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Abstract

Inefficient CO, removal due to limited diffusion represents a significant barrier in the development of artificial lungs and respiratory
assist devices, which use hollow fiber membranes (HFMs) as the blood—gas interface and can require large blood-contacting membrane
area. To offset the underlying diffusional challenge, “bioactive” HFMs that facilitate CO, diffusion were prepared via covalent
immobilization of carbonic anhydrase (CA), an enzyme which catalyzes the conversion of bicarbonate in blood to CO,, onto the surface
of plasma-modified conventional HFMs. This study examines the impact of enzyme attachment on the diffusional properties and the rate
of CO, removal of the bioactive membranes. Plasma deposition of surface reactive hydroxyls, to which CA could be attached, did not
change gas permeance of the HFMs or generate membrane defects, as determined by scanning electron microscopy, when low plasma
discharge power and short exposure times were employed. Cyanogen bromide activation of the surface hydroxyls and subsequent
modification with CA resulted in near monolayer enzyme coverage (88%) on the membrane. The effect of increased plasma discharge
power and exposure time on enzyme loading was negligible while gas permeance studies showed enzyme attachment did not impede CO,
or O, diffusion. Furthermore, when employed in a model respiratory assist device, the bioactive membranes improved CO, removal rates
by as much as 75% from physiological bicarbonate solutions with no enzyme leaching. These results demonstrate the potential of

bioactive HFMs with immobilized CA to enhance CO, exchange in respiratory devices.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Acute and acute-on-chronic respiratory failures remain a
significant health-care problem, involving several hundred
thousand adult patients each year in the US alone [1-4].
Medical treatment for those inadequately responding to
pharmacological intervention involves the use of mechan-
ical ventilators to provide breathing support while the
Iungs recover. While mechanical ventilators (respirators)
are the current standard-of-care for device intervention in

Abbreviations: HFM, hollow fiber membrane; CA, carbonic anhydrase
*Corresponding author. McGowan Institute for Regenerative Medicine,
University of Pittsburgh, 215 McGowan Institute, 3025 East Carson Street,
Pittsburgh, PA 15203, USA. Tel.: +4123839499; fax: +4123839460.
E-mail address: federspielwj@upmc.edu (W.J. Federspiel).
'Both authors contributed equally to this manuscript.

0142-9612/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2007.03.021

pulmonary intensive care [4,5], ventilators can cause
further damage to the lungs in the form of barotrauma
(over-pressurizing lung tissue) and/or volutrauma (over-
distending lung tissue), leading to ventilatory-induced lung
injury and an exacerbation of lung dysfunction [6-9].
Strategies for mechanical ventilation have evolved over the
years to lessen ventilator-induced lung injury [8—14], but
despite progress in ventilation, the morbidity and mortality
associated with respiratory failure and mechanical ventila-
tory support still remain high [2,3,5]. Accordingly, provid-
ing breathing support independent of the lungs using
respiratory assist devices, or artificial lungs, in place of
mechanical ventilators has tremendous clinical potential,
which as of yet has not been realized. The development of
respiratory assist devices as alternatives or adjuvants to
mechanical ventilators for patients with failing lungs, in
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comparison, has lagged substantially behind the progress
made in cardiac assist devices for patients requiring heart
support [15,16].

Several significant impediments still stand in the path of
developing artificial lung/respiratory assist devices with
realizable clinical potential, either as acute therapy or
bridge-to-lung transplant therapy. Artificial lung devices
use polymeric hollow fiber membranes (HFMs) as the
interface between blood and gas pathways. Currently, gas
exchange is relatively inefficient in these devices and so they
require approximately a meter-squared of HFM surface
area to provide adequate gas exchange [17-20]. Not
surprisingly, a large blood-contacting surface presents
significant challenges of hemocompatibility and biocom-
patibility. Novel coatings and coated fibers are being
actively developed to improve thromboresistance [21-24],
but comparatively less research has gone towards reducing
the HFM surface area requirement itself, by increasing for
example the gas exchange efficiency of HFM-based
respiratory assist devices. Several novel respiratory assist
devices have been developed and/or proposed that use
purely mechanical means towards increasing gas exchange
efficiency by agitating or active mixing of the blood flow as
it passes over the HFM surface [20,25-29]. Increasing the
efficiency of CO, removal is especially important because
the natural concentration gradient for CO, diffusion is
much smaller than that for O, addition, resulting in a
blood flow-dependent limitation to exchange. Further-
more, in many patients with respiratory failure the need for
CO, removal is more important clinically, as oxygenation
can be provided by nasal cannula or by low tidal volume,
lung-protective ventilation [13,14,30,31].

Naturally, our tissues face the same diffusional chal-
lenges and therefore our blood cells and the surface of the
lung are coated with an enzyme that accelerates diffusion
across the small gradient. Carbonic anhydrase (CA) is
present in red blood cells [32,33] and on the endothelial
surfaces of lung capillaries [34,35] to aid in the carriage
and exchange of CO,. By catalyzing the reversible
hydration of CO, into carbonic acid, which then rapidly
dissociates into bicarbonate ion, CA substantially increases
the CO, carrying capacity of blood, with over 90% of the
CO, carried in blood being in the form of bicarbonate
[32,33].

In this study, we have developed a “bioactive” HFM
that could be used to improve respiratory assist devices for
CO, removal in lung failure patients. Employing a
biomimetic approach, we immobilized CA on the surface
of conventional HFMs enabling ““facilitated diffusion’ of
CO, as bicarbonate towards the fibers and enhance their
removal rate of CO,, essentially mimicking the comparable
function of CA on lung capillary surfaces (Fig. 1).
Specifically, this study reports on the methods and
considerations required to immobilize functional CA on
HFM surfaces and on the assessment of ‘‘facilitated
diffusion” of bicarbonate ions as a mechanism to increase
CO,; exchange using our novel bioactive HFMs.
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Fig. 1. Standard versus facilitated diffusion using conventional (A) and
CA-immobilized HFM (B), respectively.

2. Materials and methods
2.1. Materials

CA from bovine erythrocytes was purchased from Sigma-Aldrich (St.
Louise, MO) and used without further purification. Poly(methyl pentene)
HFMs (Oxyplus, Type PMP 90/200, OD: 380 um, ID: 200 um) were
obtained from Membrana GmbH (Wuppertal, Germany). All other
reagents were purchased from Sigma-Aldrich and were of analytical grade
or purer.

2.2. CA immobilization

HFMs were modified via deposition of water plasma using a March
Plasma Systems Plasmod and GCM-250 controller (Concord, CA).
A range of plasma discharge powers (25, 50, and 100 W) and treatment
times (30, 60, 90, and 180s) were employed. After plasma modification,
HFMs were immersed in buffer (2m sodium carbonate, no pH
adjustment) to which a solution of cyanogen bromide in acetonitrile was
added to a final concentration of 100 mg/mL. The solution was incubated
for 10 min with mild shaking. At the completion of the activation reaction,
the fibers were washed extensively with ice-cold deionized water and buffer
(0.1m sodium carbonate, pH 8.0). CA was then conjugated to the
activated fibers by incubating enzyme (5, 50, 200, and 1000 pg/mL) in a
solution of buffer (0.1 M sodium carbonate, pH 8.0) containing the fibers
for 3 h at room temperature. Any loosely adsorbed CA was removed at the
end of the incubation by three repeated washings with buffer (50 mm
phosphate, pH 7.5).

2.3. Esterase assay of CA activity

The activity of CA was assayed using the substrate p-nitrophenyl
acetate (p-NPA) as described by Drevon et al. [36]. The mechanism of
catalysis is believed to be the same for the dehydration of bicarbonate and
hydrolysis of p-NPA [37,38]. Briefly, p-NPA substrate dissolved in
acetonitrile (40pL, 40mm) was added to free CA (4mL) in buffer
(50mm phosphate, pH 7.5). Enzyme activity was measured spectro-
photometrically using a Genesys 5 UV spectrophotometer (Thermo
Spectronic, Somerset, NJ) by monitoring the hydrolysis of p-NPA to p-
nitrophenol (p-NP) at 412nm. Absorbance measurements were recorded
every 1.5min over 6 min and plotted as a function of time. The molar
extinction coefficient of p-NP was 11.69mm~' cm™'. One activity unit was
defined as the amount of enzyme required to generate 1 pumol p-NP per
minute.

To measure the esterase activity of CA-immobilized HFMs, modified
HFMs were cut into 1-2mm segments and placed in assay buffer (4 mL;
50 mm phosphate buffer, pH 7.5). The reaction was initiated by addition of
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p-NPA (40 pL) and vigorously mixed. Aliquots were removed at 3 min
intervals and filtered using a syringe filter to remove any fiber membrane
segments after which absorbance at 412 nm was measured.

2.4. Gas permeance of HFMs

Gas permeance of HFMs was measured using the method of Eash et al.
[39]. Fiber membranes were fixed in nylon tubing with the end of fibers at
the inlet of the tubing sealed with glue. At the outlet, the lumen of the
fibers was connected to a gas outlet. The inlet of the nylon tubing was fixed
to a gas source (CO, or O,) that was controlled via a pressure regulator.
The differential pressure between the inlet and outlet of the nylon tubing
was subsequently measured using a pressure transducer (SenSym Inc.,
Milpitas, CA) and a bubble flow meter (Supelco, Bellefonte, PA) was
employed to record the flow of gas at the outlet. All measurements were
conducted at room temperature, which was recorded. Gas permeance was
calculated as a function of the measured differential pressure (AP in
cmHg) and gas flow rate (Q in mL/s) as well as the theoretical surface area
of exposed membrane (S in cm?):

0

=S AP M

2.5. SEM imaging of HF Ms

Plasma-modified HFMs were imaged via SEM (JSM-6330F, JEOL,
Peabody, MA) to characterize the surface of the fiber membranes. Prior to
analysis, the specimens were coated with a conductive 3.5nm gold-
palladium composite layer using a sputter coater (Auto 108, Cressington,
Watford, UK). Images were taken at 100,000-times magnification using an
accelerating voltage of 10kV.

2.6. Assessment of CO, exchange in a model respiratory assist
device

CO, exchange rates using CA-immobilized (0, 0.20, 0.25, 0.30 U) and
non-modified HFMs were measured in a model respiratory device. The
device was fabricated via inserting HFMs (60 fibers, 18 ¢cm) into a tubular
module to which tygon tubing was connected at each end using single luer
locks (1/4in. x 1/4in.). Both ends of the HFMs were fixed to the tubing
using an epoxy adhesive (Devcon, Danvers, MA) and any loose ends at the
fixing point were cut off. After fixing, the length of fibers exposed in the
module was 10cm. At one end of the module, the tubing was connected to
a gas cylinder from which the flow of gas (O,) was regulated (30 mL/min).
Tubing at the other end of the module was connected to a bubble flow
meter (Bubble-O-Meter, Dublin, OH), enabling the rate of carrier gas flow
through the fibers to be measured. Inlet and outlet ports allowed for
continuous circulation (10 mL/min) of buffer (10mL; 2mg/mL sodium
bicarbonate, pH 7.5) in the shell compartment of the module, which was
controlled by a MasterFlex C/L peristaltic pump (Vernon Hills, IL). The
total residual amount of CO, in the circulating buffer was monitored
potentiometrically over time using an Analytical Sensors Instruments
(Sugar Land, TX) CO35 model CO, electrode and a Corning 314 pH/
Temperature Plus pH/mV meter (Corning, NY). Samples (1 mL) were
removed every 10min over a period of 30 min and diluted ten-fold in a
solution of ionic strength adjuster (ISA, Analytical Sensors Instruments,
2mL), which consists of sodium chloride and acetate buffer, and deionized
water (7mL) to ensure the total ionic activity in each sample was
equivalent and that the sample pH was less than 5 at which point all
bicarbonate exists in the form of CO,. The rate of CO, exchange per unit
area of HFM from the solution was computed by the following equation:

VC0,/4 = ((1/z>w /0 [cozli(eﬂdr) /A, ®

where VCO, represents the CO, removal rate (mL/min), 4 is the surface
area of HFM in a mini-lung (m?),  is the run time (min), / is the first-order

rate constant of the reduction in CO, concentration and [CO;]; is the
initial CO, concentration in the circulating buffer (mm). In the
experiments where free CA was employed, the enzyme was added directly
into the shell compartment of the module after the CO, electrode
stabilized.

CA leaching in the device was measured by circulating buffer (50 mm
phosphate, pH 7.5) through the module for 1.5h during which samples
were periodically assayed for esterase activity. The washing process was
repeated three times for each CA-immobilized fiber bundle.

3. Results and discussion

CA-immobilized HFMs were prepared by initially
modifying HFMs with surface active hydroxyls via plasma
deposition (Fig. 2). The impact of surface modification as a
function of plasma treatment conditions, namely plasma
discharge power and exposure time, on the diffusional
properties of HFM was subsequently investigated via
measuring gas permeance. All gas permeance experiments,
which measure total gas flux across the fiber membranes,
were preformed in anhydrous conditions using CO,. Gas
permeance of the surface-modified HFMs increased
significantly with combinations of increased plasma dis-
charge power and lengthened exposure times (Fig. 3).
Modification employing discharge powers and exposure
times of S0W and 60s, 100 W and 90s, and 100 W and
180's resulted in 1.85-, 4.30-, and 7.61-fold increases in gas
permeance, respectively (p<0.02). Conversely, no change
in gas permeance was detected for HFMs treated with 25 W
and 30s relative to non-activated fibers (p>0.06).

Modification of surface properties, such as surface
roughness, induced by plasma processing has been
previously reported [40,41], suggesting the possibility that
the observed changes in CO, diffusion resulted from
membrane defects. Indeed, cracks in the surface of HFM
were present in all plasma-treated HFM with increased gas
permeance relative to non-modified HFMs as verified by
SEM (Fig. 4). The extent of membrane cracking increased
visibly with the level of plasma discharge power and length
of exposure time. Therefore, the conditions of plasma
modification must be tightly controlled to prevent dama-
ging of HFMs and associated changes in their diffusional
properties.

Plasma-modified HFMs were activated with cyanogen
bromide and subsequently reacted with CA under mild
conditions, yielding primarily N-substituted imidocarbo-
nate linkages between lysines and the fiber membrane
(Fig. 2) [42]. Loading of CA on activated HFMs, as
quantified by assaying esterase activity, increased with the
concentration of CA employed in the immobilization
reaction (Fig. 5). Enzyme-immobilized fibers contained
up to 88% of the maximum theoretical activity of
monolayer surface coverage, assuming a single molecule
of CA covers 44.5nm? [43], when activated with plasma
conditions of 25 W for 30s and reacted with 1 mg/mL CA.
As the amount of enzyme immobilized approached
theoretical monolayer coverage, the impact of enzyme
concentration on immobilization lessened. This suggests
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Fig. 2. Covalent immobilization of CA to the surface of HFMs. HFMs were initially modified via plasma deposition of hydroxyl groups. Plasma-modified
HFMs were then activated with cyanogen bromide to convert surface hydroxyls to cyanate esters and cyclic imidocarbonates to which CA can
subsequently be reacted with forming covalent isourea and N-substituted imidcarbonate linkages.
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Fig. 3. The effect of plasma discharge power and exposure time on gas
(CO,) permeance of HFMs. Statistical difference (p<0.05) between
plasma-activated and non-modified fiber membranes is noted (*). Error
bars represent the deviation from the mean for three separate experiments.

that the reaction between free CA and the activated surface
becomes sterically hindered or that the available immobi-
lization sites are exhausted. Because enzyme attachment to
cyanogen bromide-activated substrates is only stable in
solution over a period of days to weeks [44], the
immobilization chemistry is a suitable model for proof of
principle of CA-facilitated diffusion. However, alternate
methods of attaching CA may need to be explored to

extend the operational stability of CA-modified HFMs in
respiratory assist devices.

Although increasing discharge power and exposure time
during plasma deposition resulted in slightly higher CA
loading, the observed differences were not statistically
different. The activity of HFM modified with plasma
conditions of 50 W for 30s and 100W for 90s, when
reacted with 1 mg/mL CA, was 90% (+7%) and 108%
(£22%) of that of the theoretical activity of monolayer
enzyme coverage, respectively. Thus, it is likely that the
number of surface-activated immobilization sites did not
change significantly over the range of plasma conditions
employed or that steric affects are prevailing. It is also
plausible that the number of immobilization sites is limited
as a result of the formation of multiple linkages from
accessible lysines on a single enzyme molecule. As the
density of immobilization sites per unit area is increased,
the reactivity of accessible lysines on an enzyme molecule
that is already bound may exceed that of free CA.

The relationship between the degree of CA loading and
diffusional properties of the enzyme-modified HFMs was
determined, a critical next step in determining the utility of
CA-immobilized HFMs (Table 1). Gas permeance of
enzyme-modified and control HFMs was measured in
separate experiments using CO, and O, in anhydrous
conditions to ensure binding of CO, to CA on the surface
of modified HFMs did not interfere with the measure-
ments. Surface immobilization of CA, over the range
loaded, did not impede gas permeance relative to control
HFMs that were activated with cyanogen bromide only
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Fig. 4. SEM images of plasma modified HFMs ((A) non-modified, (B) S0 W and 60's, (C) 100 W and 90, (D) 100 W and 180s). The arrows mark select
cracks in the surface of HFMs. Images were recorded at a magnification of 100,000 x using an accelerating voltage of 10kV (scale bar = 100 nm).
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Fig. 5. CA loading as a function of CA concentration employed in
immobilization reaction. Conditions of plasma deposition for activated
fibers were 25W (discharge power) and 30s (exposure time). The dashed
line represents the theoretical maximum esterase activity of monolayer CA
surface coverage.

(»<0.90 for CO, and p<0.94 for O,). Although the
permeance of the control fibers was greater than that of
unactivated fibers, the difference was negligible (data not
shown).

Having successfully immobilized CA to the surface of
HFMs while retaining the intrinsic transport properties of
the membrane fibers, CO, exchange using the enzyme-
modified HFMs was studied. A model respiratory assist
device comprised of a CA-immobilized HFM bundle was
constructed for measuring CO, removal rates from buffer
(Fig. 6). Sodium bicarbonate was employed in place of

blood as a test solution to eliminate measurement
complication associated with non-specific binding of
plasma proteins to the immobilized CA, platelet aggrega-
tion and digestion of CA by proteolytic enzymes. The
removal of CO, from the buffer solution over time fit a
first-order exponential decay model from which diffusion
rate constants could be determined (Fig. 7A). Based on the
diffusion rate constants, it was found that the rate of CO,
exchange per unit area of membrane was linearly propor-
tional to CA loading, indicating the enzymatic activity of
the modified HFMs was not substrate diffusionally limited
(Fig. 7B). Rate enhancements of as much as 75% were
observed with the immobilization of up to 0.3 esterase
activity units. Assuming the increase in CO, exchange
efficiency is directly related to the fraction by which the
required blood-contacting membrane area can be reduced,
these results may amount to a reduction in the membrane
area of a respiratory assist device by a factor of 1.75.
Moreover, no CA leaching from modified HFMs upon
extensive washing with buffer was detected. In actual HFM
respiratory assist devices, the rate of CO, removal per unit
membrane area is greater than in the model respiratory
assist module used in this study, primarily because of
differences in transport characteristics that lead to smaller
diffusional boundary layers. Accordingly, the effect of
immobilized CA and facilitated CO, diffusion on CO,
removal may be even greater in actual respiratory assist
devices than observed in our model module system.

In control experiments in which free CA was added to
the shell-side compartment of a replica device containing
non-modified HFMs, similar enhancements, within error,
of CO, exchange were obtained as with equivalent amounts
of immobilized esterase activity (Fig. 7B). This result
confirms surface immobilization, which can minimize
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Table 1

Relationship between extent of CA loading and gas ((A) CO,, (B) O,) permeance of modified HFMs

Test variables Enzyme activity (U) K (mL/scm?cmHg) K (%) p-value
A

0pg/mL CA 0 1.64E—03+1.83E—04 100 —
5pg/mL CA 0.09 1.82E—034+7.71E—05 111 0.18*
50 pg/mL CA 0.13 1.62E—03+7.07E—05 99 0.90°
200 pg/mL CA 0.17 1.78E—03+9.68E—04 109 0.30°
1000 pg/mL CA 0.27 1.79E—03+6.75E—05 109 0.24¢
B

0pg/mL CA 0 1.44E—03+2.16E—04 100 —
5pg/mL CA 0.09 1.74E—0346.64E—05 120 0.08*
50 pg/mL CA 0.13 1.42E—03+8.83E—05 99 0.94°
200 pg/mL CA 0.17 1.78E—03+1.07E—04 124 0.07¢
1000 pg/mL CA 0.27 1.79E—03+7.14E—05 124 0.06¢

Statistical differences between CA-immobilized and cyanogen bromide-treated HFMs are specified.
Gas permeance (K) is reported as the mean of three separate experiments.

%0 versus 5ug/mL CA.

0 versus 50 pg/mL CA.

0 versus 200 pg/mL CA.

90 versus 1000 pg/mL CA.
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Fig. 6. Diagram of model respiratory assist device employed for measuring CO, removal rates with conventional or CA-immobilized HFMs. Sodium
bicarbonate was circulated through the shell-side compartment of the module using peristaltic pump. Carrier gas (O,) was passed through the HFMs and
the concentration of CO, in the gas outlet was measured using a CO, selective electrode.
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Fig. 7. CO, removal from circulating buffer in the model respiratory assist device. (A) Temporal trend of CO, reduction with various extents of CA
loading (0.00U (<), 0.20U (@), 0.25U ( x ), and 0.30 U (A)). (B) Rate of CO, removal expressed per unit surface area of membrane from experiments
with CA-immobilized HFMs () and non-modified HFMs to which free CA (<) was added. The effective membrane surface area in the device was
74cm?. Error bars represent the deviation from the mean for two separate experiments.

enzyme unfolding and improve enzyme stability against the device containing CA-modified HFMs was nearly
protease degradation [45,46], does not inhibit CA-facili- additive (Fig. 8). With 0.2 and 0.25 U of immobilized and
tated diffusion. The combined effect of adding free CA to free CA, respectively, the rate of CO, removal was
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Fig. 8. Combined effect of free and immobilized CA on CO, removal in
the model respiratory assist device.

enhanced by 3.91 mL/min/m? This corresponds to 76% of
that of the combined theoretical rate enhancement
(5.16 mL/min/m?) based on increases in CO, removal rates
observed with the free (2.93 mL/min/m?) and immobilized
(2.23mL/min/m?) enzymes separately. The difference
between the observed and maximum theoretical CO,
removal with free and immobilized CA is likely due to a
saturation-like effect, where the combined effect of having
both forms of enzymes deviates from linearity at near
maximal CO, removal.

The concept of facilitated diffusion of CO, across a
membrane by CA was initially described by Broun et al.
[47]. Salley et al. [48] later reported the immobilization of
cellulose nitrate encapsulated CA onto a silicone rubber
membrane lung yielded a significant enhancement (60%) in
CO, exchange efficiency. However, encapsulation resulted
in an apparent 80% loss of CA activity, which we feel
negates the marked improvement in CO, exchange and
enhanced storage stability of the encapsulated enzyme as
was reported shortly after [49]. The same group also
employed free CA to improve CO, transport in a circuit
consisting of bubble and hollow fiber oxygenators through
which dialysate was circulated. Despite improvements in
CO, exchange (39%), the rate of exchange was less than
that measured using a conventional HFM device [50]. To
our knowledge, this is the first report assessing the
potential enhancement of CO, exchange using CA-
immobilized HFMs.

Heparin-coated HFM are increasingly used clinically as
a means of preventing blood coagulation and maintaining
artificial lung performance [51,52]. Surface immobilization
of CA to HFM would likely not replace the need for
thromboresistant coatings like heparin, although the
enzyme by itself may to some degree reduce thrombus

formation by blocking the adsorption of adhesive proteins
such as fibrinogen that bind and activate platelets.
Consequently, the immobilization chemistry for attaching
CA should be compatible with the heparin coating
process and not destroy the coating or deactivate its
thromboresistant properties. Coating of HFM with hepar-
in requires initial surface amination, often using a polymer
spacer to move the heparin molecule off the surface. As
both heparin and CA immobilization require reactive
amines, these coatings could very well be co-immobilized
in a single step [52].

4. Conclusions

In conclusion, we have covalently immobilized CA to the
surface of HFMs and demonstrated facilitated diffusion of
CO, using the enzyme-modified HFMs in a model
respiratory assist device. In the immobilization process, it
was found that plasma modification of HFMs created
membrane defects that altered their diffusional properties.
Such effects could be prevented without impacting the
extent of CA loading by reducing the plasma discharge
power and length of exposure time below their respective
critical values. Perhaps most importantly, immobilization
of CA on plasma-modified HFMs at near monolayer
coverage did not impede gas diffusion. Rates of CO,
exchange from buffer using the CA-immobilized HFMs
were increased by as much as 75% with no leaching of
enzyme in the model device.

These findings represent a significant advancement
towards the design of new respiratory assist devices with
enhanced CO, elimination capability, requiring an effective
membrane area substantially smaller than that in current
conventional devices. Further studies are required to
determine the degree to which immobilization of CA on
HFMs facilitates CO, diffusion in whole blood and to
assess the full potential of bioactive HFM to reduce the
critical membrane area constraint of current respiratory
assist devices.
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