothelialization using ovine carotid®® and bovine aortic9
endothelial cells, though more recent successes have used human umbilical cord endothelial
cells.9”-100 However, this type of approach has several challenges. One potential problem

is the limitation of gas exchange by adding a layer of cells. The data have been mixed

on this issue. While some short-term studies showed no effect:101 or even improved gas
permeability,192 a longer-term study showed impairment of gas transfer that developed

over time.190 Another issue that has not been resolved is the immunologic reaction to
non-autologous endothelial cells. Weigmann et al. prevented immunologic rejection /n vitro
by genetically modifying endothelial cells to not express 2 microglobulin, a cell surface
protein important for immune recognition.193 However, the reproducibility of this in in vivo
models remains to be seen.

Low Priming Volume

Another important design consideration is reducing the total priming volume of the circuit.
As discussed previously, the extracorporeal blood volume can be significant in small EPT
patients, increasing hemodilution and transfusion requirements. In addition, priming volume
influences hemocompatibility and may have a secondary role in altering anticoagulation
needs. A larger priming volume increases the extracorporeal residence time of the blood,
which has been increasingly recognized to be a contributor to hemocompatibility. Longer
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extracorporeal residence times increase platelet stress, leading to platelet activation and
thrombosis. 75:104-106

Part of the solution is simply matching the size of the oxygenator to the size of the patient.
Commercial ECLS oxygenators are designed for patients 2 kg and larger, which is 2—-4
times larger than the typical EPT infant. Oxygenators that are customized to the size of EPT
infants, such as the NeonatOx or EVE oxygenators, offer an advantage in priming volume
over oxygenators designed for larger patients.

Another way to reduce priming volume is to improve the gas exchange efficiency of the
oxygenator. This can be accomplished via a variety of mechanisms. Pressurizing the sweep
gas would create a larger diffusion gradient to drive oxygen across the membrane into

the blood. This strategy would require membranes that have sufficient structural rigidity to
prevent expansion and rupture, which would cause problematic gas emboli. Alternatively,
the gas permeability of the membrane could be improved by increasing the total pore

area or reducing the membrane thickness. However, in modern oxygenators, the membrane
is typically not the primary limiter of oxygen flux; rather, it is the diffusion of oxygen
throughout the blood channel that limits efficiency.197 In pulmonary capillaries, oxygen has
an effective diffusion distance of only 1-2 um,108 an order of magnitude less than that of
artificial oxygenators.107 By reducing the diffusion distance of oxygen within the blood
channel, oxygenator efficiency could be improved with a reduction in the total priming
volume.

Pumpless extracorporeal circuits have garnered significant interest amongst artificial
placenta researchers. The exclusion of a pump would decrease the overall volume of

the extracorporeal circuit. In addition, a pumpless system may reduce hemolysis, which
contributes to the problems of anemia and hyperbilirubinemia. Furthermore, the ECLS pump
contributes to thrombosis via a variety of mechanisms, including platelet activation from
shear forces on the blood1% as well as generation of prothrombotic bioproducts of red blood
cell lysis.109 Clots in the oxygenator subsequently lead to more blood trauma, creating a
vicious cycle of thrombosis and hemolysis.3!

It is important to note that pumpless circuits also pose challenges. Pumpless circuits rely
on the infant’s heart to drive flow through the circuit, which can be problematic in the
setting of hemodynamic instability. Furthermore, since an A-V pumpless system represents
a systemic-to-venous shunt, the overall device resistance must be very precisely tuned. If
the resistance is too high, there will not be enough blood flow through the oxygenator to
provide adequate gas exchange. However, if the resistance is too low, the circuit could
potentially steal blood from the systemic circulation, compromising perfusion of vital
organs. Importantly, in the fetal circulation, up to 60% of fetal cardiac output flows through
the placenta (equivalent to a post-natal extracorporeal circuit).}10 This suggests that EPT
infants without cardiac disease could accommaodate a pumpless extracorporeal circuit.
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E Application of Novel Oxygenator Technology to the Artificial Placenta

Innovation in oxygenators for an artificial placenta has certainly lagged behind the
development of novel technology for ECLS and artificial lungs. However, fundamentally,
the technologies are very similar, so artificial placenta researchers have often relied on
commercial ECLS oxygenators. While there is a need for development of oxygenators
specifically designed for artificial placenta circuits, with a few exceptions, this has not
historically occurred. In this section, we will review the novel oxygenators for artificial
lungs and analyze how they might be applied in an artificial placenta circuit. Where
applicable, we will also discuss novel oxygenators being specifically developed for an
artificial placenta.

Hollow-fiber Membranes

Hollow-fiber membrane oxygenators have been the standard of care for neonatal, pediatric,
and adult ECLS for decades. They are compact and efficient due to their large surface
area-to-volume ratio. There are several design variations between different oxygenators,
discussed below and summarized in Table 1.

One of the most common oxygenators in clinical use is the Maquet Quadrox, for which there
are many sizes, including a neonatal version. The Quadrox is a diamond-shaped oxygenator
with PMP hollow fibers that are woven into stackable mats. The neonatal Quadrox has a
priming volume of 38 mL and a pressure drop of 20 mmHg at a blood flow rate of 0.5
L/min.85 While it is advertised as a low-resistance oxygenator, it is still designed to be used
with a pump. Another issue is that the diamond shape allows areas of stagnancy at the
corners that are prone to clotting.”® Due to this design and the inability to control blood flow
heterogeneity through the fiber bundle, the Quadrox requires systemic anticoagulation.

With its recent premarket notification FDA approval in February 2020, Novalung joined

the list of approved ECLS oxygenators in the United States. Novalung was the first to
develop a pumpless oxygenator, known as the Novalung iLA.11! The Novalung iLA works
by placement of cannulae into the femoral artery and vein, creating an A-V circuit. The
Novalung has had some clinical success as a bridge to lung transplant!12.113 and for patients
with acute respiratory distress syndrome (ARDS).114 However, it has a few issues that

make it difficult to adapt to artificial placenta technology. First, while Novalung does make
pump-driven ECLS systems for children, the pumpless Novalung iLA is designed for adults.
Its priming volume, at 175 mL, is far too large for a premature infant. In addition, like the
Quadrox, it requires systemic anticoagulation.

Several groups have developed integrated pump-oxygenators. Maquet combined the
Quadrox oxygenator with a centrifugal pump to create the Cardiohelp system, an ECLS
circuit used commonly in clinical practice.115 Other groups are performing preclinical
testing on compact, integrated pump-oxygenators, some designed for smaller pediatric
patients. These include the Pittsburgh Pediatric Ambulatory Lung (P-PAL) developed at
the University of Pittsburgh 116-118 and the Pediatric Pump-Lung device (PediPL) created
by the University fundamentally of Maryland.11%-122 While these devices have various
unique design features, they work by combining a centrifugal pump and oxygenator into a
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single device, thus eliminating excess tubing and connectors. Compared to traditional ECLS
circuits, these devices have smaller total circuit priming volume and better control of the
flow path between the pump and oxygenator. However, they do not reduce the need for
systemic anticoagulation. Furthermore, given the success of pumpless systems in artificial
placenta preclinical studies, it is probable that pumps can be eliminated altogether.

Another unique approach to artificial lung technology has been taken by the University

of Michigan in the development of the M-lung.123.124 The M-lung consists of concentric
circular flow paths, connected by a limited number of gates. These gates create vortices that
promote mixing for improved oxygenation. The result is a more efficient oxygenator with

a lower membrane surface area and priming volume. In addition, the circular flow paths

are thought to lead to less stasis due to lack of corners. However, the vortices also promote
turbulence, which can lead to platelet activation and clotting. Indeed, in initial /n vivo animal
testing, there was significant clot development despite full systemic anticoagulation.124

In developing artificial placenta circuits, some groups have built customized hollow-fiber
oxygenators specifically designed for small patients, including the previously mentioned
NeonatOx oxygenator® and EVE system.83 These devices are simply downsized versions
of existing hollow-fiber technology, designed to be more appropriate for the size of EPT
infants. Compared to commercial oxygenators, they have smaller surface areas, priming
volume, and are designed to be pumpless. However, like all the other hollow-fiber
oxygenators described above, these are also designed to be used with anticoagulation.

As a whole, hollow-fiber membrane oxygenators have the advantage of being highly
efficient, compact oxygenators with excellent gas exchange properties. Their ability to pack
a large surface area for gas exchange into a small device size has been a major advantage
over previous oxygenators. In addition, newer generations of these oxygenators, with

their reduced priming volume, lowered resistance, and improved efficiency, can be more
readily adapted for use in artificial placenta circuits. However, hollow-fiber oxygenators
are inherently limited by their inability to tightly define the blood flow path to prevent
turbulence and stagnancy. This may ultimately make it difficult to create hollow-fiber
oxygenators that do not require high-dose anticoagulation, which would be a major barrier
to clinical implementation in an artificial placenta device.

Microfluidics

Advancements in microfabrication techniques have generated significant interest in creating
oxygenators with microscopic blood channels (Figure 4a).125 Microfluidic oxygenators can
be customized to a variety of channel sizes, flow path designs, and membrane thicknesses,
all of which have varying effects on gas transfer, hemocompatibility, resistance, and priming
volume (Table 2). Therefore, these devices offer an intriguing way to overcome many of the
limitations of hollow-fiber membranes.

Early work with microfluidic artificial lungs from a group led by Dr. Lyle Mockros explored
the gas exchange properties of microchannels patterned into silicone.126-128 Their miniature
device contained 15 pm blood channels with 130 um polydimethylsiloxane (PDMS) walls

for gas exchange (Figure 4b). This device significantly reduced priming volume; a full-scale
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device would have an estimated 13 mL priming volume. While they were able to show
oxygenation of porcine blood, their device was limited by the thick gas exchange membrane
and large pressure drop across the small blood channels.128

Subsequent work by various groups decreased the membrane thickness to improve
efficiency. Burgess et al. reduced the membrane thickness to 64 um.129 Potkay et al. further
reduced the membrane thickness to 15 um (Figure 4c).130 And Hoganson et al. created
microfluidic lungs with 9 pm thick membranes (Figure 4d).131 Ultimately, by improving
efficiency, these devices reduced priming volume and artificial material surface area.
However, while microfluidics has pushed the boundaries in terms of membrane thinness,
these ultra-thin-walled devices suffer from lack of mechanical integrity, especially when
stacked. Newer generations of microfluidic lungs have converged upon wall thicknesses in
the range of 30—70 pm.132.133

One of the difficulties encountered with microfluidic devices is poor hemocompatibility.
Despite the advantages of decreased overall blood-contacting artificial surface area

and shorter extracorporeal residence times of blood, microfluidic devices often require
anticoagulation in excess of that used clinically with commercial hollow-fiber oxygenators
(Table 2). This is likely due in part to the high surface area to volume ratios of the
microchannels. The formation of a clot relies of localization of activated platelets and
procoagulant proteins within close proximity of each other.134 The small channels create

a microenvironment with a high localized concentration of activated procoagulant proteins
and platelets and are thus highly prone to clotting. Furthermore, the smaller channels mean
that microthrombi are not necessarily flushed through the device, instead occluding the
microchannel and serving as niduses for clot propagation.

Strategies to improve hemocompatibility have centered on surface coatings and design of
the blood flow path. For the latter, several groups have experimented with the blood channel
height to find an optimal balance of efficiency and hemocompatibility. Reducing the channel
height improves gas exchange efficiency by reducing the diffusion distance within the blood
channel. In addition, it decreases the priming volume. However, a small blood channel

also increases the pressure drop across the device and increases the risk of thrombosis.
Potkay et al. used a variety of channel heights in their device, ranging from 10 um to 140
um, mimicking the sizes of pulmonary vessels in humans.13% Hoganson et al. used a large
channel height relative to predecessors, at 200 pm.13% The optimal channel height is still not
clear, with various groups featuring channel heights ranging from 10 um132 to 245 ym.136
Work has also been done to improve hemocompatibility through the use of biomimetic flow
paths. Microfluidics offers the ability to fine-tune the blood flow path to optimize shear
forces and reduce stasis. Hoganson et al. first explored branching vascular patterns (Figure
4e),13%and Potkay et al.130 took this a step further, altering the channel height based on the
natural progression of lung vasculature. The Potkay group subsequently used Murray’s law
of parent-daughter vessel construction to further guide branching angles and blood channel
height (Figure 4f).133.137

Another major challenge microfluidic oxygenators have faced is the difficulty in scaling
up to support a full-sized human. Part of the problem is that most oxygenators are made
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from PDMS, which is elastic and easily deformable. Therefore, it is difficult to maintain
the mechanical integrity of microchannels and ultra-thin gas-permeable membranes as
microfluidic mini-oxygenators are stacked into single devices. For this reason, several
groups have tried creating composite membranes using rigid metal materials to lend
mechanical support to microfluidic membranes.

One such strategy is described by Matharoo et al. at McMaster University.138 Their
composite membrane consists of a steel mesh with 45 pm pores placed within a 50 pm

thick PDMS layer. The steel mesh adds structural rigidity to prevent deformation. In /n vivo
studies, they were able to partially support a 2 kg piglet in a hypoxic ventilation model
using 32 single oxygenator units (SOUs). The entire device had a priming volume of 10 mL,
achieved a blood flow rate of 25 mL/min at a pressure drop of 32 mmHg, and had an oxygen
flux of 0.9 mL/min at that flow rate. A newer design iteration used a double-sided single
oxygenator unit (dsSOU) to increase efficiency.136 The full device, composed of 4 dsSOUs
had a total surface area of 250 cm? and priming volume of 8 mL (Figure 4g). In benchtop
blood testing at blood flow rates of 10-60 mL/min, the device had a corresponding pressure
drop of 10-60 mmHg and an oxygen flux of 0.78-2.85 mL/min.

Another approach taken by Dharia and colleagues at UCSF used composite micropore-
containing silicon and PDMS membranes.139 The composite membranes offer the advantage
of providing a rigid, yet thin structure that can be readily stacked into a parallel plate
configuration. Importantly, the parallel plate design allows optimization of the blood flow
path to minimize shear stresses and stagnancy.149 In addition, these composite membranes
feature an ultra-thin gas-permeable PDMS membrane, only 5 um thick, an order of
magnitude thinner than the steel mesh composite membranes described above. When tested
in water, individual membranes with a gas exchange surface area of 0.89 cm? exhibit a high
gas permeability, demonstrating 0.03 mL/min of oxygen flux.141 While these composite
membranes have been tested in mini-oxygenators in animals (Figure 4h), it remains to be
seen what a full-scale device would look like in terms of priming volume, surface area,
pressure drop, and oxygen flux in blood.

Overall, the field of microfluidics offers a lot of promise when it comes to the future of
oxygenators for artificial placenta technology. Multiple groups have shown the advantages
of microfluidics when it comes to optimizing artificial surface area, priming volume, device
resistance, and blood flow path. However, further work needs to be done to optimize

the hemocompatibility of microfluidic oxygenators. In addition, it has proven challenging

to match hollow-fiber membranes when it comes to fitting a large surface area for gas
exchange into a compact device. The average premature infant consumes oxygen at rate

of 4-7 mL/min/kg body weight.142 Most microfluidics devices, with the exception of the
Dabaghi et al. device,13¢ have not achieved more than 1 mL/min of flux. These scaling
difficulties have thus far prevented microfluidics from being translated to the clinical setting.
Of course, scaling up to a device able to support a 1 kg EPT infant is much easier than
scaling up to support a 70 kg adult. It is in this population that microfluidic oxygenators may
find their niche, where their advantages are more pronounced and their scale-up challenge
less daunting.
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F. Conclusion

Extreme prematurity affects a significant portion of births in the United States and
worldwide. Mechanical ventilation, as the current standard of care, has proven to be
insufficient for this population, as a large percentage of these infants either die or are

left with severe chronic lung disease. Extracorporeal oxygenation offers an alternative way
to provide gas exchange without causing damage to the underdeveloped lungs of these
patients, but in its current state, ECLS is challenging to translate to EPT infants. However,
improvements in membrane technology have made the creation of an artificial placenta
circuit for humans an attainable goal. Hollow-fiber membranes are becoming smaller and
more efficient, making them more suitable for use in EPT infants. The emerging field

of microfluidic oxygenators shows particular promise due to advantages in gas exchange
efficiency and hemocompatibility. For both hollow-fiber and microfluidic oxygenators,
improvements in materials engineering, surface coatings, and device design will be critical
to development of an artificial placenta for clinical use. Clinical translation of an artificial
placenta device would revolutionize the treatment of EPT infants, and perhaps, with this
type of technology, we may be able to achieve viability below the current limit of 22 weeks
gestation.
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Figure 1:

Outcomes in extremely premature infants. (a) Mortality and major morbidity rates are high
in EPT infants. Survival without major morbidity is correlated with gestational age, with the
worst outcomes seen in the most premature infants. Major morbidity is defined as severe
intraventricular hemorrhage (1\VH), periventricular leukomalacia (PVL), bronchopulmonary
dysplasia (BPD), necrotizing enterocolitis (NEC), infections, and stage 3 retinopathy of
prematurity (ROP). (b) Bronchopulmonary dysplasia is common in EPT infants and is
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correlated with gestational age. Both the frequency and severity of BPD increase with
decreasing gestational age. Graphs created using data from Stoll et al.2

Artif Organs. Author manuscript; available in PMC 2022 March 01.

Page 23



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Blauvelt et al. Page 24

Blender &
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Figure 2:
Circuit design of a neonatal ECLS circuit. Deoxygenated blood is drawn from a large vein,

often in the neck. It is then pumped to an oxygenator, where a blenderized combination of
oxygen and compressed air mixes with the blood via a semipermeable membrane. Oxygen
diffuses into the blood, and carbon dioxide diffuses out of the blood. The oxygenated blood
is then returned to the patient via a large vein or artery.
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Figure 3:
Artificial placenta devices in development. Featured devices are from (a,b) the University

of Michigan,57:58 (c,d) RWTH Aachen University,50 and (e,f) the Children’s Hospital of
Philadelphia.54.65 The left column (a,c,e) shows the oxygenator used for the circuit, and the
right column (b,d,f) presents the implementation of the circuit in an animal model. Images
reproduced with permission from respective cited publications.
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Figure 4
Microfluidic oxygenators. (a) The general design of a microfluidic oxygenator involves

microscopic blood and gas channels stacked on top of each other with a gas-permeable
membrane separating these channels.125 (b) An early device from Lee et al.128 featured

15 um blood channels and a 130 um thick membrane. Membrane thicknesses decreased
with subsequent microfluidic devices, including (c) a 15 um membrane from Potkay et
al.130 and (d) a 9 pm membrane by Hoganson et al.131 (e) Another device by Hoganson

et al.135 experimented with a branched vascular network, and this concept was further
explored in (f) Kovach et al.137 which used Murray’s law to create biologically natural
vessel branching patterns. Recently, some efforts have focused on improving the structural
integrity of microfluidic devices. (g) Dabaghi et al.13¢ uses a steel mesh to add rigidity to
their PDMS membranes, and (h) Dharia et al.139 presents a device featuring rigid silicon
micropore membranes bonded to a 5 pm PDMS layer. Images reproduced with permission
from respective cited publications.
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Table 1:
Comparison of hollow-fiber oxygenators
Stage of Surface Priming Pump-driven
Name Development Area volume or pumpless Blood flow path
Quadrox-i Heterogenous blood flow in circuit connectors
Neonatal FDA approved 0.38 m? 38 mL Pump-driven * between pump and oxygenator and around
hollow fibers
Novalun Heterogeneous blood flow around hollow fibers
iLA 9 FDA approved 1.3 m? 175 mL Pumpless but reduced number of connectors due to lack of
a pump
. Heterogeneous blood flow around hollow fibers,
P-PAL Long-stﬁjrcrj? easnlmal 0.3m? 270 mL Pump-driven but path between pump and oxygenator better
defined
; . Heterogeneous blood flow around hollow fibers,
PediPL Long-term animal 0.3 m? 110 mL Pump-driven but path between pump and oxygenator better
studies -
defined
Heterogeneous blood flow in circuit connectors
) Short-term animal 2 g between pump and oxygenator. Secondary
M-Lung studies 0.13m 68 mL Pump-driven vortices in oxygenator create additional
turbulence
. Heterogeneous blood flow around hollow fibers
NeonatOx Short-sttirgiwezmmal 0.09 m? 12 mL Pumpless but reduced number of connectors due to lack of
a pump
: Heterogeneous blood flow around hollow fibers
EVE Long-term animal 0.15 m? 50 mL Pumpless but reduced number of connectors due to lack of

studies

apump

*
The Quadrox-i Neonatal has also been used in a pumpless fashion in artificial placenta circuits (Partridge et al., 2017)
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Table 2:
Comparison of microfluidic oxygenators
Surface Primin
Study Oxygen Flux” Area volumg Amicoagma'[ionT Blood flow path
Lee et al. (2008) 0.021 mL/min 0.83 cm? 0.0012 mL Heparin 150’()7()50;/{" +EDTA Straight rectangular channels
Bur(gzeggggt al. 0.065 mL/min 4.72 cm? 0.0046 mL Not tested in blood Straight semicircular channels
Potkay (2009) 0.13 mL/min 2.4 cm? 0.0062 mL Not tested in blood Straight rectangular channels
Hoganson et al. : 2 Branched vascular network,
(2010) 0.27 mL/min 18 cm 0.36 mL Dose not reported minimizing shear forces
Grid of rectangular channels
. Heparin 15,000 U/L + EDTA 1 | with channel height progression
2
Potkay et al. (2011) | 0.037 mL/min 1.67 cm 0.0017 mL gL based on natural lung branching
patterns
Hoganson et al. . ) Branched vascular network,
(2011) 0.079 mL/min 23.1cm 0.23 mL Dose not reported minimizing shear forces
Thompson et al. . 2 16% V/V Citrate Phosphate Branching network within a
(2017) 0.034 mL/min 22cm 0.027 mL Dextrose rolled sheet
Branching network with steel
. reinforced membranes. Channel
Matfzggol%)et al. 0.90 mL/min 221 cm? 10 mL HeparE/iO(l)htJi/rI:?ulS)ioolrl:s +30 height either uniform at 100 um
g or gradually decreasing from
170 pm to 60 um.
Dabaghi et al Branching network with steel
(2%18) : 2.85 mL/min 250 cm? 8 mL Heparin 3000 U/L reinforced membranes. Uniform
channel height.
Wide, straight blood channel
Dharia et al (2018) 0.28 mL/min 17.3 cm? 0.26 mL ACT >400 s bordered by silicon membranes
and titanium
Wide, straight blood channel
Abada et al (2018) 0.03 mL/min 0.89 cm? 0.13mL Not tested in blood bordered by membrane and

polyether ether ketone

*

Oxygen consumption of an EPT infant is 4-7 mL/min for an average 1 kg, 28-week infant (Scopes and Ahmed, 1966).

fAnticoaguIation management for clinical ECLS varies across institutions but typically consists of unfractionated heparin, titrated to a specific
laboratory value such as an activated clotting time (ACT) of 180-220 seconds (Sklar et al., 2016). Usual doses of heparin are in the range of a
50-100 U/kg bolus followed by an infusion of 10-60 U/kg/hr (Brogan et al., 2018). For comparison to /n7 vitro studies with doses reported as
concentration, a 100 U/kg heparin dose for a typical 70 kg adult with a blood volume of 5 L is equivalent to a heparin concentration of 1400 U/L.
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