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Abstract
Hollow fiber membrane (HFM)-based artificial lungs can require a large blood-contacting
membrane surface area to provide adequate gas exchange. However, such a large surface area
presents significant challenges to hemocompatibility. One method to improve carbon dioxide
(CO2) transfer efficiency might be to immobilize carbonic anhydrase (CA) onto the surface of
conventional HFMs. By catalyzing the dehydration of bicarbonate in blood, CA has been shown to
facilitate diffusion of CO2 toward the fiber membranes. This study evaluated the impact of surface
modifying a commercially available microporous HFM-based artificial lung on fiber blood
biocompatibility. A commercial poly(propylene) Celgard HFM surface was coated with a
siloxane, grafted with amine groups, and then attached with CA which has been shown to facilitate
diffusion of CO2 toward the fiber membranes. Results following acute ovine blood contact
indicated no significant reduction in platelet deposition or activation with the siloxane coating or
the siloxane coating with grafted amines relative to base HFMs. However,HFMs with attached CA
showed a significant reduction in both platelet deposition and activation compared with all other
fiber types. These findings, along with the improved CO2 transfer observed in CA modified fibers,
suggest that its incorporation into HFM design may potentiate the design of a smaller, more
biocompatible HFM-based artificial lung.
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Artificial lungs composed of bundles of micro-porous hollow fiber membranes (HFMs),
which are made from polymeric materials such as poly (methylpentene) and
poly(propylene), are routinely employed to both oxygenate blood and remove carbon
dioxide (CO2) in an extraluminal blood flow format. The efficiency of CO2 and oxygen (O2)
gas exchange in the current artificial lung model, which is based on passive diffusion, is
limited by the fiber surface area to blood volume ratio with devices requiring approximately
1–2 m2 of HFM surface to provide adequate gas exchange (1,2). Such large blood-
contacting surfaces present significant challenges to hemocompatibility, necessitating
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aggressive anticoagulation and stimulating research into devices with improved efficiency
(i.e., smaller) and hemocompatibility.

A wide variety of surface modification techniques have been evaluated to reduce the
thrombogenicity of blood-contacting biomaterials, although there have been relatively few
reports specifically focused on the HFMs utilized in artificial lung applications. Siloxane-
grafted HFMs prepared by a plasma polymerization process with 1,3,3,7-
tetramethyhydrocyclosiloxane (TMCTS)-coated fibers have shown reduced thrombogenesis
relative to unmodified fibers (3). Plasma polymerization techniques have a number of
advantages with regard to surface modification including: facile preparation of a thin,
conformal, and pinhole-free coating; amenability to a wide variety of substrates;
achievement of good adhesion between coating and substrate; and the ability to generate
coatings that present excellent thermal and chemical resistance (4,5).

Another approach to improving artificial lung biocompatibility is to effectively reduce the
required HFM surface area by increasing the gas exchange rate of HFM-based devices.
Increasing the efficiency of CO2 removal is especially important because the natural
concentration gradient for CO2 diffusion is much smaller than that for O2 addition.
Furthermore, in many patients with respiratory failure, the need for CO2 removal is more
important clinically, as oxygenation can be provided by nasal cannula or lung-protective
ventilation (1,6–8). In a previous study, we reported the development of a bioactive HFM
that could improve CO2 removal rates in lung failure patients (9). Carbonic anhydrase (CA)
was covalently immobilized to the surface of a conventional HFM, and by catalyzing the
dehydration of bicarbonate in blood was shown to facilitate diffusion of CO2 toward the
fiber membranes, essentially mimicking the function of the enzyme on lung capillary
surfaces. Results indicated that CO2 exchange rates from buffer were increased by as much
as 75% in the model device.

In this brief report, we addressed whether the attachment of CA onto a HFM surface
increased fiber thrombogenicity, which would negate the biocompatibility benefits
associated with a smaller device. A commercial poly(propylene) HFM (Celgard, Charlotte,
NC,USA) was used as the base material and for control purposes. Fibers representing the
intermediate modification steps of siloxane coating and amine grafting on siloxane (Alung
Technologies, Pittsburgh, PA, USA) as well as the final CA-modified fiber were evaluated.
A second control of a commercial poly (methyl pentene) HFM (Oxyplus, Membrana,
Wuppertal, Germany) was also included.

Materials and Methods
Materials

Oxyplus fibers (Type PMP 90/200, OD: 380 μm, ID: 200 μm) were obtained from
Membrana GmbH. Celgard fibers (Type x30-240, OD: 300 μm, ID: 240 μm) were
purchased from Celgard. Two types of customized composite HFMs, in which a nonporous
siloxane was applied as a skin to the Celgard fibers, were supplied by Alung Technologies
as follows: 1,3,3,7-TMCTS monomer plasma polymerized fibers (A-TMCTS), and N-
tetramethylsilylallylamine-grafted fibers (A-TMSAA). To prepare the CA-immobilized fiber
(A-TMSAA-CA), A-TMSAA fibers were modified with 0.5% glutaraldehyde (v/v) in
deionized water for 1 h with mild shaking. After the treatment, the fibers were washed three
times with deionized water for 10 min each. CA from bovine erythrocytes (CA, Sigma-
Aldrich, St. Louis, MO, USA) was then conjugated to the fibers by incubating the enzyme (2
mg/mL) in a buffer solution (0.05 M phosphate buffer, pH 7.5) containing the HFMs for 3 h
at room temperature.
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Blood collection and assessment of acute thrombotic deposition and activation
Whole ovine blood was collected via jugular venipuncture with an 18-G 1.5-inch needle into
a syringe containing heparin (6.0 U/mL) discarding the first 3 mL. The hollow fiber samples
(surface area: 0.6 cm2) were placed into blood collection tubes, filled with blood (5 mL),
and rocked for 2 h at 37°C on a hematology mixer. The number of platelets deposited on the
samples was determined by a lactate dehydrogenase (LDH) assay (10) with an LDH
Cytotoxicity Detection Kit (Takara Bio, Otsu, Shiga, Japan). Scanning electron microscopic
images were also taken to assess platelet deposition as previously described (11). The
percentage of activated ovine platelets in the bulk phase of the blood contacting the surface
samples was quantified using annexin V protein (12). Platelet activation levels from the tube
with no HFMs were subtracted from the tubes with HFMs. Data are presented as means with
standard deviation. Statistical significance (P < 0.05) between sample groups was
determined using analysis of variance followed by post hoc Newman–Keuls testing.

Results and Discussion
Figure 1 shows the impact of surface modification on platelet deposition as observed by
scanning electron microscopy. The CA-modified HFM (A-TMSAA-CA) experienced
markedly reduced levels of platelet deposition relative to the HFMs representing
intermediate modification steps (A-TMCTS and A-TMSAA) as well as the Celgard base
fiber and the Oxyplus control fiber. The quantification of platelet deposition using the LDH
assay (Fig. 2A) also indicated that the A-TMSAA-CA fiber surfaces had significantly
reduced levels of platelet deposition compared with the other fiber types. As platelets may
become activated during the incubation period, but not deposit on the surface, or only
transiently deposit on the surface, activated platelets in the bulk phase of blood were also
quantified (Fig. 2B). The results generally mirrored the platelet deposition studies with little
difference in platelet activation between the unmodified and intermediately modified fibers
(Celgard, A-TMCTS, and A-TMSAA). A-TMSAA-CA fibers, however, exhibited
significantly reduced levels of platelet activation compared with all other fiber types.

Skinned asymmetric and composite symmetric microporous hollow fibers are attractive
candidates for use in artificial lung applications because the non-porous polymer layer on
these fiber surfaces blocks or impedes plasma infiltration into the pores. Siloxane polymers,
including TMCTS, are of particular interest as coatings due to their gas permeability. A
previous report examining several skinned and composite hollow fiber types (i.e., siloxane
coated) showed the dual functionality of these fibers in gas transfer and wetting resistance
(13). In this study, we evaluated the thrombogenicity of HFMs in which a siloxane polymer
was generated on the surface of commercial Celgard HFMs (A-TMCTS), as well as on
HFMs where amine groups were introduced onto the siloxane surface (A-TMSAA), thus
introducing the capacity for further modification with protein (CA) attachment. Liu et al.
(14) demonstrated that albumin-coated surfaces exhibited significant inhibition of platelet
adhesion. The albumin mechanism is likely related to its lack of cell adhesion peptide
sequences while occupying potential protein adsorption sites. Our findings of reduced acute
platelet deposition with our CA attached surface may be due to a similar effect of the
attached CA. It seems unlikely that the enzymatic action of CA would be related to the
reduced platelet deposition observed in this report.

Conclusion
In our previous study, we covalently immobilized CA to the surface of HFMs and
demonstrated facilitated diffusion of CO2, improving the rate of CO2 removal by as much as
75% (9). We believe that the impact of CA-modified fibers on both enhanced
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hemocompatibility and gas exchange rate may contribute significantly to the development of
next-generation artificial lungs or respiratory assist devices.
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Fig. 1.
Scanning electron micrographs of HFM surfaces after contact with heparinized ovine blood
for 2 h at 37°C. Images were recorded at 2000×. Individual images within a horizontal set
represent different experiments (scale bar = 10 μm). (A) Oxyplus; (B) Celgard; (C) A-
TMCTS; (D) A-TMSAA; (E) A-TMSAA-CA.
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Fig. 2.
Assessment of acute thrombotic deposition and platelet activation. (A) Platelet deposition
after contact with ovine blood for 2 h as determined by the lactate dehydrogenase assay (n =
5); (B) Quantification of activated platelets in the bulk phase of ovine blood after sample
contact with blood under continuous rocking. Platelet activation was quantified by flow
cytometric measurement of annexin V binding (n = 5).
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