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In the European Union, 700 lung transplantations are performed
for the treatment of lung failure per year [1]. Because organ shortage
limits this number, 20% of patients on the waiting list for a transplant
die every year [2]. Lung transplantation’s associated risks such as acute
and chronic graft rejection, the need for life-long immunosuppression
and a five year survival rate of just above 50% lead to its classification asa
treatment of last resort [2]. In addition, the development of obstructive
bronchiolitis over time is a major problem in these patients. Leading
to transplantation early in life, Mucoviscidosis is the most frequent
inborn cause of terminal chronic respiratory insufficiency with an
incidence of 1 in 3000 live-births [3]. End stage treatment of other
chronic respiratory diseases such as Chronic Obstructive Pulmonary
Disease (COPD), idiopathic pulmonary fibrosis or pulmonary arterial
hypertension also involves lung transplantation as the final treatment
option.

Extracorporeal Membrane Oxygenation (ECMO) can replace
the lungs’ gas exchange capacity until recovery or may be used as
bridge-to-transplant in terminal lung failure [4]. However, limited
hemocompatibility associated with possible subsequent plasma leakage
and loss of gas transfer capacity due to unspecific protein adsorption on
the gas exchange membranesas well as inflammatory processes initiated
by the foreign material’s surface limit its use for long-term application.
Also, the limitations delineated above constrained the development of a
fully implantable lung assist device.

In-depth investigation on the procoagulatory and proinflammatory
processes has been carried out on cardiopulmonary bypass procedures
for open heart surgery. These investigations have not only revealed
altered functional status of all blood cell lines and the coagulation
cascade, resulting in consumptive coagulopathy with multiple
microemboli ensuing [5]. Furthermore, a set of more than 70 plasma
proteins altered in their function triggers a substantive inflammatory
response and a temporary dysfunction of nearly every internal organ
[6,7].

As the endothelium is the only surface known not to elicit
inflammatory and coagulatory responses in the blood, adopting a
tissue engineering approach in persuing the goal of a fully implantable
lung assist device seems sensible. The confluent endothelial layer of
blood vessels regulates coagulation by tightly controlling the plasmatic
coagulation cascade and the adherence of thrombocytes. The intact
endothelium also orchestrates the delicate balance between pro- and
anti-inflammatory stimuli at its surface.

Adopting a tissue-engineering approach to this problem,
research has moved along two different paths. The holy grail of tissue
engineering, the in vitro production of a complete autologous organ,
has been pursued with some success. Vacanti’s group repopulated a
decellularized rat lung with stem cells and demonstrated a limited gas
transfer of this tissue engineered lung during in vitro tests [8]. After
orthotopic transplantation in rats, the tissue engineered lungs retained
their gas exchange capability for 6 hours before becoming edematous.
This experiment represents a leap forward in whole organ tissue
engineering but also demonstrates the long way to go before adopting
this method in clinical routine.

Meanwhile, engineering of a biohybrid lung assist device seems
an intermediary goal that might allow for enhanced biocompatibility
of oxygenators by fabricating a confluent endothelial cell layer on top
of the gas exchange membrane. In a tissue-engineering approach, this
endothelialization could be performed in vitro prior to the possible
implantation of the device.

Material characteristics have hampered surface endothelializationin
several instances. Bengtsson and Haegerstrand [9] implanted
endothelialized mechanical heart valves made from pyrolytic carbon
in pigs in the pulmonary position. The endothelial cells were swept
away by the blood flow within one hour. Herring et al. [10] observed
similar results for the endothelialization of vessel grafts fabricated from
Polytetrafluoroethylene.

Still, extensive surface modification as proposed by Haverich et al.
[11] resulted in a confluent endothelial cell layer on Polymethylpentene
(TPX), a material employed in the production of gas exchange
membranes. These membranes, also manufactured from Polypropylene
(PP) and Polydimethylsiloxane (PDMS), have been developed with a
focus on lowering adhesion of proteins and cells, thus endothelial cell
seeding on these surfaces is not straightforward (Table 1).

Surface modification of Poly Di Methyl Siloxane (PDMS) for cellular
attachment has been extensively studied as it is in use for microfluidic
applications [12]. Proteins and peptides facilitating cell culture adhere
to PDMS by adsorption or covalent bonds. Wang et al. [13] immobilized

Membrane material & Bio-chemical Confluent | Cell layer | Reference
0,/CO, permeability coating strategy cell layer? shear stress
coefficient (x10-* cm? resistant?
cmcm?s” Pa’)
Polydimethylsiloxane | Protein y (0] Wang, Lee,
400/2500 adsorption Cornelissen
Covalent RGD y ? Sui
bonding Colon
cancer cell
line
Covalent RGD \ v Feinberg
microdotting
Polymethylpentene | Protein \ (0] Cornelissen
20/70 adsorption
Covalent RGD V v Hess
bonding

Table 1: Oxygenator membrane materials and endothelial cell coating strategies.
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fibronectin and collagen on PDMS by adsorption and showed good cell
attachment and growth rates for intestinal epithelial cells while Lee et
al. [14] demonstrated growth of human umbilical artery endothelial
cells on PDMS coated with fibronectin by adsorption.

Regarding adsorption strategies for protein coating onto
oxygenator membranes and their effects on endothelial cell adhesion,
growth and differentiation, our group performed a head-to-head
comparison of a wider array of adsorbed proteins on all currently used
oxygenator materials with unsatisfying results [15]. Though adsorption
of fibronectin made endothelialization possible on PP, PDMS and TPX,
cells reached confluence only and PDMS. Cells were swept away by fluid
shear stress comparable to conditions in a conventional oxygenator.

Plasma or aggressive chemicals create reactive groups on PDMS
that are highly unstable due to its low glass transition temperature of
-120°C, but allow for further covalent immobilization of proteins [16].
Sui et al. [17] demonstrated this approach by covalently immobilizing
RGD peptides onto PDMS, which resulted in adequate attachment of
A427 cells (a colon cancer cell line). Feinberg et al. [18] employed this
approach to immobilize fibronectin in a microprinted dot array onto
PDMS that supported an endothelial layer of an exceptionally high
density for a culture period of up to 18 days.

Much less attention has been paid to endothelial cell coating of
Polymethylpentene (TPX). As it can be produced in thinner layers
and thus allows higher gas transfer rates, it is presentlya better choice
for oxygenator membranes but also highly expensive and difficult to
process. Though our group as well as Haverich et al. [11] have shown
some initial success in coating TPX with endothelial cells via adsorbed
Fibronectin or covalently bond RGD peptides, this work is in its early
stages [15].

For initial studies, our group has resorted to PTFE membranes
that are coated the same way as standard tissue culture plastic. These
membranes are marketed by Sarstedt under the name Lumox™.
Their main advantage is reliable cell coating without any further
modification of the membrane’s surface. We use these membranes for
an initial evaluation of a model system for a biohybrid lung assist device
developed by our group (Figures 1 and 2). Currently, we are performing
gas transfer measurements on endothelial cell coated membranes in
this system.

Figure 1: Miniaturized oxygenator model developed by our group. It is
integrated in a standard oxygenator test loop and perfused with whole blood.

Figure 2: Endothelial cells cultured on PTFE membranes and incubated with
whole blood. A—cells after 36 hours of static culture. B—cells after 36 hours of
dynamic culture. Immunofluorescence staining against von Willebrand factor
(green) and CD31 (red). Scale bar—50 ym.

Though a confluent, shear stress resistant endothelialization has
been achieved on PDMS and promising first steps have been taken for
TPX, at present there are no adequate investigations into the long term
stability of the protein layers that allow for endothelial cell attachment
[19]. As a constant turnover of extracellular matrix proteins is
physiologic and has been shown to be necessary for tissue engineering,
this implies at least the possibility and maybe even the likelihood of the
endothelial cells changing the protein layer.

Even if successful, flow resistant endothelialization is achieved,
gas transfer might be hampered to some degree by this additional
diffusion barrier. Up-to-date oxygenators, such as the Novalung™
membrane ventilator, harbor membranes as thin as 2 to 5 pm.
Once these dimensions are reached, the endothelial cell layer, which
is approximately 5 um in height in standard cell culture conditions, is
a part of the gas transfer resistance that must be taken into account
[20]. Oxygen permeability of TPX is comparable to endothelial cells’
permeability while PDMS’ oxygen permeability is higher by a factor of
10 [21]. In other words, gas permeability of the endothelial cell layer
might account for half the oxygen diffusion resistance on TPX and
might even be responsible for most of the oxygen diffusion resistance
on PDMS if standard cell culture conditions are applied. Therefore,
endothelial cell biology will become an integral part in the development
of a biohybrid lung. More insight into endothelial cell biology might
allow us to differentiate the endothelium towards a lung capillary
phenotype. Thus, we might be able to approach the natural blood-gas
barrier’s thickness of 0.3 um.

New membrane materials that have high O, and CO, diffusion
coefficients but also allow for endothelial cell attachment might also
diminish the significant challenges awaiting researchers working the
field of respiratory tissue engineering and biohybrid lung assist.
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In conclusion, advances in respiratory tissue engineering and

biohybrid lung assist rely on future research in:

1. Oxygenator membrane materials
2. Bio-chemical modification of membrane surfaces

3. Differentiation of lung capillary endothelial cells
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