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Acute and chronic lung disease remains a major problem within the healthcare industry, accounts 

for one in seven deaths, and places lung disease as the third leading cause of death within the 

United States. Carbon dioxide removal (CO2R) devices are a viable alternative or adjuvant therapy 

to invasive mechanical ventilation, which can initiate and exacerbate lung injury, substantially 

contributing to patient mortality. The complexity and invasiveness of current respiratory assist 

devices used for extracorporeal CO2R has limited widespread use in ICUs. In this work we 

developed a bioactive hollow fiber membrane (HFM) which accelerates CO2 removal to facilitate 

the next generation of highly efficient CO2 respiratory assist devices.  

Since over 90% of blood CO2 is transported as bicarbonate (HCO3
-), CO2R devices must 

overcome the small CO2 partial pressures (50mmHg) across HFMs limiting CO2 removal. 

Bioactive HFMs improve CO2 removal efficiency by converting bicarbonate to CO2 directly at the 

HFM surface. A 36% increase in the blood CO2 removal rate was achieved using CA-immobilized 

HFMs. Thromboresistance of CA-modified HFMs demonstrated 95% less platelet deposition 

compared to unmodified HFM.  

We characterized the CO2 mass transport processes within these biocatalytic devices to 

develop approaches towards improving bioactive HFM efficiency. The diffusional resistance from 

the liquid boundary layer was observed as the primary impediment to CO2 transport by both 

unmodified and bioactive HFMs under clinically relevant conditions. Strategies to increase CA 

loading on HFMs are not ideal avenues for improved efficiency of biocatalytic CO2R devices. 
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Based on our findings, we proposed a bicarbonate/CO2 disequilibrium hypothesis to describe 

performance of CA-modified devices in blood.  

Improvement in CO2 removal rates using CA-modified devices in blood was realized by 

maximizing bicarbonate/CO2 disequilibrium at the fiber surface via blood acidification. Dilute 

acidic sulfur dioxide (SO2) sweep gas created an acidic microenvironment within the diffusional 

boundary layer adjacent to the HFM surface, and when used in combination with bioactive CA-

HFMs had a synergistic effect to more than double CO2 removal efficiency while maintaining 

physiologic pH. Overall these findings revealed increased CO2 removal can be achieved through 

bioactive HFMs, enabling a next generation of more efficient CO2 removal intravascular and 

paracorporeal respiratory assist devices. 
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1.0  INTRODUCTION 

Acute and chronic lung disease remains a major problem within the healthcare industry. In the 

United States alone over 350,000 Americans die of lung related illness [1]. The lifesaving efforts 

of traditional therapy such as mechanical ventilation (MV) are often marred by unfavorable effects 

which initiate and more often exacerbate lung injury, substantially contributing to patient 

morbidity and mortality [2]. Breathing support independent of the lungs through low blood flow 

CO2 removal devices are needed as a tool for the management of acute and possibly chronic 

respiratory insufficiency [3–9]. Several novel respiratory assist devices which mechanically 

enhance gas exchange have been developed and proposed, however further improvement in 

efficiency is still desired. The objective of this thesis was to develop and characterize a novel 

bioactive approach to substantially increase CO2 exchange in blood. This chapter describes two 

common forms of lung disease where efficient CO2 removal devices are desired, Chronic 

Obstructive Pulmonary Disease (COPD) and Acute Respiratory Distress Syndrome (ARDS), as 

well as their current treatment strategies. The basic principles of gas exchange in CO2 removal 

devices and the role of carbonic anhydrase in carbon dioxide transport are detailed. 
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1.1 LUNG FAILURE AND CURRENT TREATMENT STRATEGIES 

1.1.1 Respiratory Diseases 

Approximately 30 million Americans are estimated to be living with some form lung disease [1]. 

Chronic obstructive pulmonary disease (COPD) results in 400,000 hospitalized patients per year 

with a rate of incidence that has tripled over the last ten years [10]. Adult respiratory distress 

syndrome (ARDS) affects 190,000 per year and even more has a mortality rate of 40% [6,11]. 

Considering these staggering statistics, medical management is still the standard of care for 

preliminary therapy. This basic approach quickly becomes limited throughout disease progression 

and as a result the demand for viable therapies and artificial support are ever prominent today.  

COPD is the third leading cause of death within the United States and currently affects an 

estimated 23.6 million adults [12,13]. In total the economic costs of COPD are growing within the 

United States, from $32 billion in 2002 to $43 billion in 2007 [14,15] Direct medical expenditures 

are largely related to in-hospital care. The characteristic symptoms of COPD are chronic and 

progressive dyspnea, cough, and sputum production [16]. Often associated with a history of 

smoking, COPD is a group of progressive and often interconnected respiratory disease processes: 

(1) airway thickening and narrowing with expiratory airflow obstruction; (2) chronic mucus 

hypersecretion, resulting in chronic cough and phlegm production; and (3) emphysema, an 

abnormal dilation of distal airspaces combined with destruction of alveolar walls  [17,18]. An 

exacerbation of COPD is an acute event characterized by a worsening of the patient’s respiratory 

symptoms that is beyond normal day-to-day variations and leads to a change in medication [16,19]. 

Acute exacerbations of COPD can onset from bacterial exposure, viral infection, or exposure to 

pollution [20]. More than 80% of exacerbations can be managed on an outpatient basis with 
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pharmacologic therapies including bronchodilators, corticosteroids, and antibiotics [16,21]. While 

these pharmacologic agents are available to control symptoms and reduce the occurrence of COPD 

exacerbations, they have not been shown to modify the long-term decline of lung function in 

COPD patients [16,17]. In 15-25% of patients, exacerbations result in moderate-to-severe 

respiratory acidosis (pH < 7.25 and/or PaCO2 > 45 mmHg) requiring invasive mechanical 

ventilation (IMV) [22]. Up to 30% of intubated patients with COPD die while on the ventilator 

[23].  

A life-threatening condition of critically-ill patients, acute respiratory distress syndrome 

(ARDS) has been observed with a mortality rate of 40 to 45% and reported to afflict 190,000 

patients each year [6,24,25]. Overall 28-day mortality was recently reported at a controversial 25-

30%, in specialized centers with selection criteria of randomized clinical trials [26]. ARDS is 

characterized by abrupt onset of clinically significant hypoxemia and described by diffuse alveolar 

damage which leads to inflammation and fluid infiltration of the alveoli, limiting gas exchange 

and decreasing lung compliance due to fibrosis [27]. Patients usually have varying degrees of 

pulmonary artery vasoconstriction and may subsequently develop pulmonary hypertension [28]. 

Diagnosis is made by a history of a predisposing illness, acute onset, bilateral pulmonary infiltrates 

on chest X-ray, and severe hypoxemia [24]. ARDS can be caused by both direct and indirect lung 

injury, from pneumonia, gastric aspiration, drowning, smoke or toxic gas inhalation, and 

pulmonary contusion, to sepsis, transfusions, shock and pancreatitis [29]. Few therapeutic 

modalities exist to ameliorate this deadly condition. Invasive mechanical ventilation with low tidal 

volumes has been the most effective strategy to prevent lung injury and improve survival to date 

[27,28]. For most patients an outcome is determined within 7-10 days, by which time nearly half 
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of patients will have died from hypoxemia and multi-organ failure, or been weaned from treatment 

[30]. 

1.1.2 Current Treatment Strategies 

Medical treatment for acute and chronic respiratory failure remains a significant healthcare 

problem in the US, with over several hundred thousand adult patients each year [31,32]. When 

pharmacotherapy and non-invasive ventilation fail, patients suffering from ARDS or acute 

exacerbations of COPD are transitioned to mechanical ventilation. After intubation and sedation, 

forced respiration through positive pressure can support adequate gas exchange in these patients 

for days, usually at the risk of ventilator-induced lung injuries (VILI) which may further exacerbate 

acute respiratory insufficiency [1]. Historically the primary goal was to achieve near normal 

arterial blood gasses though large plateau pressures (Pplat >30 cmH20) and tidal volumes (VT = 12 

mL/kg), roughly 50-100% greater volume than healthy spontaneously breathing individuals (5-7 

mL/kg) [27]. These invasive mechanical ventilation settings are known to be a major contributor 

to VILI, which can lead to lung damage such as volutrauma (over-distension of the lung), 

barotrauma (over pressurization of the lung), atelectrauma (shear stress on the epithial cells of the 

alveoli due to repetitive closing and opening of the alveolar sac), and biotrauma (lung injury due 

to inflammation) [1,6,27,33]. Advancements in mechanical ventilation have focused on reducing 

VILI through lung protective ventilation (LPV) strategies.  

Patients suffering from acute exacerbations of severe COPD are often associated with 

hypercapnic respiratory failure requiring hospitalization and respiratory support. IMV has 

demonstrated no benefit in outcomes for this population as compared to no treatment, has 

demonstrated a risk of prolonged weaning when compared to other hypercapnic respiratory failure, 
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and has a mortality rate as high as 39%  [23,34]. While the risks of VILI have been alleviated for 

this patient population through LPV strategies, recent reviews established further benefit by 

avoiding intubation altogether through use of a facial mask for respiration. This approach termed 

non-invasive positive pressure ventilation (NPPV) is now the standard of care and has reduced 

hospital mortality rates by 55%. However NPPV is not successful in all cases of acute or chronic 

COPD, with failure rates between 9% and 50% [22,35]. Despite the continued advancement in 

non-invasive ventilation strategies, patient’s initial blood pH during admission is a strong predictor 

and the most important variable in determining their outcome during NPPV [36–38]. A blood pH 

less than 7.25 has a predicted risk of failure >70% and if this pH persists for more than two hours, 

the risk of failure significantly increases to >90% [39]. The complications surrounding NPPV 

failure including hypercapnia, severe acidosis, dyspnea and increased respiratory rate are the result 

of a limited ability to properly ventilate CO2 [36]. Patients transitioned to IMV after failing NPPV 

have demonstrated higher mortality rates than patients who were initially treated with IMV 

[40,41].  The use of higher ventilation rates through restricted airways exacerbates lung damage 

and leads to concomitant complications including pneumothorax and pneumomediastinum [36]. 

Managing IMV settings to reduce pressure or volume and prevent complications leads to CO2 

retention, blood acidosis, and downstream can prevent successful weaning from MV. Further 

research has estimated up to a 23% increase in metabolic CO2 production in patients with acute 

exacerbations of COPD due to the increased work of breathing, and up to 26% of patients require 

ventilatory support to supplement the removal of CO2 [42]. The complications around CO2 

management for the COPD patient population highlight a need for adjuvant therapeutic modalities 

which can regulate blood CO2 independent of mechanical ventilator settings, enabling LPV and 

NPPV strategies and facilitating weaning [36].  
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In patients suffering from ARDS, the mortality rate remains unacceptably high even with 

the introduction of LPV strategies. The seminal ARDS Network trial demonstrated that delivery 

of low tidal volume MV at 6mL/kg instead of 12 mL/kg resulted in reduced lung injury and 

improved survival by 22% [43]. While LPV strategies can sufficiently oxygenate patients, 

sufficient CO2 removal remains a challenge and necessitates higher tidal volumes. Clinicians are 

often unable to apply LPV strategies, reporting hypercapnia and acidosis as significant barriers to 

implementation, as exhibited in 14% of the ARDS Network trial patients [44,45]. Permissive 

hypercapnia is an approach shown to positively impact oxygenation and attenuate inflammation, 

however improvements in mortality were only seen in patients ventilated with high tidal volumes 

[6,45]. Alveolar over-distention is still seen at 6mL/kg, exposing the ARDS lung to 25- to 30-times 

the mechanical stress of a normal lung [3,46]. Evidence suggests the observed reduction in 

mortality is linearly correlated with tidal volume and even more protective MV settings (< 6 

mL/kg) are needed. Further investigation into the effectiveness of these ultra-protective MV 

settings (VT = 4 mL/kg, Pplat ≤ 25 cmH2O) necessitates strategies to manage the unavoidable 

hypercapnia and thereby open the door to ultra-protective MV settings [6,47]. Today mortality 

rates remain between 40 and 45% for ARDS ICU patients [24]. Extracorporeal carbon dioxide 

removal is one possible strategy to control blood CO2 independent of alveolar ventilation, 

decreasing MV requirements and facilitating lung rest.  

The use of extracorporeal gas exchange for support of acute respiratory failure began in 

1972 as cardio-pulmonary bypass [48]. Aimed at providing full oxygenation to allow the lungs to 

rest and heal, extracorporeal membrane oxygenation (ECMO) facilitates gas exchange 

independent of the lungs. High cost, complexity and incidence of adverse events has relegated this 

therapy to the sickest of patients as a last ditch lifesaving effort [33,36]. As experience with MV 
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developed it was appreciated that a significant portion of gas exchange could be realized through 

native lung tissues under LPV, and extracorporeal gas exchange was needed primarily for CO2 

removal rather than oxygenation [36]. An approach to focus on partial extracorporeal CO2 removal 

was first explored by Gattioni in 1986, who was able to maintain NPPV by removing only 33% of 

basal CO2 production [49]. Although early studies on partial CO2 removal relied on the same large 

gas exchangers and complex circuits typically used in ECMO, the focus towards CO2 removal 

enabled their use at much lower blood flow rates compared to the high blood flow rates required 

for blood oxygenation. This advantage lies in CO2 and O2 kinetics, where 1 liter of venous blood 

hemoglobin will saturate with up to an additional 60 mL of O2, while conversely 250 mL of CO2 

can be removed from 1 liter of arterial blood [6]. Partial ECCO2R reduced the risk of typical 

ECMO by employing lower blood flow rates at 0.4 – 0.6 L/min (with 12 Fr cannula) compared to 

the 4 - 7 L/min (17 – 23 Fr cannula) typical of ECMO [36,50,51]. Several animal studies have 

validated improved survival with ECCO2R compared to conventional mechanical ventilation and 

low tidal volume ventilation [52,53]. A case report in 1990 highlighted partial ECCO2R at very 

low flow rates (<0.5 L/min), proving that minimally invasive approach could enable liberation 

from MV and even foster spontaneous breathing [54]. More recently, the CESAR study 

demonstrated enhanced survival benefit for lung-rest ventilation in tandem with ECMO as 

compared to protective ventilation alone [55]. These studies highlight extracorporeal CO2 removal 

is a powerful alternative or adjuvant therapy to MV in patients suffering from acute lung failure. 

The safety and effectiveness of ECCO2R systems to facilitate ultraprotective ventilation strategies 

was recently evaluated in the SUPERNOVA trial (A Strategy of Ultraprotective Lung Ventilation 

with Extracorporeal CO2 Removal for New-Onset Moderate to Severe ARDS), sponsored by the 

European Society of Intensive Care Medicine [11]. While ECMO devices can be employed for 
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CO2 removal, a significant and unmet need exists for a highly efficient CO2 removal device 

specific to minimally invasive therapy for ECCO2R [6]. 

1.2 PRINCIPLES OF GAS EXCHANGE IN CO2 REMOVAL DEVICES  

Current artificial lungs, ECMO or ECCO2R devices employ the use of microporous polymer tubes, 

termed hollow fiber membranes (HFMs), that act as the blood gas interface for gas exchange. The 

typical extracorporeal device consists of a large bundle of hollow fiber membranes contained 

within a housing, inlets and outlets for blood and oxygen gas, and a heat exchanger to maintain 

body temperature as the blood returns to the patient (Figure 1.1). Gas exchange occurs as blood 

flows along the outside of the HFMs while an oxygen sweep gas flows through the fiber lumen, 

creating a diffusional partial pressure gradient is driving gas exchange across the fiber membrane. 

Oxygen diffuses from the inside fiber lumen to the outer fiber surface, traveling down its gradient 

and into the blood. Conversely CO2 diffuses from the blood and into the fiber lumen while 

traveling down it’s diffusional gradient. As a result blood is oxygenated, and CO2 is removed as 

the sweep gas flows out of the device (Figure 1.2). Hollow fibers used in respiratory support are 

comprised of hydrophobic polypropylene (PP) or polymethylpentene (PMP) polymers, which are 

designed to facilitate gas exchange by being impermeable to fluids while maintaining the gas filled 

pores of the membrane wall. Each hollow fiber is approximately 200-400 µm in diameter and has 

a microporous wall of 20-50 µm [1]. Common oxygenators are designed to maximize gas exchange 

efficiency while minimizing the blood priming volume, blood flow resistance and membrane 

surface area.  
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Figure 1.1 Commonly use extracorporeal membrane oxygenator, the Medtronic Affinity® NT. 

 

Figure 1.2 Diffusion of oxygen and carbon dioxide across as hollow fiber membrane. 
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1.2.1 Mass Transport in Hollow Fiber Membranes 

The phenomenon governing diffusion of gasses across hollow fiber membranes is well 

characterized by the following series of mass transport equations. Fick’s Law describes diffusional 

flux as proportional to concentration gradient, where a species will flux from regions of high 

concentration to regions of low concentration. This equation can be rearranged to yield the 

following equations describing the gas exchange rates for O2 and CO2 [1,56,57]. 

�̇�𝐕𝐎𝐎𝟐𝟐 = 𝐊𝐊𝐎𝐎𝟐𝟐𝐀𝐀�𝐏𝐏𝐎𝐎𝟐𝟐(𝐠𝐠) − 𝐏𝐏𝐎𝐎𝟐𝟐(𝐛𝐛)�  Equation 1.1 

�̇�𝐕𝐂𝐂𝐎𝐎𝟐𝟐 = 𝐊𝐊𝐂𝐂𝐎𝐎𝟐𝟐𝐀𝐀(𝐏𝐏𝐂𝐂𝐎𝐎𝟐𝟐(𝐛𝐛) − 𝐏𝐏𝐂𝐂𝐎𝐎𝟐𝟐(𝐠𝐠)) Equation 1.2 

In this form V̇ represents the overall exchange rate of each gas species, K the gas permeance 

(commonly known as the mass transfer coefficient), A the total blood contacting area of a hollow 

fiber bundle, and P the partial pressure of each gas in the blood or gas phases. The above mass 

transport equations describe an increase gas exchange can be achieved by increasing the fiber 

membrane surface area, partial pressure gradient or permeance each gas encounters.  

The overall diffusional resistance is the sum of diffusional resistances, which can be 

described as the inverse of gas permeance (K-1) [1,56].  

K-1 = Kg
-1 + Km

-1 + Kb
-1 Equation 1.3 

This is characterized by the resistance each gas encounters within the gas pathway (Kg
-1), the 

membrane (Km
-1) and blood (Kb

-1). Transfer resistance due to the gas pathway (Kg
-1) is negligible 

and can be eliminated [1]. The overall diffusional resistance is dominated by gas movement 

through blood side diffusional boundary layer adjacent to the fiber surface, and less importantly 

the membrane diffusional resistance. This blood side resistance is related to the diffusional 

boundary layer thickness, which exists due to the no slip condition where a reduction in blood 
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velocity occurs by drag forces as it flows over the membrane surface reaching zero velocity relative 

to the HFM surface. The loss of convection near the HFM surface means oxygen and carbon 

dioxide gas molecules must traverse the entire thickness of the boundary layer via diffusion before 

reaching the convective blood flowing past the HFM surface or sweep gas within the fiber lumen. 

The rate of gas exchange is dictated by a serial transport process of the membrane and blood 

resistance, which add directly to determine overall resistance [1]. Consequently, gas exchange is 

influenced by both the diffusional resistance and partial pressure gradient when traveling from gas 

to blood or vice versa. Decreasing the diffusive boundary layer thickness by directly increasing 

blood velocity via mechanical forces and employing cross flow fiber orientation (rather than 

parallel) has been the focus of several novel respiratory assist devices to actively increase CO2 

removal [1,36,56,58–60]. The focus of this thesis has been to explore chemical means of 

accelerating CO2 removal beyond relatively small partial pressure gradients which naturally exist. 

The partial pressure diffusional gradient driving carbon dioxide removal is nearly 93% less than 

partial pressure gradient for blood oxygenation, where PCO2 is approximately 50 mmHg while PO2 

is approximately 700 mmHg. Since over 90% of blood CO2 is transported as bicarbonate (HCO3
-

), CO2 removal devices are challenged by the small CO2 partial pressure gradients across HFMs 

which limit CO2 removal. 

1.2.2 The Role of Carbonic Anhydrase in CO2 Transport 

Within the body CO2 is transported in three different forms, dissolved CO2 gas, bicarbonate 

(HCO3
-), and carbamate (CO3

2-). Only small portion of arterial CO2 is present as dissolved gas or 

carbamate. The majority (>90%) of CO2 in the body is transported as bicarbonate and at normal 

pH 7.4, HCO3
- is 20 fold that of gaseous CO2  [61]. The contribution of bicarbonate to overall CO2 
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transport was first described by Longmuir in 1966 as “facilitated CO2 diffusion” [62]. As CO2 is 

produced within the intracellular space of muscle tissue, it enters convective blood flow and readily 

diffuses within red blood cells to encounter the enzyme carbonic anhydrase (CA) which catalyzes 

the interconversion of CO2 by the following reaction CO2 + H2O 
CA
⇔ HCO3

- + H+. Without CA the 

hydration / dehydration reaction would require more than 1 min to approach completion, but is 

accelerated nearly 25,000 fold by CA to completion within 2 ms [61,63]. Upon reaching the lungs, 

bicarbonate is catalytically dehydrated back to gaseous CO2 by CA within red blood cells and on 

the endothelial surfaces of lung capillaries to accelerate CO2 excretion by the lungs [64]. Hollow 

fiber membrane devices must overcome the small CO2 partial pressures (50mmHg) across HFMs 

limiting CO2 removal which our tissues face. Therefore, in this work we propose a biomimetic 

approach to facilitate CO2 removal by generating diffusional gradients through the immobilized 

carbonic anhydrase, which converts bicarbonate to CO2 directly at the HFM surface. 
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Figure 1.3 Carbonic anhydrase immobilized on HFMs facilities CO2 removal by converting 

bicarbonate to CO2 directly at the HFM surface. 

1.3 CURRENT CO2 REMOVAL DEVICES 

A highly efficient, low flow CO2 removal device offers an adjunct therapy for acute and possibly 

chronic respiratory insufficiency. ECCO2R in combination with LPV has not seen widespread 

application as current devices require surgical placement of cannula 19 Fr or larger to facilitate 

blood flow rates up to 1 L/minute or higher, in order to remove a significant fraction (50%) of total 

adult CO2 production [3,9]. Several novel respiratory assist devices have been developed and/or 

proposed which mechanically enhance gas exchange by actively mixing the blood flow over the 

HFM surface. These devices could decrease patient ventilator needs by more than 50% relieving 



 14 

dyspnea and distress while requiring blood flow rates as small as 300-500 mL/min [3]. Novalung 

(Baden-Württemberg, Germany) and Hemolung (Alung Technologies, Pittsburgh PA) are a 

realization of low flow partial CO2 removal devices, capable of eliminating 20-30% of resting 

metabolic CO2 production. Pumpless, percutaneous and arteriovenous, the Novalung device has 

been recognized for its CO2 removal capacity in facilitating lung protective MV settings[65]. 

Despite the promising de-escalation of invasive ventilatory variables, arterial canulation systems 

have shown complication rates as high as 24% leading to limb ischemia, compartment syndrome, 

and intracranial hemorrhage, in part due to their demand for approximately 25% of cardiac output 

[66]. To avoid such difficulties, the Hemolung employs a venovenous system incorporating the 

pump and hollow fiber membranes (HFMs) as one cartridge and a 15.5 Fr dual-lumen cannula. 

The central cylindrical core of the device rotates adjacent hollow fiber membrane, generating an 

active mixing effect within the HFM bundle, reducing the diffusional boundary layers and 

increasing CO2 removal by up to 60%. This allows the Hemolung to reduce the fiber surface area 

(0.59 m2) required for respiratory support and additionally washes the fiber surface to minimize 

thrombus formation [67]. While offering the first steps in CO2 removal these devices’ efficiency 

can be further improved towards increasing overall CO2 removal, decreasing blood contacting 

surfaces areas and  lowering blood flow rates, thereby expanding their audience for therapeutic 

potential. An ideal low flow CO2 removal device would eliminate up to 200 ml/min carbon dioxide 

to meet the metabolic needs for an adult patient on cardiopulmonary bypass [68]. To achieve this 

goal the devices must overcome the small CO2 partial pressures (50mmHg) across HFMs limiting 

CO2 removal. Since more than 90% of blood CO2 is carried as HCO3- (bicarbonate), a chemical 

means of increasing gas exchange efficiency is needed.  
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Two unique approaches to chemically increase CO2 removal through blood acidification 

or electrodialysis have been explored. Blood acidification was first described by Snider et al. in 

1987, in which infusion 2-8 mEq/min of lactic acid infusion was used to chemically increase trans-

HFM CO2 pressure gradients by acidifying the blood entering the ECCO2R devices, shifting 

equilibrium from bicarbonate to favor gaseous CO2 and increasing CO2 removal by 120-170%, 

however visible hemolysis was present [69]. More recently, Zanella et al. have refined this 

approach to mitigate hemolysis concerns[70–73]. In their work, whole blood acidification was 

performed utilizing lactic acidic (LA) mixed with bulk extracorporeal blood via direct infusion or 

dialysis, upon which acidified blood flowed into a HFM device for CO2 removal, with no 

significant indications of red blood cell or organ damage [70–73]. When directly infusing LA with 

500 mL/min extracorporeal blood flow rate, a 70% increase in CO2 removal (up to 95 mL/min/m2) 

was observed, and when using a dialysis membrane to acidify blood with 250 mL/min blood flow 

rate, a 62-78% increase in CO2 (up to 160 mL/min/m2). The pH drop observed in the acidified 

blood was similar to the pH values measured in human capillaries during heavy exercise [61]. 

Additionally, blood acidification offsets respiratory alkalosis as the blood leaving ECCO2R 

devices without acidification have an increased pH [70]. Clinically, lactate is monitored as a 

biomarker of organ dysfunction, shock and has been correlated with increased mortality in 

critically ill patients [74–79]. Consequently, addition of exogenous LA may limit the diagnostic 

potential of blood lactate levels as a predictor of adverse outcomes. Zanella et al. have additionally 

explored electrodialysis to augment CO2 removal by acidifying blood with a transient increase in 

blood chloride [80,81]. At a blood flow rate of 250 mL/min, a 75% increase in CO2 removal rate 

was observed (up to 140 mL/min/m2). This approach could be used to modulate the balance 

between anions-cations in blood and therefore help manage acid-base balance in blood, however 
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it adds significant complexity to the circuit. Further testing is ongoing to determine safety with 

respect to renal function.  

1.4 OBJECTIVES FOR ACCELERATED CO2 REMOVAL 

Augmenting carbon dioxide removal remains a major challenge in the development of highly 

efficient artificial lungs and respiratory assist devices. This thesis covers work to develop a hollow 

fiber membrane coating capable of selectively accelerating CO2 removal from blood through 

facilitated diffusion of bicarbonate to the membrane surface.  

Aim 1: The first goal of this work was to assess and optimize the impact of CA-modified 

HFMs on both CO2 removal efficiency from blood and hemocompatibility (Chapter 2: Arazawa 

DT, Oh H-I, Ye S-H, Johnson Jr. CA, Woolley JR, Wagner WR, Federspiel WJ. Immobilized 

carbonic anhydrase on hollow fiber membranes accelerates CO2 removal from blood. J Membr Sci 

2012;403–404:25–3). Overall these findings revealed increased CO2 removal and decreased 

platelet deposition can be realized through bioactive HFMs, and increasing immobilized CA 

activity could further improve CO2 removal efficiency.  

Aim 2: Bioconjugation methods to further increase the CA loading on HFMs and 

subsequently improve the impact of CA on HFM CO2 removal were examined (Chapter 3). We 

developed a stable amine based conjugation strategy and interrogated surface amine group density, 

crosslinker length and necessity of binding site amplification towards maximizing CO2 removal 

efficiency. While increasing total immobilized CA, it was appreciated further improvement 

beyond CA loading would be necessary for the development of next-generation minimally 

invasive CO2 removal devices.  
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Aim 3: We characterized the CO2 mass transport processes within these biocatalytic 

devices which impede CA coating efficacy, and developed approaches towards improving 

bioactive HFM efficiency (Chapter 4: Arazawa DT, Kimmel JD, Federspiel WJ. Kinetics of CO2 

exchange with carbonic anhydrase immobilized on fiber membranes in artificial lungs. J Mater Sci 

Mater Med 2015;26). Based on our findings, we proposed a bicarbonate/CO2 disequilibrium 

hypothesis to describe performance of CA-modified devices in both buffer and blood.  

Aim 4: Improvement in CO2 removal rates using CA-modified devices in blood may be 

realized by maximizing bicarbonate/CO2 disequilibrium at the fiber surface via strategies such as 

blood acidification (Chapter 5: Arazawa DT, Kimmel JD, Finn MC, Federspiel WJ. Acidic sweep 

gas with carbonic anhydrase coated hollow fiber membranes synergistically accelerates CO2 

removal from blood. Acta Biomater 2015; 25:143–9). Since HFM CO2 removal is driven by trans-

HFM pressure gradients, it should not be necessary to acidify the blood bulk fluid, but instead only 

the diffusional boundary layer adjacent to the HFM surface via an acidic sweep gas.  

This thesis describes the unique approach of a carbonic anhydrase HFM coating capable 

of significantly accelerating CO2 removal through facilitated diffusion. Through these 

technologies the next generation of intravascular and paracorporeal respiratory assist devices can 

remove more CO2 with smaller blood contacting surface areas. Bioactive HFMs are a promising 

step towards the design of more efficient and hemocompatible HFM-based artificial lungs. 
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2.0  IMMOBILIZED CARBONIC ANHYDRASE ON HFMS IN BLOOD 

The following chapter presents work peer-reviewed and published in the Journal 

of Membrane Science without modification [82]: Arazawa DT, Oh H-I, Ye S-H, 

Johnson Jr. CA, Woolley JR, Wagner WR, Federspiel WJ. Immobilized carbonic 

anhydrase on hollow fiber membranes accelerates CO2 removal from blood. J 

Membr Sci 2012;403–404:25–3. The abstract of the paper follows: 

2.1 SUMMARY 

Current artificial lungs and respiratory assist devices designed for carbon dioxide removal (CO2R) 

are limited in their efficiency due to the relatively small partial pressure difference across gas 

exchange membranes. To offset this underlying diffusional challenge, bioactive hollow fiber 

membranes (HFMs) increase the carbon dioxide diffusional gradient through the immobilized 

enzyme carbonic anhydrase (CA), which converts bicarbonate to CO2 directly at the HFM surface.  

In this study, we tested the impact of CA-immobilization on HFM CO2 removal efficiency and 

thromboresistance in blood. Fiber surface modification with radio frequency glow discharge 

(RFGD) introduced hydroxyl groups, which were activated by 1M CNBr while 1.5M TEA was 

added drop wise over the activation time course, then incubation with a CA solution covalently 

linked the enzyme to the surface. The bioactive HFMs were then potted in a model gas exchange 

device (0.0084 m2) and tested in a recirculation loop with a CO2 inlet of 50mmHg under steady 

blood flow. Using an esterase activity assay, CNBr chemistry with TEA resulted in 0.99U of 
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enzyme activity, a 3.3 fold increase in immobilized CA activity compared to our previous method. 

These bioactive HFMs demonstrated 108 ml/min/m2 CO2 removal rate, marking a 36% increase 

compared to unmodified HFMs (p < 0.001). Thromboresistance of CA-modified HFMs was 

assessed in terms of adherent platelets on surfaces by using lactate dehydrogenase (LDH) assay as 

well as scanning electron microscopy (SEM) analysis. Results indicated HFMs with CA 

modification had 95% less platelet deposition compared to unmodified HFM (p < 0.01). Overall 

these findings revealed increased CO2 removal can be realized through bioactive HFMs, enabling 

a next generation of more efficient CO2 removal intravascular and paracorporeal respiratory assist 

devices. 

2.2 INTRODUCTION 

Over the last 10 years carbon dioxide (CO2) removal has been emphasized to improve survival 

outcomes for patients suffering from acute lung failure. Due to significant limitations in its clinical 

application, the lifesaving efforts of traditional therapy such as mechanical ventilation (MV) are 

often marred by unfavorable effects which initiate and more often exacerbate lung injury, 

substantially contributing to patient morbidity and mortality [2]. Consequently, breathing support 

independent of the lungs through low blood flow CO2 removal devices are needed as a tool for the 

management of acute and possibly chronic respiratory insufficiency. Considering current 

respiratory assist devices designed for extracorporeal carbon dioxide removal can require blood 

flow rates of 1 L/min for to extract a therapeutic level of carbon dioxide, advances in CO2 removal 

membranes with sufficient clinical impact has yet to be realized. Development of a bioactive 
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hollow fiber membrane (HFMs) which facilitates CO2 removal may provide the next generation 

of highly efficient CO2 removal membranes for respiratory assist devices.  

Medical treatment for acute and chronic respiratory failure remains a significant healthcare 

problem, with over several hundred thousand adult patients in the US [31,32]. High tidal volume 

ventilation known to be a major contributor to ventilator induced lung injury could be avoided by 

decreasing ventilatory needs of the patient through extracorporeal carbon dioxide removal. The 

seminal acute respiratory distress syndrome (ARDS) Network trial demonstrated that delivery of 

low tidal volume MV at 6mL/kg instead of 12 mL/kg resulted in reduced lung injury and improved 

survival[43]. Evidence suggests however, that even more protective MV settings are needed as 

alveolar over-distention is still seen at 6mL/kg exposing the ARDS lung to 25- to 30-times the 

mechanical stress of a normal lung[3,46]. These patients are susceptible to micro vascular 

occlusion and alveolar dead space which lead to under perfused respiratory units limited in gas 

exchange[83,84]. Control of PCO2 independent of alveolar ventilation is possible through 

extracorporeal carbon dioxide removal, decreasing MV requirements and facilitating lung rest. For 

patients suffering from acute exacerbation of chronic obstructive pulmonary disease (COPD), MV 

could be avoided as CO2 removal itself maybe adequate. Zwischenberger et al. have shown 

improved survival with arterio-venous CO2 removal (AVCO2R) compared to conventional 

mechanical ventilation, high frequency percussive ventilation and low tidal volume ventilation, 

observing recovered lung cell proliferation and tissue architecture along with reduced apoptosis 

through AVCO2R treatments in model sheep ARDS [52,53]. More recently, the CESAR study 

demonstrated enhanced survival benefit for lung-rest ventilation in tandem with ECMO as 

compared to protective ventilation alone [55]. These studies demonstrate CO2 removal is a 

powerful alternative to MV in patients suffering from acute lung failure.  
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A highly efficient, low flow CO2 removal device offers an adjunct therapy for acute and 

possibly chronic respiratory insufficiency. Several novel respiratory assist devices have been 

developed and/or proposed which mechanically enhance gas exchange by actively mixing the 

blood flow over the HFM surface. These devices could decrease patient ventilator needs by more 

than 50% relieving dyspnea and distress while requiring blood flow rates as small as 300-500 

mL/min[3]. Novalung (Baden-Württemberg, Germany) and Hemolung (Alung Technologies, 

Pittsburgh PA) are a realization of low flow partial CO2 removal devices, capable of eliminating 

20-30% of resting metabolic CO2 production. Pumpless, percutaneous and arteriovenous, the 

Novalung device has been recognized for its CO2 removal capacity in facilitating lung protective 

MV settings[65]. Despite the promising de-escalation of invasive ventilatory variables, arterial 

canulation systems have shown complication rates as high as 24% leading to limb ischemia, 

compartment syndrome, and intracranial hemorrhage, in part due to their demand for 

approximately 25% of cardiac output[66]. To avoid such difficulties, the Hemolung employs a 

venovenous system incorporating the pump and hollow fiber membranes (HFMs) as one cartridge. 

While offering the first steps in CO2 removal these devices are limited in their efficiency, and 

therefore limited in their audience for therapeutic potential. An ideal low flow CO2 removal device 

would eliminate up to 200 ml/min carbon dioxide to meet the metabolic needs for an adult patient 

on cardiopulmonary bypass[68]. To achieve this goal the devices must overcome the small CO2 

partial pressures (50mmHg) across HFMs limiting CO2 removal. Since more than 90% of blood 

CO2 is carried as HCO3- (bicarbonate), a chemical means of increasing gas exchange efficiency 

is needed. 

We propose a bioactive HFM to facilitate CO2 removal by increasing the diffusional 

gradient at the HFM surface through immobilization of carbonic anhydrase (CA), an enzyme 
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which dehydrates bicarbonate to CO2.  Our tissues face the same diffusional challenges as HFM 

devices; however they employ CA within red blood cells and on the endothelial surfaces of lung 

capillaries to accelerate diffusion. In a biomimetic approach, we reported the development of a 

carbonic anhydrase (CA) immobilized bioactive HFM coating[85]. Through radio frequency flow 

discharge (RFGD) treatment hydroxyl groups were deposited upon the fiber membrane. Scanning 

electron microscopy (SEM) and gas permeance tests demonstrated an exposure time of 30 sec and 

25W did not affect the integrity and gas permeability of the HFMs. After CNBr activation and CA 

coupling, further gas permeance data indicated CA does not impede gas diffusion across the 

membrane. These CA HFMs demonstrated the ability to improve CO2 removal rates by 75% from 

PBS in small gas exchange devices (0.0074 m2) compared to unmodified devices [85].  

In respiratory assist devices where HFM surface area can be greater than 1 m2, 

hemocompatibility is a major concern. A wide variety of surface modification techniques currently 

exist and have been evaluated to reduce the thrombogenicity of blood-material interaction [86–

88]. However, to date there are few reports specifically focused on HFMs utilized in artificial lung 

applications, especially those employing plasma polymerization and bioconjugation techniques. 

Platelet adhesion and subsequent protein-based coagulation cascades are well known mechanisms 

of thrombus formation on the surfaces of polymeric materials [89]. As a result, large blood-

contacting surface presents significant challenges in terms of hemocompatibility for HFMs, where 

clots can reduce performance of respiratory assist devices and even prevent blood flow [90]. Next 

generation respiratory assist devices will need improved hemocompatibility of HFMs for the 

successful continued operation. While heparin coated materials are well known for enhanced 

hemocompatibility [91], a single coating capable of significantly enhancing gas exchange while 
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simultaneously decreasing thrombogenicity could afford the next generation of low flow CO2 

removal device with minimal complications. 

This present study sought to further improve CA immobilization upon HFMs through 

optimized CNBr chemistry, quantify HFM CO2 removal performance in blood and assess 

hemocompatibility of a CA coating. HFMs were plasma RFGD treated to create surface functional 

groups, to which CNBr activation chemistry was optimized with TEA and finally incubated with 

CA solution for covalent conjugation to the HFM surface. The improved CA modified HFMs were 

fabricated into model gas exchange devices to assess CO2 removal performance from blood under 

a mass transfer environment similar to those of commercially available oxygenators. Platelet 

deposition was quantified through lactate dehydrogenase assay and SEM. Our study demonstrates 

CA immobilized HFMs are a viable means of augmenting CO2 removal and hemocompatibility 

for artificial lung devices. 

2.3 METHODS 

2.3.1 Materials 

Carbonic anhydrase (CA) from bovine erythrocytes, cyanogen bromide (CNBr), triethylamine 

(TEA), paranitrophenol acetate (pNPA), N,N’-dimethylbarbituric acid, Triton X-100, 

glutaraldehyde  and acetone were purchased from Sigma-Aldrich (St. Louis, MO). A commercial 

polymethyl-pentene (PMP) fiber (OxyplusTM, OD: 380 µm, ID: 200 µm) was obtained from 

Membrana GmbH (Wuppertal, Germany). Bovine blood for the gas exchange experiments was 
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purchased from Lampire Biological Laboratories (Pipersville, PA). All other reagents were 

purchased from Sigma-Aldrich and were of analytical grade or purer. 

2.3.2 CA Immobilization on HFMs 

HFMs were modified with water plasma using a RFGD instrument (March Plasma 

Systems, Concord, CA) under conditions of 25 W and 30 s treatment time. After plasma 

modification, the HFMs were immersed in 60% acetone solution equlibrated to -15Co through an 

ice bath, to which a solution of cyanogen bromide (CNBr) in acetone was added to a yield a final 

1M CNBr concentration. While vigorously mixed, 1.5 M TEA was added drop wise over 3 minutes 

to yield a final ratio of 1:1.5 CNBr:TEA.  The HFMs were subsequently rinsed 3 times for 3 

minutes each with deionized water (DIW). The reaction time was optimized through the cyanate 

ester assay to maximize cyanate ester production, while the rinse time was optimized to remove 

any residual CNBr. The activated HFMs were then incubated with 1 mg/mL of CA in 50 mM 

sodium phosphate buffer (pH 7.5) for 3 h at 25Co. Any loosely bound CA was removed through 

three 15 minute phosphate buffer wash sessions. 

HFMs for hemocompatibility assessment (section 2.6) were modified in similar fashion 

but without the addition of TEA catalyst. The modifications listed below are the only changes. 

After plasma treatment, the HFMs were immersed in 2 M of sodium carbonate to which a solution 

of CNBr in acetonitrile was added to yield a final concentration of 1M. The solution was incubated 

for 10 min. At the completion of the activation reaction, the HFMs were washed with deionized 

water. The CNBr activated HFMs were then incubated with 1 mg/mL of CA in 100 mM sodium 

carbonate buffer (pH 8.0) for 3 h. 
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2.3.3 Assay for Cyanate Ester Active Groups 

A quantitative assessment of CNBr/TEA activation was performed through colormetric 

quantification of cyanate ester active groups[92]. The assay buffer was created by mixing 0.75 g 

of N,N’-dimethylbarbituric acid in 45mL analytical grade pyridine.  The modified HFMs were cut 

into 1-2 mm segments, placed in assay buffer (4 mL) and vigorously mixed using a magnetic stirrer 

for 10 minutes. Reaction of cyanate ester with the assay buffer yields a strong purple color. 

Activation quality was measured spectrophotometrically using a Genesys 5 UV spectrophotometer 

(Thermo Spectronic, Somerset, NJ) by monitoring absorbance change at 588nm. 

2.3.4 Esterase Assay of CA Activity 

The enzyme activity on HFMs was assayed using the substrate p-nitrophenyl acetate (p-NPA) as 

described previously[85]. Enzyme activity was measured spectrophotometrically by monitoring 

the hydrolysis of p-nitrophenyl acetate (p-NPA) to p-nitrophenol (p-NP) at 412 nm. The modified 

HFMs were cut into 1-2 mm segments and placed in assay buffer (4 mL; 50 mM phosphate buffer, 

pH 7.5) to measure the esterase activity. The reaction was initiated by the addition of p-NPA (40 

µL) and vigorously mixed using a magnetic stirrer. Absorbance measurements were recorded 

every 3 min over a 9 min period, and plotted as a function of time. One activity unit was defined 

as the amount of enzyme required to generate 1 µmol pNP per minute. 
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2.3.5 In Vitro CO2 Exchange in a Model Oxygenator 

A scaled-down model gas exchange module was fabricated by inserting HFMs (70 fibers, 18 cm) 

into a 1/4 in. ID polycarbonate-tubing (McMaster Carr, Elmhurst, IL) to which single luer locks 

were UV-glued 1.25 in. from each end in opposing directions (Figure 2.1A).  Both ends of the 

HFMs were secured to the tubing using an epoxy adhesive (Devcon, Danvers, MA) and then 

trimmed to the length of the tubing to expose the HFM lumens, yielding 10 cm of HFM uncovered 

within the module for a total active surface area of 0.0074 m2. An in vitro recirculating test loop 

was used to assess CO2 exchange rates using CA-immobilized and unmodified HFMs (Figure 

2.1B).  
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A.  
 
 
 
 
 
 
 
 
 
B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1. Model respiratory assist device and in vitro gas exchange setup.  A. Diagram of a model 

respiratory device employed for measuring CO2 removal rates of unmodified and modified HFMs. Bovine 

blood or PBS was perfused over the outside of the fibers while oxygen sweep gas was passed through the fiber 

lumens in the opposite direction. B. Experimental setup for the in vitro CO2 gas exchange assessment. Both the 

blood reservoir and de-oxygenator employed the use of a heat exchanger to maintain blood temperature at 

37Co.   
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2.3.5.1 PBS CO2 Removal 

The loop consisted of a fluid reservoir, peristaltic pump, oxygenator, vacuum pump and the model 

gas exchange device. The testing fluid (180 mL of PBS), flowed from a MasterFlex L/S peristaltic 

pump (Vernon Hills, IL) to a Terumo CAPIOX RX05 Baby RX Oxygenator (Ann Arbor, 

Michigan), then to the model gas exchange testing module and finally back to the reservoir. The 

inlet partial pressure of CO2 (PCO2) was adjusted to 50 mmHg and measured with a RAPIDLAB 

248 Blood-Gas analyzer (Siemens, Deerfield, IL). Pure oxygen sweep gas was pulled by vacuum 

through a GR Series Gas Regulator (Fathom, Round Rock, TX), through the model gas exchange 

testing module HFM lumens, moisture trap condenser immersed in ice, KNF Lab UN811KV.45P 

Vacuum Pump (USA) and finally a WMA-4 CO2 Analyzer (PP Systems, Amesbury, MA). The 

fluid flow rate through the module was set at 10 mL/min and the sweep gas through the HFM 

lumens at 50 mL/min. The fluid temperature was maintained at 37Co by heat bath.   The rate of 

CO2 removal (�̇�𝑉𝐶𝐶𝐶𝐶2) for each model oxygenator device was calculated using the sweep gas flow 

rate (𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑂𝑂𝑆𝑆 ) and CO2 fraction (𝐹𝐹𝐶𝐶𝑂𝑂2) exiting the model respiratory assist device and then normalized 

to 50mmHg to correct for small deviations in the inlet PCO2: 

�̇�𝑽𝑪𝑪𝑪𝑪𝟐𝟐 =  𝑸𝑸𝑪𝑪𝑶𝑶𝑶𝑶
𝑺𝑺𝑶𝑶𝑺𝑺 𝑭𝑭𝑪𝑪𝑪𝑪𝟐𝟐

𝟓𝟓𝟎𝟎
𝑺𝑺𝑪𝑪𝑪𝑪𝟐𝟐

 Equation 2.1 

For each device the fluid inlet PCO2 and resulting FCO2 were measured in triplicate. The �̇�𝑉𝐶𝐶𝐶𝐶2 for 

each model gas exchange device is reported as an average of these measurements. The percent 

enhancement in CO2 removal from PBS was determined for various levels of immobilized enzyme 

activity ranging from 0.30 to 0.99 U (Figure 2.3). By modifying the time of enzyme immobilization 

between 0.5 and 3 hours this spectrum of enzyme activity could be created.  
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2.3.5.2 Blood CO2 Removal 

To match CO2 mass transfer environment of commercially available oxygenator devices, the gas 

exchange module surface area was increased to 0.0084 m2, the recirculating loop liquid flow rate 

was set to 60 mL/min and a sweep gas flow rate to 300 mL/min. Under these conditions the HFM 

CO2 removal efficiency (ml/min/m2) matches commercially available devices. Prior to testing, 

blood glucose was equilibrated to 200 mg/dL and allowed to incubate for 1 hour. A solution of 

PBS was circulated through the testing loop for 15 minutes to remove bubbles. Blood was 

introduced to the loop through a wet connection (no bubbles between the PBS/blood interface) to 

limit hemolysis. The PBS/blood mixture was allowed to flow through the loop and drain into a 

waste container until no signs of blood dilution were present, upon which the loop was reconnected 

to the blood reservoir filled to 180mL. For each device the fluid inlet PCO2 and resulting FCO2 

were measured in triplicate and averaged. The 𝑉𝑉𝐶𝐶𝐶𝐶2 for modified devices is reported as an average 

of four separate devices and trials. 

2.3.6 Blood collection and assessment of acute thrombotic deposition 

The HFM samples (0.6 cm2) were placed into Vacutainer® blood collection tubes (BD 

Biosciences, Franklin Lakes, NJ) filled with 5 mL of heparinized ovine blood and incubated for 2 

h at 37˚C on a hematology mixer (Fisher Scientific, Pittsburgh, PA). The number of platelets 

deposited on the samples was determined by a lactate dehydrogenase (LDH)[93] assay with an 

LDH cytotoxicity detection kit (Takara Bio, Otsu, Shiga, Japan). The samples were rinsed 

thoroughly with 50 mL of PBS and then immersed in 1 mL of 2% Triton X-100 solution for 20 

min to lyse surface deposited platelets. Surface imaging studies were performed after continuous 

rocking of blood for 2 h, as mentioned above. The HFM sample surfaces were then rinsed with 50 
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mL PBS and immersed in 2.5% glutaraldehyde solution for 2 h at 4ºC to fix the surface deposited 

platelets in order to perform scanning electron microscopic (SEM) analysis [86]. 

2.3.7 Statistical Analyses 

All data are presented as a mean with standard deviation. A Student’s t-test assuming equal sample 

variance was used to determine p-values and assess any statistically significant differences 

between unmodified and CA-modified HFMs. Differences were considered statistically significant 

for p<0.05. 

2.4 RESULTS 

CNBr activation of surface hydroxyl groups was optimized to yield the highest level of enzyme 

immobilization on HFMs. In our previous study, a maximal activity of 0.30 U was reported, 

producing a 75% enhancement in CO2 removal from PBS [85]. Using the optimized method 

described here, an immobilized enzyme activity of .99 U was obtained (Figure 2.2), marking a 3.3 

fold increase in maximal immobilized enzyme activity compared to the method in our previous 

study. It is important to note the in-vitro testing loop employed in these studies differs from the 

loop of our previous study [85], which limits direct comparison. The percent increase in CO2 

removal from PBS was determined for various levels of immobilized enzyme activity ranging from 

0.30 to 0.99 U (Figure 2.3). Within this invitro test loop, immobilized enzyme activity (0.30 U) 

produced a 40% enhancement in �̇�𝑉𝐶𝐶𝐶𝐶2. Increasing immobilized enzyme activity resulted in a 
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proportional increase in CO2 removal where maximal enzyme activity (0.99 U) increased �̇�𝑉𝐶𝐶𝐶𝐶2 

by 95%.  

 

 

Figure 2.2. Esterase activity units of CA-modified HFMs. Traditional CNBr (Kaar et al.) activation 

reflects the activity level resulting from our previous work. CNBr/TEA activation demonstrates the enhanced 

activity of the optimized method. *p < 0.005 
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Figure 2.3. Increasing immobilized CA activity results in a proportional increase in CO2 removal from 

PBS. (N=2) 

 

The CO2 removal capacity of the CA-immobilized HFMs was also assessed in bovine 

blood. To mimic the mass transfer environment of commercially available oxygenators, a few 

modifications were made to the model oxygenator device used in PBS. As described in section 

2.5.2, the surface area was increased to 0.0084 cm2 to match the void fraction of current 

commercial oxygenators. Furthermore the liquid flow rate was increased to 60 mL/min and sweep 

gas flow rate to 300 L/min match the mass transfer coefficient of commercial oxygenators. Figure 

2.4 illustrates the impact of CA- immobilized HFMs on CO2 removal in blood. The unmodified 

testing module removed 79 ± 4.7 mL/min/m2 of CO2 while the bioactive (0.99 U) testing module 
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removed 108 ± 3.7 mL/min/m2, marking a 36% increase compared to unmodified HFMs (p< 

0.001). 

 

Figure 2.4. CO2 removal by unmodified (control) and modified (CA immobilized) HFMs in bovine 

blood in a model respiratory assist device (N=4). The modified fibers demonstrated a 36% increase in CO2 

removal capacity. *p <0.005 

 

Thromboresistance of CA-modified HFMs was assessed in terms of adherent platelets on 

surfaces by using LDH assay as well as SEM analysis. Figure 2.5 illustrates the impact of surface 

modification on thromboresistance by measuring platelet adhesion to the HFMs. Quantification 
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through LDH assay indicated the CA fiber surface reduced platelet deposition by 95% relative to 

unmodified fiber. The SEM micrographs support the results from the indirect platelet deposition 

assay, with CA-modified HFM surfaces showing less platelet deposition compared to unmodified 

HFM (Figure 2.6). 

 

Figure 2.5. Platelet deposition onto surfaces after contact with ovine blood for 2 h as determined by a 

lactate dehydrogenase (LDH) assay (N=3). 
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Figure 2.6. SEM images of HFM surfaces after contact with heparinized ovine blood for 2 h at 37˚C. 

(A) Unmodified PMP; (B) CA-modified PMP. Images were recorded using an accelerating voltage of 5 kV at a 

magnification of 1,000× (scale bar = 10 µm). 

2.5 DISCUSSION 

The present study sought to demonstrate the increased CO2 removal capacity of CA modified 

HFMs could be further developed as a viable technology for HFM respiratory assist devices. By 

activating the hydroxyl groups introduced to the HFM surface using CNBr/TEA, free amine 

groups on the enzyme surface are able react with the HFM, covalently linking the enzyme to the 

surface. Improvements in CNBr activation chemistry were made to enhance enzyme loading and 

consequently increase CO2 removal efficiency. A proportional increase between immobilized 

enzyme activity and percent enhancement of CO2 removal was demonstrated in PBS. Once fully 

optimized, the CO2 removal performance of the CA-HFMs was quantified in bovine blood under 

a CO2 mass transfer environment similar to those of commercially available oxygenators. 

Furthermore hemocompatibility of the CA-modified fibers was explored. To our knowledge, this 

A B 
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is the first report assessing the potential enhancement of CO2 removal from blood using CA-

immobilized HFMs. 

We hypothesized through immobilization of CA on HFMs, HCO3
- in the bulk fluid could 

be converted directly to gaseous dissolved CO2 at the membrane surface (Eq. 2), creating a gradient 

in which HCO3
- diffuses to the fiber surface. 

𝑪𝑪𝑪𝑪𝟐𝟐 + 𝑯𝑯𝟐𝟐𝑪𝑪
𝑪𝑪𝑪𝑪
⇔𝑯𝑯𝑪𝑪𝑪𝑪𝟑𝟑

− +  𝑯𝑯+  Equation 2.2 

Consequently, a “facilitated diffusion” of CO2 is created in the form of HCO3
- diffusion, increasing 

the rate of CO2 removal. Our results here demonstrate the viability of CA immobilized HFMs as a 

means of enhancing the CO2 removal capacity of commercially available oxygenators. The linear 

increase in �̇�𝑉𝐶𝐶𝐶𝐶2 with immobilized enzyme activity suggests even greater improvements in CO2 

removal performance could be realized through enhanced immobilization techniques. 

The CNBr activation of hydroxyl groups employed here was first described in 1967 by 

means of a basic pH where highly amine reactive cyanate ester and less reactive imidocarbonate 

functional groups were generated with limited efficiency [94].  While at the time popular, this 

technique also formed inert carbamates which only contaminated the surface. TEA has since 

emerged as a reaction catalyst to enhance the efficiency of CNBr activation chemistry at a neutral 

pH [95,96]. This works by the formation of N-cyanotriethylammonium (CTEA) boride, which by 

the von Braun reaction is unstable and will decay at temperatures above -100C [97]. We employed 

the CNBr/TEA method to increase the level of cyanate esters generated in our activation, as a 

means of increasing immobilized enzyme activity on the HFM surface. To avoid the decay of 

reactive groups, an ice bath of propanol and dry ice was used to maintain a reaction temperature 

of -15C. Subsequent reaction with CA under mild conditions yielded primarily N-substituted 
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imidocarbonate linkages between lysines and the fiber membrane [98,99]. In our previous study, 

an average 0.30 U enzyme activity, as determined by the esterase assay was observed. After 

employing the CNBr/TEA activation technique, an average of 0.99 U was observed, marking a 

330% increase in overall immobilized enzyme activity. When comparing the 0.99 U activity level 

to previous work [85], we cannot accurately predict the percent surface coverage based upon 

monolayer CA immobilization through the esterase activity assay without first determining the 

Km for the immobilized enzyme state.  Since enzyme attachment to cyanogen bromide-activated 

substrates is only stable in solution over a period of days to weeks [100], 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. This would also include study of enzyme loading 

versus enzyme activity, as a means to understand the efficiency of the various bioconjugation 

chemistries. 

This work demonstrated bioactive CA-HFMs are capable of accelerating CO2 removal 

efficiency by 36% from blood. While this level of CA enhancement does not afford low flow CO2 

removal devices capable of fully supporting adult resting metabolic CO2 production, it can 

potentiate more efficient and even smaller CO2 removal devices. Comparison of the mass transfer 

environment for the scaled-down control testing module with surface area (0.0084 m2) and CO2 

removal efficiency of 79 ml/min/m2, to the Novalung with surface area (1.3 m2) and a mean CO2 

removal rate of 119.3 ml/min, would yield a comparable 102.7 ml/min CO2 removal rate for the 

scaled-down module [101]. The equivalent CO2 removal rates between the Novalung and the 

scaled-down control testing module demonstrate the clinical relevance of the mass transfer 

environment for the scaled-down module in this work. By increasing the immobilized CA activity 
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upon HFMs a proportional enhancement in CO2 removal efficiency was observed (Figure 2.3). 

This behavior suggests continued optimization in CA immobilized activity could offer even greater 

increases in HFM CO2 removal efficiency. Based upon our previous study, immobilizing CA on 

the HFM has negligible effect on HFM permeance and therefore does not increase diffusional 

resistance of carbon dioxide [85]. Further work will assess strategies to improve CA 

immobilization activity with more efficient bioconjugation chemistries, spacer molecules [102], 

and site specific immobilization [103,104]. 

The percent enhancement in CO2 removal rate by 0.99U HFMs diverged from PBS to blood 

as a result of differences in mass transfer environment. Since CA-modified HFMs demonstrated 

improved thromboresistance, platelet deposition is not likely the cause. Instead, competition with 

native CA in blood may lower the impact of CA-modified HFMs. Our current gas exchange 

modules have relatively low CO2 mass transfer and removal rates (~100 mL/min/m2) which may 

diminish the impact of CA on CO2 removal.. 

Several types of biomolecules have been immobilized onto HFMs in an effort to improve 

their surface hemocompatibility, including chitosan, heparin and albumin. Liu et al. [105] and 

Sperling et al. [106] demonstrated that albumin-coated surfaces exhibited significant inhibition of 

platelet adhesion. The albumin mechanism acts similar to an inactive protein, lacking cell 

adhesion, but also occupying potential sites of protein deposition. A passivating protein layer 

might serve as an ideal non-thrombogenic surface if adhesive plasma proteins, such as fibrinogen, 

are minimally adsorbed. Several studies observed that reused hemodialyzers have better 

thromboresistance compared to new ones, due to such a bland protein layer acting to discourage 

thrombogenic activity [107]. In the present study, commercial PMP HFMs (Oxyplus) modified 

with CA reduced platelet adhesion by 95% (Figure 2.5 & Figure 2.6). As platelets may become 
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activated without adhering to the HFMs, previous work has demonstrated a reduction in activated 

platelets within the bulk phase of blood with CA-HFMs [108]. Our findings indicate that surface 

attached CA is associated with reduced acute platelet deposition, which may be caused by a similar 

effect related to albumin attachment. CA occupies deposition sites that otherwise might be bound 

with adhesive plasma proteins. However new work suggests CA may play a role in nitric oxide 

(NO) generation [109], which is a well-known inhibitor of platelet adhesion and activation on 

normal blood vessel walls [110]. 
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3.0  DEVELOPMENT OF PLASMA MODIFIED AND CARBONIC ANHYDRASE 

IMMOBILIZED HOLLOW FIBER MEMBRANES FOR ARTIFICIAL LUNG 

APPLICATIONS 

3.1 INTRODUCTION 

Extracorporeal CO2 removal (ECCO2R) devices provide breathing support independent of lung 

tissues, allowing the lungs to rest and recover during acute respiratory failure [3–9]. These devices 

are a viable alternative or adjuvant therapy to invasive mechanical ventilation, which can initiate 

and exacerbate lung injury, substantially contributing to patient mortality [2,9,47,111,112]. 

Sufficient CO2 removal from the blood is often a primary obstacle in the treatment of acute 

respiratory failure, rather than O2 delivery [3,113]. Current CO2 removal devices are limited in 

their efficiency, due to the small trans-membrane pressure gradient (50 mmHg), which can require 

blood flow rates of 1 L/min and surface areas greater than 1.8 m2 to extract a therapeutic 50% of 

metabolic CO2 production (100 mL/min) [3]. Advances in CO2 gas exchange membranes with 

sufficient clinical impact could afford devices with smaller surface areas and low blood flow rates 

(250 -500 mL/min), alleviating the need for invasive cannulation (≥ 20 Fr) which currently limits 

common practice [3,9].  

We recently demonstrated a bioactive HFM which chemically accelerates CO2 removal 

through the immobilized enzyme carbonic anhydrase (CA) [82,85,114]. Since more than 90% of 

blood CO2 is hydrated in the bicarbonate ion form (HCO3
-), endogenous CA within our red blood 

cells (RBCs) and endothelial lung tissue plays a critical role to facilitate CO2 removal during 

respiration, catalyzing the reversible dehydration of bicarbonate: CO2 + H2O 
CA
⇔ HCO3

- + H+. 
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HFMs used in ECCO2R devices cannot remove bicarbonate from the blood, consequently CO2 

removal rates are partly limited by endogenous bicarbonate to CO2 conversion. Previous work 

demonstrated covalent immobilization of CA onto poly (methyl pentene) (PMP) HFMs increases 

CO2 removal rates up to 95% in PBS and 36% in blood, compared to unmodified HFMs [82]. This 

proof of principle conjugation approach utilized oxygen plasma treatment and CNBr activation 

chemistry to form an isourea linkage that is labile and susceptible to leaching [100,115]. Compared 

to our current 30 – 40% increase in blood CO2 removal, we anticipate at least 100% increase will 

be necessary for next-generation minimally invasive devices. Development of stable covalent CA 

immobilization strategies were continued with amine functional groups on siloxane aminated 

polypropylene (PP) HFMs where amplification of HFM reactive amine binding groups through 

tethering of chitosan polymers was required to increase CO2 removal by 115% in PBS and 37% in 

blood [114]. Strategies which adequately functionalize PMP HFMs for covalent CA 

immobilization will be important steps towards creating stable CA coatings capable of improving 

CO2 removal efficiency. 

Due to the inert nature of most commercial polymers, plasma polymerization is a widely 

used surface modification technology, enabling modification of polymer surface properties for the 

biomaterial field [116–118]. Amine polymer films are among the most chemically reactive and 

demonstrated strong adherence and stability on a variety of surfaces [119,120]. While original 

plasma polymerization focused on highly cross-linked films with minimal intact primary amines, 

the advent of pulsed plasma polymerization has afforded depositions with controllable, stable and 

reactive primary amines [121,122]. Previous work by our group demonstrated HFMs with thin 

films can adversely impact gas permeance and limit CO2 removal efficiency [123]. Additionally 

an overabundance of surface functional group density can instigate multi-point attachment of 
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enzymes, promoting steric hindrance and limiting protein activity [115]. Plasma deposition on 

HFMs must balance surface functional group density with membrane permeance. 

An effective carbonic anhydrase coating for HFMs should immobilize a sufficient number 

of CA molecules to maximize CO2 removal rate and sustains catalytic activity of the immobilized 

CA. Binding of proteins to polymer surfaces through adsorption or covalent attachment can lead 

to their partial or complete denaturation, rendering them inactive [124–126]. Tethering of proteins 

to a surface via a spacer molecules such as polyethylene glycol (PEG) is well established promote 

protein mobility and activity [125,127–129]. Additionally, multifunctional polymer molecules 

such as chitosan can amplify the density of reactive functional groups and shield proteins from 

hydrophobic surface interactions that can initiate surface induced enzyme denaturation 

[88,114,130,131]. These strategies have yet to be explored on PMP HFMs for CA immobilization.  

This present study sought to develop an optimal stable CA immobilization strategy for 

PMP HFMs. We hypothesized increasing amine density on HFMs would increase immobilized 

monolayer CA, and spacing CA from the surface would improve CA activity. The PECVD process 

parameters which maximize amine deposition were characterized through a design of experiments 

(DOE) approach to statistically model the effect of each parameter and their interactions within 

the PECVD process. Once optimized we varied HFM surface amine density for monolayer CA 

immobilization using short and long chain amine crosslinkers and then assessed the need for 

amplification of available binding groups through chitosan polymers. The impact of HFM surface 

amine density, crosslinker length and binding sight amplification on carbonic anhydrase 

immobilized HFM CO2 removal rates were evaluated. CA modified HFMs were fabricated into 

model gas exchange devices to characterize CO2 removal performance from PBS under a mass 

transfer environment similar to those of commercially available oxygenators. The results of this 
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study are an important addition to the development of a bioactive CA coating for PMP HFMs 

capable of accelerating CO2 removal from blood. 

3.2 METHODS 

3.2.1 Materials 

Allylamine, glutaraldehyde (GA), O,O′-Bis[2-(N-Succinimidyl-succinylamino)ethyl] 

polyethylene glycol (NHS-PEG-NHS) (MW = 3000 Da), chitosan (MW= 50-190kDa, based on 

viscosity), N,N′-disuccinimidyl carbonate (DSC), acetonitrile, dimethylformamide (DMF), glacial 

acetic acid and carbonic anhydrase II from bovine erythrocytes were purchased from Sigma-

Aldrich (St. Louis, MO). Commercial poly (methyl pentene) (PMP) hollow fiber membranes 

(HFMs) (OxyplusTM; OD: 380 µm, ID: 200 µm) were obtained from Membrana GmbH 

(Wuppertal, Germany). Sulfosuccinimidyl-4-0-(4,4′-dimethoxytrityl) butyrate (sulfo-SDTB) was 

purchased from Prochem, Inc. (Rockford, IL). All other reagents were purchased from Sigma-

Aldrich and were of analytical grade or purer. 

3.2.2 Design of Experiments Characterization of Allylamine PECVD 

PECVD process parameters were optimized for maximal amine deposition through a 25 fractional 

factorial design of experiments approach. Five process parameters consisting of allylamine 

monomer gas flow rate, final chamber pressure, generator power, generator duty cycle and 

generator frequency were chosen and set at a high or low value within the operational limits of the 
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PECVD system suggested by the manufacturer. Minitab (version 16.1.1) was used to design and 

analyze the trials summarized in Table 3.1. A total of 20 experimental runs were conducted, 

comprised of 16 combinations at the highs and lows of each process variable and 4 center points 

replicated to independently assess error within the process. After identification of the significant 

PECVD variables and interactions, optimization of the inputs was assessed by modifying the 

fractional factorial design into a central composite response surface design. An additional 13 trials, 

comprised of 10 axial points and 3 replicated center points were performed to model the nonlinear 

behavior of the system and predictively to optimize the input variables to maximize amine 

deposition rate Table 3.2. After performing the 13 additional trials, a regression model of the main 

effects, second order terms and interactions were assessed for statistical significance (P < 0.05). 

Terms which did not meet significance were removed one term at a time and a stepwise regression 

was performed to reduce all non-significant terms from the model.  The final model was used to 

predictively optimize process parameters which maximize amine deposition, which were then 

confirmed experimentally. All depositions were performed for 5 minutes during the DOE 

optimization. 
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Table 3.1 Experimental trials for 25 fractional factorial design of experiments. All depositions were 

performed for 5 minutes. 

Trial 
Pressure Flow Rate Duty Cycle Frequency Power 
[mTorr] [sccm] [%] [Hz] [Watts] 

1 300 60 10 150 150 
2 500 180 20 150 300 
3 400 120 15 100 225 
4 300 60 20 50 150 
5 500 180 10 50 300 
6 300 180 20 50 300 
7 400 120 15 100 225 
8 500 60 20 150 150 
9 300 180 10 150 300 

10 500 60 10 50 150 
11 300 60 20 150 300 
12 500 180 20 50 150 
13 400 120 15 100 225 
14 500 180 10 150 150 
15 300 60 10 50 300 
16 500 60 20 50 300 
17 300 180 10 50 150 
18 400 120 15 100 225 
19 500 60 10 150 300 
20 300 180 20 150 150 
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Table 3.2 Additional experimental trials for the central composite response surface design. 

Trial 
Pressure Flow Rate Duty Cycle Frequency Power 
[mTorr] [sccm] [%] [Hz] [Watts] 

21 300 120 15 100 225 
22 500 120 15 100 225 
23 400 60 15 100 225 
24 400 180 15 100 225 
25 400 120 15 100 150 
26 400 120 15 100 300 
27 400 120 10 100 225 
28 400 120 20 100 225 
29 400 120 15 50 225 
30 400 120 15 150 225 
31 400 120 15 100 225 
32 400 120 15 100 225 
33 400 120 15 100 225 

 

3.2.3 Plasma Enhanced Chemical Vapor Deposition onto HFMs 

Allylamine was polymerized onto unmodified PMP HFMs through plasma enhanced chemical 

vapor deposition (PECVD) with the PVA TePla Ion 40 system to create amine functional groups 

for covalent CA immobilization. PMP HFMs samples (114 fibers, 18cm, 238 cm2) were placed on 

the second shelf from the top. PECVD optimization through design of experiments was carried out 

first to identify process inputs which maximize amine deposition rate. The chamber was evacuated 

to a pressure of 50 mTorr and then allylamine was continuously introduced to the chamber through 

a mass flow controller at 60 - 180 mL/min for a final chamber pressure of 300 - 500 mTorr. Pulsed 

power was applied at 150 - 300 watts, with a 10 - 20% duty cycle and 50 - 150 Hz frequency. 

Treatment time was constant at 5 minutes. After DOE identification of optimal process inputs 

which maximize amine deposition rate were selected. Allylamine monomer flow rate was 180 

mL/min, final chamber pressure of 350 mTorr, pulsed power was applied at 300 watts, with a 20% 
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duty cycle and 150 Hz frequency. HFM coatings with varied amine density and permeance were 

then created by using the optimized PECVD process inputs while treatment time ranged from 2 - 

15 minutes. After deposition the samples were immediately rinsed with 100mM Phosphate Buffer 

(PB) at pH 8.5, 3 times for 15 minutes each. 

3.2.3.1 Quantification of HFM surface amine groups 

Amine functional group density for unmodified and PECVD allylamine treated HFMs was 

quantified using a colorimetric assay [114,132]. Briefly, 25mg sulfo-SDTB was dissolved in 2mL 

DMF and diluted to 1 mM sulfo-SDTB with 100 mM PB at pH 8.5. Aminated PMP (40 fibers, 18 

cm, 83.6 cm2 surface area) was folded into a 15 mL test tube and incubated under constant 

inversion by orbital mixer with 10 mL of 1 mM sulfo-SDTB for 30 minutes, covalently linking 

sulfo-SDTB colorimetric moiety to HFM amine groups. Unreacted sulfo-SDTB was removed with 

three 20 minute rinses under constant inversion by orbital mixer, twice with 1 M NaCl + 0.5 % 

Tween-20 in DI water and once with pure DI water. The bound sulfo-SDTB colorimetric moiety 

was cleaved with 10 mL of a 35% perchloric acid under constant inversion by orbital mixer for 10 

minutes, and was quantified in the supernatant at 498 nm with a UV–Vis spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA). 

3.2.3.2 XPS Analysis of HFM 

Unmodified and PECVD allylamine modified (5 minute treatment) HFM samples surface 

chemistry were characterized using XPS. Fibers were analyzed using a Surface Science 

Instruments S-probe spectrometer at the University of Washington National ESCA and Surface 

Analysis Center for Biomedical Problems (Seattle, WA). Three 800 μm spots were analyzed for 

each sample, using 150 eV pass energy and take off angle of 55°. Service Physics ESCA2000A 
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Analysis Software was used to determine peak areas and to calculate elemental compositions from 

peak areas above a linear background. 

3.2.3.3 HFM CO2 Gas Permeance 

Gas permeance of HFMs was measured using the method of Eash et al [123]. Briefly, an individual 

fiber membrane was placed in nylon tubing, with the fiber end at the tubing inlet sealed with glue. 

CO2 flowed from a tank through a pressure regulator, into the nylon tubing, through the fiber 

membrane, and out the lumen to a bubble flow meter (Supelco, Bellefonte, PA). 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 was employed to record 

the flow of gas at the outlet. All measurements were conducted at room temperature. Gas 

permeance was calculated as a function of the measured differential pressure (ΔP in cmHg) and 

gas flow rate (Q in mL/s) as well as the theoretical surface area of exposed membrane (S in cm2): 

K = Q / (S × ΔP). 

3.2.4 Carbonic Anhydrase Immobilization onto HFMs 

Covalent CA immobilization onto HFMs was optimized through conjugation strategies employing 

DSC, GA, PEG and chitosan with GA. Aminated HFMs (238 cm2 surface area) were folded into a 

60 mL test tube and incubated under constant inversion by orbital mixer with 40mL of DSC cross-

linker (5 mM in acetonitrile) or GA cross-linker (5% (v/v) in 100mM PB at pH 8.5) for 1 hour at 

25oC. Subsequently the fibers were rinsed with pure acetonitrile (after DSC conjugation) or 

100mM PB at pH 8.5 (after GA conjugation), 3 times for 10 minutes each under constant inversion 

by orbital mixer to remove residual unreacted cross-linker. Bovine CA II was immobilized to the 
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HFMs by incubating 40mL of 1mg/mL in 100 mM PB at pH 8.5 for 15 hours at 25oC under 

constant inversion by orbital mixer, for a monolayer immobilization. Any non-covalently bound 

CA was removed through 3, 15 minute PB wash sessions. Immobilizing CA by physical adsorption 

yielded fibers with no detectable activity after 3+ rinses (data not shown). PEG-NHS crosslinkers 

were employed as spacer molecules under the same methods of DSC crosslinkers.  

Chitosan spacers were employed with GA crosslinkers for amplification of amine binding 

sites  [114]. Aminated HFMs were incubated under constant inversion by orbital mixer with 40mL 

of 5% GA in 100mM PB at pH 8.5 for 1 hour at 25oC. Fibers were subsequently rinsed with 

100mM PB at pH 8.5, 3 times for 10 minutes each, to remove residual unreacted GA. Chitosan 

was immobilized by reacting HFMs with 40mL of 1% (w/v) chitosan suspended in 1% (v/v) acetic 

acid in DI water for 1 hour at 25oC under constant mixing, and rinsed with PB as previously 

described. A second GA incubation and rinse was performed again to activate chitosan amine 

groups for enzyme immobilization. Finally bovine CA II was immobilized to the HFMs by 

incubating 40mL of 1mg/mL in 100mM PB at pH 8.5 for 15 hours under constant inversion by 

orbital mixer. HFM amine density was 3 – 18.5 nmol/cm2 for immobilization with DSC and GA 

crosslinkers, and 6.5 nmol/cm2 for PEG and chitosan strategies. 

3.2.5 Total Immobilized Protein µBCA Assay 

CA-HFMs with 6.5 nmol/cm2 amine density were assessed for total immobilized protein with the 

Pierce Micro BCA Protein Assay Kit (Rockford, IL). The method utilizes bicinchoninic acid 

(BCA) as the detection reagent for Cu+1, which is formed when Cu+2 is reduced by protein in an 

alkaline environment. CA-HFMs (107.8 cm2) were cut into 1-2 mm segments and placed in 50 

mM PB pH 8.5 and mixed 1:1 with BCA assay buffer, incubated at 60oC for 60 minutes, and 
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measured spectrophotometrically at 562 nm. Absorbance signal of aminated-HFMs was subtracted 

from the CA protein measurements reported. 

3.2.6 SEM Imaging of HFMs 

Unmodified and CA immobilized HFMs were imaged by SEM (JSM-6330F, JEOL, Peabody, MA) 

to characterize the surface of the fiber membranes. Prior to analysis, the specimens were coated 

with a conductive 3.5 nm gold–palladium composite layer using a sputter coater (Auto 108, 

Cressington, Watford, UK). 

3.2.7 In-vitro CO2 Removal in a Model Oxygenator 

A scaled-down gas exchange module was fabricated by inserting HFMs (114 fibers, 18 cm, 0.0238 

m2) into a 1/4 in. ID polycarbonate-tubing (McMaster Carr, Elmhurst, IL) to which single luer 

locks were UV-glued 0.75 in. from each end in opposing directions. Both ends of the HFMs were 

secured to the tubing using a 5 minute epoxy adhesive (Devcon, Danvers, MA) and then trimmed 

to the length of the module to expose the HFM lumens, yielding 11 cm of HFM uncovered within 

the module for a total active surface area of 0.0151 m2.  

In vitro gas exchange was performed as previously detailed by our group [114]. Briefly, 

model oxygenator CO2 removal rate was examined under steady fluid and sweep gas flow. A 

phosphate buffered saline (PBS) solution flowed from a reservoir, through a peristaltic pump, into 

a Medtronic Minimax Plus Pediatric Oxygenator (Minneapolis, MN) to balance the fluid gasses, 

then to the model oxygenator testing module and finally back to the reservoir. PBS solution was 

created with physiologic pH, Na+ ionic strength and PCO2 by diluting PBS to 0.78X with 
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deionized water and then adding 30mMoles sodium hydroxide. The basic PBS solution was 

introduced to the gas exchange loop and upon solvation of CO2 gas, carbonic acid is formed, 

decreasing PBS pH back to physiologic 7.4 and increasing PCO2 to 50mmHg. The pCO2 at the 

model oxygenator inlet was measured with a RAPIDLAB 248 Blood-Gas analyzer (Siemens, 

Deerfield, IL). Pure oxygen sweep gas was pulled by vacuum and regulated with a GR Series mass 

flow controller (Fathom Technologies, Georgetown, TX) through the model oxygenator HFM 

lumens, moisture trap condenser and finally into an infrared CO2 analyzer (WMA-4 CO2 Analyzer 

,PP Systems, Amesbury, MA). For all experiments, the system was maintained at 37°C, ~50mmHg 

pCO2, and liquid flow rate was 115 mL/min, unless otherwise indicated.  In order to compare gas 

exchange modules with different CO2 removal efficiencies, the sweep gas flow rate was adjusted 

to maintain a constant CO2 concentration in the sweep gas exiting the model oxygenator at 

approximately 3000 ppm. This approach reduced buildup of CO2 within the HFM sweep gas 

exiting the device which adversely affects trans-HFM CO2 partial pressure gradient [114]. Under 

these conditions the HFM CO2 removal efficiency (ml/min/m2) matches commercially available 

devices. The rate of CO2 removal (�̇�𝑉𝐶𝐶𝐶𝐶2) for each model oxygenator device was calculated using 

the sweep gas flow rate (𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑂𝑂𝑆𝑆 ) and CO2 fraction (𝐹𝐹𝐶𝐶𝑂𝑂2) exiting the scaled-down gas exchange 

module and then normalized to 50mmHg to correct for small deviations in the inlet PCO2: �̇�𝑉𝐶𝐶𝐶𝐶2 =

 𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑂𝑂𝑆𝑆𝐹𝐹𝐶𝐶𝑂𝑂2
50

𝑆𝑆𝐶𝐶𝑂𝑂2
. For each device the fluid inlet / outlet PCO2 and resulting FCO2 were measured in 

triplicate. The �̇�𝑉𝐶𝐶𝐶𝐶2 for each model gas exchange device is reported as an average of these 

measurements. 
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3.2.8 Statistical Analyses 

All data beyond the design of experiments analysis are presented as a mean with standard 

deviation. Statistical significance between more than two sample groups was determined using 

ANOVA followed by post hoc Tukey testing of specific differences. All other data was compared 

using a Student’s t-test assuming equal sample variance. Differences were considered statistically 

significant for P < 0.05. 

3.3 RESULTS 

3.3.1 Optimization of PECVD Process for Amine Deposition 

PECVD process parameters were characterized for their impact on HFM amine density. Five 

process parameters consisting of allylamine monomer gas flow rate, final chamber pressure, 

generator power, generator duty cycle and generator frequency were tested at combinations of 

high, low and center point settings as described in Table 3.1. Minitab (version 16.1.1) was used to 

calculate the main effect of each process variable, their interactions, along with the standard errors 

and P-values. Mean amine density ranged from 1.8 to 3.8 nmol/cm2 for the corner points, and was 

4.0 nmol/cm2 for the center points. The PECVD power, pressure, duty cycle and flow rate were 

found to have statistically significant effects on HFM amine density (P < 0.05). High chamber 

pressure conditions (500mTorr) decreased amine density, while high power (300 watts), high flow 

rate (180 sccm) and high duty cycle (20%) increased amine density (Figure 3.1). Frequency was 

not found to have a statistically significant effect on amine density within the tested range (P > 
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0.50). The center point of each process variable plotted in Figure 3.1 resulted in the greatest HFM 

amine density, indicating the strong nonlinear relationship between each process input and HFM 

amine density (P <  0.05). 
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Figure 3.1. Main effects plot for amine density by pressure, flow rate, power, duty cycle and frequency.  

 

A central composite design was required to obtain the second order nonlinear response 

surface and predictively optimize input variables which maximize HFM amine deposition. In 

addition to the process variables previously found to be significant, second order terms and 

interactions of power2, pressure2, pressure*power, pressure*duty cycle and power*frequency 

reached statistical significance (P < 0.05) (Figure 3.2). The R2 value demonstrates the final reduced 

model fits the data well and describes 97.4% of the variation in HFM amine density. The model 

was checked to ensure residuals are normally distributed, have constant variance, and are 
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independent of trends or patterns (Figure 3.3). The fractional factorial design experimentally 

demonstrated a maximum amine density of 4.0 nmol/cm2 could be achieved with a deposition at 

the central point of each process parameter (Figure 3.1). The central composite regression model 

predicted an optimal amine density of 5.6 nmol/cm2 was attainable with the following process 

parameter settings: allylamine monomer flow of 180 mL/min, final chamber pressure of 350 

mTorr, pulsed power applied at 300 watts, with a 20% duty cycle and 150 Hz frequency. 

Experimental test of the optimal process settings confirmed predicted amine density, yielding 

HFMs with an amine density of 5.7 ± 0.1 nmol/cm2 (N=3).  
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Figure 3.2. Response surface regression analysis of the reduced model.  
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Figure 3.3. Residual plots for central composite surface regression.  

3.3.2 Characterization of PECVD on HFM Amine Density and Permeance 

Aminated-HFMs were characterized for their amine density after PECVD allylamine 

treatments from 0 to 15 minutes. Amine group density increased from 0 nmol/cm2 for unmodified 

fibers to 3.0, 6.5, 14.6 and 18.5 nmol/cm2 for PMP HFMs after PECVD deposition times of 2, 5, 

10 and 15 minutes. Secondary confirmation of allylamine HFM surface modification was observed 

through XPS chemical surface analysis (Table 3.3). Unmodified HFMs predominantly contained 

carbon (93.6%) and oxygen (6.4%). After 5 minutes of plasma treatment, aminated-HFMs 

demonstrated reduced carbon contend (69.9%), and increased nitrogen content (11.0%), due to 

allylamine deposition. These findings demonstrate PECVD treatment introduces allylamine to the 
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HFM surface, and affords control of functional amine density from 3.0 – 18.5 nmol/cm2 by varying 

plasma treatment times. 

 

 

Table 3.3. XPS elemental analysis for unmodified and allylamine HFMs. 

XPS C 1s N 1s O 1s F 1s Si 2p 
Unmodified HFM 93.6 ± 0.5 - 6.4 ± 0.5 - - 
Allylamine HFM 69.9 ± 0.1 11.0 ± 0.1 13.4 ± 0.2 3.3 ± 0.7 2.4 ± 0.5 

 

Aminated-HFMs were characterized for their permeance after PECVD allylamine 

treatments from 0 to 15 minutes. The CO2 permeance decreased from 1.35E-3 (mL/s.cm2.cmHg) 

for unmodified HFMs to 1.06E-3, 6.97E-4, 2.26E-4 and 6.36E-5 mL/s.cm2.cmHg for PMP HFMs, 

after PECVD deposition times of 2, 5, 10 and 15 minutes. The time varying decrease in permeance 

is consistent with a time varying increase in amine density. Increasing PECVD treatment time 

decreases HFM permeance, while increasing functional amine density (Figure 3.4) 
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Figure 3.4. HFM permeance is inversely related with HFM functional amine density. 

3.3.3 Effect of Aminated-HFM Permeance on CO2 Removal 

In-vitro CO2 gas exchange was assessed on unmodified and aminated HFMs by varying fluid flow 

rates from 115 to 800 mL/min. We observed an increase in CO2 removal rate from 108 to 311 

mL/min/m2 for unmodified HFMs, indicative of a reduction in liquid boundary layer diffusive 

resistance with increasing flow rate. Aminated fibers with the lowest permeance (15 minute plasma 

treatment) at 6.36E-5 mL/s.cm2.cmHg demonstrated no statistical difference in CO2 removal rate 

compared to unmodified HFMs (P < 0.01), for all fluid flow rates (Figure 3.2). The decrease in 

HFM permeance measurements as a result of allylamine deposition does not have a detrimental 

impact on HFM CO2 removal under clinically relevant rates. 
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Figure 3.5. CO2 removal rate for allylamine coated HFM does not differ from unmodified HFM. 

3.3.4 CA Immobilization Strategy on CO2 Removal 

HFM amine density, crosslinker length, and chitosan polymers were examined to optimize 

immobilized CA activity. By varying amine density from 3.0 – 18.5 nmol/cm2 we observed an 

increase in CO2 removal by CA-HFMs as compared to unmodified HFMs (Figure 3.3). Using zero 

length DSC crosslinker, increasing amine density demonstrated parabolic increase in CO2 removal, 

with a maximum 31% increase (159 mL/min/m2) at amine density 14.6 nmol/cm2, compared to 

121 mL/min/m2 for unmodified HFMs. Similar behavior was observed employing GA crosslinker, 

with a maximum 36% increase (167 mL/min/m2) with amine density 14.6 nmol/cm2. For both GA 

and DSC crosslinkers, there was no statistical difference in CO2 removal rate with amine density 

at 6.5 or 14.6 nmol/cm2. Increasing amine density to 18.5 nmol/cm2 had a detrimental effect on 
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CA-HFM CO2 removal rate. These observations indicate monolayer CA immobilization with short 

chain DSC and GA crosslinkers increases CO2 removal rate by up to 36%, and HFM amination 

beyond 6.5 nmol/cm2 does not significantly improve CA-HFM CO2 removal activity.  

 

Figure 3.6. Amine density versus CO2 removal rate for monolayer immobilization with GA or DSC 

crosslinkers. 

 

PEG-NHS was employed to investigate the effect of spacing immobilized CA from the 

HFM surface. Using aminated-HFMs at 6.5 nmol/cm2, PEG-NHS crosslinker increased CO2 

removal rate by 13% (142 mL/min/m2), compared to unmodified HFMs (Figure 3.4). PEG spacing 

does not improve CA-HFM CO2 removal rate over short chain DSC or GA crosslinkers. Chitosan 

polymers were employed to investigate the effect of binding site amplification. Immobilized CA 
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through chitosan polymers with GA crosslinkers on aminated-HFMs at 6.5 nmol/cm2, increased 

CO2 removal rate by 62% (204 mL/min/m2) compared to unmodified HFMs (Figure 3.4). Chitosan 

spacers offer the highest performance of all bioconjugation techniques employed in this study. 

 

 

Figure 3.7. CO2 removal rate for various CA immobilization strategies, monolayer-GA, monolayer-

PEG, and chitosan amplification. 

3.3.5 CA Immobilization Strategy on Enzyme Loading 

Total immobilized CA protein was quantified using the µBCA assay on fibers with 6.5 nmol/cm2 

amine density. The chitosan immobilization strategy increased CA loading onto HFMs by 561% 

compared to monolayer immobilization with GA crosslinkers, with 3.10 µg/cm2 and 0.47 µg/cm2 
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respectively (Figure 3.5). Chitosan polymers amplified the available binding groups for CA, 

increasing the immobilized protein density. 

 

 

 

Figure 3.8. Total protein assay for GA monolayer and chitosan immobilization strategies. 
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3.3.6 SEM Analysis of Chitosan CA-HFMs 

SEM images illustrated in Figure 3.6 show the fiber surface before and after chitosan-CA 

immobilization. In the unmodified HFM sample, the surface appears clean with marks from the 

manufacturing process. After chitosan-CA immobilization, small aggregates are observed 

throughout the fiber surface. The coating appears to be comprised of local deposits of chitosan and 

CA, rather than a continuous coating evenly dispersed on the membrane. 

 

 

 

Figure 3.9. SEM of (A) Unmodified PMP and (b) Chitosan-CA PMP HFMs. 

 

  

A B 
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3.4 DISCUSSION 

The goal of this study was to develop a stable CA conjugation strategy for PMP HFMs which 

maximizes CO2 removal efficiency. Previous work by our group demonstrated the efficacy of a 

CA coating for PMP HFMs with oxygen plasma surface modification and CNBr based chemical 

attachment, resulting in a CA coating susceptible to leaching due to an isourea linkage [100,115]. 

In this work we optimize a stable immobilization strategy for PMP HFMs using amine based 

conjugation chemistries and interrogate surface amine group density (with PECVD design of 

experiments), crosslinker length (with DSC, GA and NHS-PEG) and necessity of binding site 

amplification (with chitosan). Our results indicate PMP amination beyond 6.5 nmol/cm2 did not 

improve immobilized CA HFM CO2 removal activity, and while PEG spacing was ineffective, 

chitosan polymers amplified the available binding groups for CA, increasing the immobilized 

protein density and HFM CO2 removal by up to 62%.  

A carbonic anhydrase coating for gas permeable membranes should aim to maximize 

immobilized enzyme activity with a stable conjugation chemistry. The immobilization strategy in 

our previous work was only stable in solution over a period of days, limiting the practical clinical 

utility of the coating [100]. Kimmel et al. developed a stable amine based conjugation strategy to 

immobilize CA onto aminated polypropylene (PP) HFMs through glutaraldehyde crosslinkers, and 

found the use of polymeric chitosan was necessary to amplify surface amine groups for CA 

attachment [114]. We employed PECVD to precisely and repeatable aminate the surface of 

chemically inert PMP HFMs through the polymerization of allylamine. While PECVD has gained 

traction in the device world for its uniform coatings, many studies have focused on one or a few 

process conditions at a time, ultimately failing to provide a comprehensive description of the 

process [133–138]. Through a design of experiments approach we modeled the significance of 
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each process variable, second order nonlinear behavior and resolved interactions between process 

variables to describe their impact on HFM amine density. Compared with the amine density of 

chitosan coated PP HFMs (3.3 nmol/cm2), allylamine PECVD enabled amination of PMP HFMs 

with an amine density ranging from 3.0 to 18.5 nmol/cm2, as measured by the sulfo-STDB amine 

assay. Monolayer CA immobilization onto PECVD aminated PMP HFMs with GA crosslinkers 

increased CO2 removal rate by up to 36%, an improvement over the negligible monolayer activity 

observed prior studies with PP HFMs, suggesting the efficacy in this allylamine amination 

approach [114]. In comparison to the previously reported 115% increase in CO2 removal with CA 

immobilized onto chitosan PP HFMs, allylamine aminated PMP HFMs with a similar 3.0 

nmol/cm2 increased CO2 removal by 26%, and when employing chitosan improved to 62%. The 

hydroxyl plasma surface modification in prior work increased CO2 removal by up to 95%, an 

improvement not yet replicated by monolayer conjugation to aminated surfaces, signifying 

aminated surfaces may impact immobilized enzyme efficiency [82]. These results in whole suggest 

beyond amine amplification, the hydrophilic properties of a chitosan or hydroxyl modified surface 

may have also provided a more favorable microenvironment for stable CA enzymatic function. 

The use of PEG in this application was not effective towards increasing immobilized CA activity, 

likely due to use of a homobifunctinoal crosslinker which has the capacity to conjugate both ends 

to the support, limiting the available binding sites for CA [127]. The benefits of hydrophilic 

surfaces for immobilized proteins are documented in the literature, and considering the catalytic 

mechanism of CA is dependent upon available water, further investigation into the specific impact 

of hydrophilic environments is warranted [139–141].  

The impact of allylamine deposition on PMP HFM permeance was assessed. Coatings for 

gas permeable membranes should balance loading of CA and membrane gas permeance. Although 
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allylamine decreased HFM permeance with increasing treatment time, aminated fibers with the 

lowest permeance (15 minute plasma treatment) at 6.36E-5 mL/s.cm2.cmHg demonstrated no 

statistical difference in CO2 removal rate compared to unmodified HFMs (Figure 3.2). In contrast, 

previous work with chitosan coated PP HFMs was measured with a permeance an order of 

magnitude greater at 8.4E-4 mL/s.cm2.cmHg, and observed decreases in CO2 removal compared 

to control fibers [114]. Overall mass transport in the system is governed by the individual 

resistances of each process in series. Previous work demonstrated the rate limiting step in CO2 

removal for unmodified HFMs is diffusion of CO2 through the liquid-side diffusional boundary 

layer, not diffusion through the HFM itself  [1,123,142]. Additionally, increasing the blood flow 

rate past the fiber surface decreases the boundary layer thickness, favorably varying gas exchange 

permeance as the square root of flow velocity, as demonstrated in Figure 3.5. Surprisingly 

allylamine deposition did not impact HFM CO2 removal (at clinically relevant rates), even with a 

permeance measured 92% less than the previously reported chitosan PP HFMs. The disconnect in 

gas-gas permeance versus liquid CO2 removal may be attributed to the porous nature of allylamine 

when hydrated, which may improve the observed permeability of in an aqueous environment 

[133,143]. Additionally,  we measured CA monolayer loading at 0.47 mg/cm2, nearly 1.9x the 

theoretical mass for a monolayer coverage of CA [144]. The observed CA loading beyond 

monolayer coating may further suggest an irregular and porous allylamine network for CA to bind.  

Development of improved and more efficient respiratory assist devices will enable next 

generation, minimally invasive extracorporeal support of failing lungs at low blood flows. 

Carbonic anhydrase immobilized on HFMs is a novel approach to increase CO2 removal rates, but 

the factors limiting the enhancement of CO2 removal by CA-HFMs are not well understood. We 

optimized an approach to amplify CA loading onto PMP HFMs with chitosan and GA crosslinkers, 
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with a maximum 62% increase in CO2 removal. We expect this level of enhancement to be less 

when tested in blood. The difference in CA HFM catalyzed CO2 removal between PBS and blood 

is not well understood. Compared to our current 30 – 40% increase in blood CO2 removal, we 

anticipate at least 100% increase will be necessary for the development of next-generation 

minimally invasive devices. Future work will examine the kinetics of CO2 transport within CA-

modified gas exchange devices in PBS and blood, to elucidate strategies for further improving 

blood CO2 removal using CA-HFM devices. 
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4.0  KINETICS OF CO2 EXCHANGE WITH CARBONIC ANHYDRASE 

IMMOBILIZED ON FIBER MEMBRANES IN ARTIFICIAL LUNGS 

The following chapter presents work peer-reviewed and published as the Editor’s 

Choice Article in the Journal of Materials Science: Materials in Medicine without 

modification [145]: Arazawa DT, Kimmel JD, Federspiel WJ. Kinetics of CO2 

exchange with carbonic anhydrase immobilized on fiber membranes in artificial 

lungs. J Mater Sci Mater Med 2015;26. Editorial commentary published with the 

article and abstract follows: 

 

“Acute Respiratory Failure: Design Innovations in Respiratory Assist Devices” 

by Gabriela Voskerician, PhD 

 

“Patients admitted to the Intensive Care Unit (ICU) with acute respiratory failure require the use 

of a respiratory assist device. The primary specification of such a device is its extracorporeal 

blood flow rate of ~1 L/min. This flow rate is needed to extract 50% of the metabolic CO2 

production (~100 mL/min), which is accepted as a physiological requirement for survival. 

Immediate treatment is dependent on the availability of a trained surgeon responsible for inserting 

the assist device access cannula. Dr. Federspiel and his colleagues at the McGowan Institute of 

Regenerative Medicine and the University of Pittsburgh Medical Center intend to overcome this 

limitation in the immediate application of assist devices for patients with acute respiratory failure. 

Their article can be found at http://link.springer.com/article/10.1007/s10856-015-5525-0.  
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The group proposes that accelerating the CO2 extraction per unit of blood passing through 

the assist device would allow for a reduction in the flow rate. In turn, this method would enable 

the use of a smaller gauge cannula, easily inserted, without the support of a trained surgeon. 

Current technologies rely on large gauge cannulae (>15 Fr) and large exchange surface area (> 

1.3 m2). Some technologies have taken steps to lower the flow rate, but maintaining a clinically 

therapeutic CO2 removal rate remains a challenge. Dr. Federspiel and his colleagues derive their 

solution from the fundamental chemical mechanism of physiologic CO2 removal: CO2 + H2O ⇔ 

HCO3
-+H+, reaction catalyzed physiologically by carbonic anhydrase (CA). This is attractive 

because most of the CO2 in blood is carried as bicarbonate ion (HCO3
-).  

The group tested the performance of immobilized calcium anhydrase (CA) on the surface 

of the gas exchange membranes in accelerating the CO2 removal rate. The expected finding of the 

study validated CA’s role in enhancing CO2 removal. The unexpected finding, however, showed 

that the immobilized CA was adversely affected as the blood flow rate increased. Using these 

experimental outcomes, the most efficient CA immobilization density to CO2 removal ratio was 

determined. An additional design parameter considered by Dr. Federspiel and his colleagues for 

improving CO2 removal targeted the effective role of dilute sulfur dioxide in the oxygen sweep gas 

for increasing CO2 removal, especially in the presence of immobilized CA.  

In this work, Dr. Federspiel and his colleagues demonstrated the power of understanding 

the problem before designing a solution. Intervening at the right step of the process, and evaluating 

the results of a well-designed experiment, settles (for now) the importance of chemical 

manipulation to effectively improve CO2 exchange.  

While analyzing the experimental design, I became interested in learning more about the 

potential of platelet adhesion and/or damage at the exchange surface. Such a phenomenon would 
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certainly cascade into the formation of a thrombus, thereby limiting the efficiency of CO2 removal. 

Dr. Federspiel kindly elaborated on some of the previous findings published by the group that 

compared CA coating to predicate exchange surfaces in their response to platelet adhesion. CA 

coating demonstrated “a significant reduction in both platelet deposition and activation compared 

with all other fiber types”. While the exact mechanism of action had not been elucidated, Dr. 

Federspiel suggested that “the hydrophilic chitosan coating in conjunction with the bound enzyme 

molecule [CA] may help prevent initial protein adsorption on the fiber surface, a known initiator 

of platelet adhesion and activation”.  

Considering the significant clinical impact of redesigning such an assist device, it was 

important to further clarify the validity of the outcomes outside the experimental setting of this 

work. Specifically, I wondered how the recirculating test loop reflected the reality of CO2 removal 

in the case of a patient. The group explained that the recirculating test loop recreated a 

physiologically relevant environment on two levels: blood parameters and mass transfer 

characteristics. The experimental design ensured that the temperature, pH, partial pressure of 

CO2 were all controlled to replicate the in-situ environment. A tight control over the blood 

solutions guaranteed that they were maintained at the appropriate glucose concentration; while 

the circulating hematocrits were examined before and after testing. To manage a relevant 

comparison, the authors matched the mass transfer coefficient to that of commercial oxygenators. 

With any experimental design, there were study limitations. Dr. Federspiel believes that while the 

CA coating performance was demonstrated at prototype level, additional evaluations must be 

performed to validate its efficacy in clinically sized oxygenators. Further, the sweep gas flow rate 

(diluted acidic gas discussed above) was regulated to meet the needs of the prototype oxygenator. 
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The working sweep gas flow rate, however, might have to be adjusted to ensure effective 

performance when used with real-life clinical oxygenators.  

This work highlights two fundamental components of medical device development: (a) 

understand the problem, and (b) understand the experimental design limitations. I would like to 

thank Dr. Federspiel and his colleagues for kindly agreeing to offer their team’s findings beyond 

the confines of the published scientific work.  

To our readers: I am looking forward to your comments that can be sent to 

gabriela.voskerician@case.edu using the heading “Editors’ Choice”. We hope to develop this 

feature into a dynamic forum think-tank.” 

4.1 SUMMARY 

Artificial lung devices comprised of hollow fiber membranes (HFMs) coated with the enzyme 

carbonic anhydrase (CA), accelerate removal of carbon dioxide (CO2) from blood for the treatment 

of acute respiratory failure. While previous work demonstrated CA coatings increase HFM CO2 

removal by 115% in phosphate buffered saline (PBS), testing in blood revealed a 36% increase 

compared to unmodified HFMs. In this work, we sought to characterize the CO2 mass transport 

processes within these biocatalytic devices which impede CA coating efficacy and develop 

approaches towards improving bioactive HFM efficiency. Aminated HFMs were sequentially 

reacted with glutaraldehyde (GA), chitosan, GA and afterwards incubated with a CA solution, 

covalently linking CA to the surface. Bioactive CA-HFMs were potted in model gas exchange 

devices (0.0119m2) and tested for esterase activity and CO2 removal under various flow rates with 

PBS, whole blood, and solutions containing individual blood components (plasma albumin, red 
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blood cells or free carbonic anhydrase). Results demonstrated that increasing the immobilized 

enzyme activity did not significantly impact CO2 removal rate, as the diffusional resistance from 

the liquid boundary layer is the primary impediment to CO2 transport by both unmodified and 

bioactive HFMs under clinically relevant conditions. Furthermore, endogenous CA within red 

blood cells competes with HFM immobilized CA to increase CO2 removal. Based on our findings, 

we propose a bicarbonate/CO2 disequilibrium hypothesis to describe performance of CA-modified 

devices in both buffer and blood. Improvement in CO2 removal rates using CA-modified devices 

in blood may be realized by maximizing bicarbonate/CO2 disequilibrium at the fiber surface via 

strategies such as blood acidification and active mixing within the device. 

4.2 INTRODUCTION 

Removal of CO2 from circulating blood using extracorporeal gas exchange devices is a promising 

treatment for acute respiratory failure [3–9]. Current respiratory assist devices used for 

extracorporeal carbon dioxide removal (ECCO2R) can require blood flow rates in excess of 1 

L/min to extract a clinically therapeutic 50% of metabolic CO2 production (~100 mL/min), 

necessitating larger cannula inserted by surgeons, rather than the intensivists typically treating 

these patients. This has been one reason ECCO2R has seen limited widespread use in ICUs [3,9]. 

New technologies that facilitate accelerated CO2 removal may lead to the development of smaller, 

more efficient respiratory assist devices that can be implemented by intensivists and other 

nonsurgical clinicians. We recently developed strategies to covalently immobilize the enzyme 

carbonic anhydrase (CA) to the surface of hollow fiber membranes (HFMs), as a means to increase 

CO2 removal efficiency in respiratory assist devices. CA plays a critical role in blood carbon 
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dioxide transport by catalyzing the reaction CO2 + H2O 
CA
⇔ HCO3

- + H+. Most of blood CO2 (>90%) 

is carried as bicarbonate (HCO3
-), which is dehydrated during respiration to gaseous CO2 by CA 

within red blood cells (RBCs). Immobilizing CA on the surface of HFMs locally catalyzes 

dehydration of HCO3
- to CO2, increasing the CO2 partial pressure (PCO2) at the fiber surface and 

increasing CO2 flux through the membrane. Previous studies demonstrated bioactive CA-HFMs 

increase CO2 removal by 115% in phosphate buffered saline (PBS) and 37% in blood, compared 

to unmodified fibers[82,114]. 

The difference in CA-HFM catalyzed CO2 removal between PBS and blood is not well 

understood. Compared to our current 30 – 40% increase in blood CO2 removal, we anticipate at 

least 100% increase will be necessary for the development of next-generation minimally invasive 

devices. Since both fluid systems operate under the same PCO2 of 50 mmHg, other predominant 

blood factors, such as RBCs or plasma proteins, must limit the CA coating performance in whole 

blood. The presence of endogenous CA within RBCs may compete with immobilized CA, 

reducing the coating efficacy [61]. Additionally, adsorption of plasma proteins and platelets are 

well known contributors to thrombus formation on the surfaces of polymeric materials, decreasing 

transport across the fibers and performance of respiratory assist devices [90]. Our use of 

immobilized CA on the surface of blood contacting gas exchange membranes is a new 

development in the field. Examining the kinetics of CO2 transport within CA-modified gas 

exchange devices in both PBS and blood is an important step towards elucidating strategies for 

improved CO2 removal efficiency. 

In this study we examined the mass transport phenomena governing CO2 removal using 

bioactive CA-HFMs in gas exchange modules. The roles of immobilized CA activity, liquid flow 

rate and blood cells and proteins were clarified. Using either high activity human or low activity 
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bovine enzyme sources, CA II was immobilized onto HFMs. The CA modified HFMs were 

fabricated into model gas exchange devices to assess CO2 removal performance from fluids 

containing individual blood components, PBS, PBS + 5% Albumin, PBS + CA, PBS + RBC and 

whole blood under a mass transfer environment similar to those of commercially available 

oxygenators. The results of this study will be used to develop respiratory assist devices in which 

bioactive CA-HFMs can be employed and more substantially increase CO2 exchange in blood. 

4.3 METHODS 

4.3.1 Materials 

Carbonic anhydrase II from bovine erythrocytes, glutaraldehyde (GA), chitosan (MW= 50-190kD, 

based on viscosity) and glacial acetic acid were purchased from Sigma-Aldrich (St. Louis, MO). 

Purified recombinant human carbonic anhydrase II was provided by Dr. Silverman and Dr. 

McKenna from University of Florida (Gainesville, Fl) [146]. Commercial microporous 

polypropylene HFMs (CelgardTM; OD: 300 µm, ID: 240 µm, Membrana GmbH, Wuppertal, 

Germany) were obtained from ALung Technologies, Inc. (Pittsburgh, PA) with an aminated-

siloxane coating. Bovine blood with Na-heparin anticoagulation (1:100 dilution of 1000U/mL) 

was purchased from Lampire Biological Laboratories (Pipersville, PA). All other reagents were 

purchased from Sigma-Aldrich and were of analytical grade or purer. 
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4.3.2 In Vitro CO2 Exchange in Scaled Down Modules of CA-HFM 

CA immobilization onto HFMs was performed as previously detailed [114]. A scaled-down gas 

exchange module was fabricated and an in vitro recirculating test loop was used to assess CO2 gas 

exchange rates using unmodified HFMs and CA-immobilized HFMs (Figure 4.1) [114]. CO2 

removal was assessed with PBS, PBS + 5% Albumin, PBS + CA, PBS + RBC and whole blood. 

For all testing fluids, the system was maintained at 37°C, ~50mmHg PCO2, and liquid flow rate 

was 45, 90, or 200mL/min. Under these conditions the HFM CO2 removal efficiency (ml/min/m2) 

matches commercially available devices. The rate of CO2 removal (�̇�𝑉𝐶𝐶𝐶𝐶2) for each model 

oxygenator device was calculated using the sweep gas flow rate (𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑂𝑂𝑆𝑆 ) and CO2 fraction (𝐹𝐹𝐶𝐶𝑂𝑂2) 

exiting the scaled-down gas exchange module and then normalized to 50mmHg to correct for small 

deviations in the inlet PCO2: �̇�𝑉𝐶𝐶𝐶𝐶2 =  𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑂𝑂𝑆𝑆𝐹𝐹𝐶𝐶𝑂𝑂2
50

𝑆𝑆𝐶𝐶𝑂𝑂2
. For each device the fluid inlet / outlet PCO2 

and resulting FCO2 were measured in triplicate. The �̇�𝑉𝐶𝐶𝐶𝐶2 for each model gas exchange device is 

reported as an average of these measurements. The difference in PCO2 from the device inlet to the 

outlet (PCO2 inlet – PCO2 outlet) is reported as PCO2 drop. 
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Figure 4.1. Diagram of a model respiratory device and experimental setup for measuring CO2 removal 

rates of unmodified and modified HFMs. Bovine blood or PBS solutions were perfused over the outside of the 

fibers while oxygen sweep gas was passed through the fiber lumens in the opposite direction. De-oxygenator 

employed the use of a heat exchanger to maintain blood temperature at 37oC. 

 

The testing fluids were created as described. PBS: A phosphate buffered saline (PBS) 

solution was prepared with a final pH 7.4 and PCO2 of 50 mmHg by diluting 780 mL PBS to 1 L 

with deionized water and adding 30mMoles sodium hydroxide. The basic PBS solution was 

introduced to the gas exchange loop and upon solvation of CO2 gas, carbonic acid is formed, 

decreasing PBS pH to physiologic 7.4. PBS + 5% Albumin: PBS was prepared as described, and 

once PCO2 equilibrated to 50mmHg, lyophilized bovine serum albumin was dissolved to 5% (w/v). 
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PBS + Carbonic Anhydrase: PBS was prepared as described, and once PCO2 equilibrated to 50 

mmHg lyophilized bovine carbonic anhydrase II was added to 16µM. This concentration was 

selected to mimic physiologic RBC CAII concentration [147]. PBS + RBC: RBCs were isolated 

from heparinized whole bovine blood and suspended in PBS. Whole bovine blood was centrifuged 

at 2500 RCFs for 10 minutes and the buffy coat discarded. Packed RBCs were rinsed in PBS under 

gentle shaking for 10 minutes, centrifuged again and repeated, for a total of 3 wash steps. Packed 

RBCs were suspended in PBS to 35% hematocrit, glucose was adjusted to 100-300 mg/dL prior 

to use by the addition of 5% dextrose solution and allowed to incubate for 1 hour [148]. Bovine 

Blood: Heparinized bovine blood was purchased from Lampire Biological Labs (Pipersville, PA), 

glucose was adjusted to 100-300 mg/dL by the addition of 5% dextrose solution and hematocrit to 

35%, and allowed to incubate for 1 hour  [148]. 

4.3.3 Carbonic Anhydrase Esterase Activity Assay 

Immobilized CA enzyme activity was measured spectrophotometrically by monitoring the 

hydrolysis of p-nitrophenyl acetate (p-NPA) to p-nitrophenol (p-NP) at 412 nm. CA-modified 

fibers were fabricated into model oxygenators as described in section 2.2 and a recirculating loop 

of 15 mL, 100 mM phosphate buffer pH 7.5, 80 µM p-NPA was setup to measure the esterase 

activity under 45, 90 and 200mL/min flow rate. Absorbance measurements at 412nm were 

recorded every minute over a 5 minute period, and plotted as a function of time. One activity unit 

was defined as the amount of enzyme required to generate 1 µmol pNP per minute. 
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4.3.4 Statistical Analyses 

All data are presented as a mean with standard deviation. Statistical significance between more 

than two sample groups was determined using ANOVA followed by post hoc Tukey testing of 

specific differences. All other data was compared using a Student’s t-test assuming equal sample 

variance. Differences were considered statistically significant for P < 0.05. 

4.4 RESULTS 

4.4.1 Immobilized CA-HFM Activity: Bovine vs Human 

Human and bovine CAII HFMs were characterized for both immobilized esterase activity 

(µmol/min) and CO2 removal rate (mL/min/m2) in PBS buffer. Human CA-HFMs demonstrated a 

5 fold increase in immobilized esterase activity compared to bovine CA-HFMs, 8.7 U and 1.7 U 

respectively (Figure 4.2). Flow induced shear under clinically relevant mass transport conditions 

did not affect immobilized CA esterase activity, as increasing fluid flow rate between 45 and 200 

mL/min had negligible effects on immobilized CA activity. In contrast to the esterase activity 

assay, bovine and human CA devices demonstrated similar CO2 removal rates. At 45mL/min PBS 

flow rate, unmodified HFMs removed 85 mL/min/m2 while bovine and human CA-HFMs removed 

135 and 143 mL/min/m2 respectively (Figure 4.3). Human CA devices attained marginally higher 

(< 10%) removal rates over bovine CA devices with increasing PBS flow rate. This result indicates 

that the current level of immobilized bovine CA activity is not a limiting factor in the CO2 removal 
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rate of bioactive CA-HFMs. Increasing p-NPA activity from 1.8 U (bovine) to 8.8 U (human) did 

not dramatically increase gas exchange. 

 

 

 

 

Figure 4.2. Immobilized enzyme p-NPA activity is independent of flowrate at 45, 90 and 200 mL/min. 

* P > 0.90 
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Figure 4.3. CO2 removal rates for gas exchanges devices in PBS modified with human or bovine CA, 

compared to unmodified HFMs. Human CA modified HFMs with 4x activity of bovine CA does not 

significantly increase CO2 removal. *P > 0.10 
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4.4.2 Blood Component Effects on CA-HFM CO2 Removal Rates 

CO2 removal rates were assessed for unmodified and human CA-HFMs in PBS, PBS + 5% 

Albumin, PBS + CA, PBS + RBC, and whole blood under a mass transfer environment similar to 

those of commercially available oxygenators. Albumin solution had no negative effects on CO2 

removal performance by unmodified or CA-HFMs. In PBS and PBS + 5% albumin, unmodified 

HFMs removed 75 mL/min/m2 and 88 mL/min/m2 respectively, while CA-HFMs removed 154 

mL/min/m2 and 187 mL/min/m2 respectively, for a 106% (PBS) or 112% (PBS + 5% Albumin) 

increase in CO2 removal rate (Figure 4.4). Albumin adsorbing onto HFMs did not impede CA 

coating performance. Conversely, solutions containing CA significantly decreased the 

enhancement of CA coatings over unmodified HFMs.  Unmodified HFMs CO2 removal increased 

from 75 mL/min/m2 in PBS to 172 mL/min/m2 with PBS + CA, 236 mL/min/m2 with PBS + RBC 

and 222 mL/min/m2 with whole blood. Free CA increased unmodified HFM CO2 removal rate, 

which limited immobilized CA contribution to CO2 removal. CA-HFMs increased CO2 removal 

over unmodified fibers by 7% (PBS + CA), 27% (PBS + RBC) and 37% (whole blood). This 

substantial decrease in CA coating performance as compared to 106% in PBS is attributed to 

competition between immobilized and free solution CA to catalyze bicarbonate dehydration to 

CO2. 
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Figure 4.4. CO2 removal by unmodified and human CA immobilized HFMs in PBS, PBS + Albumin, 

PBS + CA, PBS + RBC and bovine blood in a model respiratory assist device. In PBS and PBS + Albumin, the 

modified fibers demonstrated a 106% and 112% increase in CO2 removal rate. In solutions containing carbonic 

anhydrase, PBS + CA, PBS + RBC and bovine blood, % increase in CO2 removal rate decreases to 7, 27 and 

37%. *P < 0.05 
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4.4.3 Mass Transport Limitations by CA-HFMs in Blood CO2 Removal 

Bioactive CA-HFM CO2 removal rate and fluid PCO2 were assessed in whole bovine blood with 

varying flow rates. Increasing fluid flow rate adversely affects CA-HFM performance, with a 37%, 

22% and 13% increase in CO2 removal at 45, 90 and 200 mL/min, respectively (Figure 4.5). The 

difference in PCO2 from device inlet to outlet (PCO2 drop) decreased from 13.9 mmHg at 45 

mL/min to 11.0 mmHg at 90 mL/min and 5.0 mmHg at 200 mL/min (Figure 4.6) (p<0.01). This 

PCO2 drop behavior was similar between unmodified and CA-HFMs within each flow rate. 

Increasing fluid flow decreased CO2 removal per unit volume passing through the scaled-down 

gas exchange module, and adversely affected CA coating contribution to total CO2 removal rate. 

Increasing PCO2 drop improves bioactive CA-HFMs performance. 
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Figure 4.5. CO2 removal by unmodified and human CA immobilized HFMs in bovine blood at 45, 90 

and 200 mL/min. Increasing blood flow rate adversely affects the % increase by carbonic anhydrase coatings 

on HFMs. *P < 0.05 
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Figure 4.6. Drop in blood PCO2 across testing module oxygenator, calculated from difference between 

inlet and outlet, decreases with increasing blood flow rate. *P < 0.05 
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4.5 DISCUSSION 

The goal of this study was to examine the kinetics of CO2 transport within CA-modified gas 

exchange devices in PBS and blood, as a means to elucidate strategies for improved blood CO2 

removal using CA-HFM devices. We employed two forms of CA to empirically evaluate the 

kinetics and mass transport processes limiting HFM CO2 removal in prototype gas exchange 

devices. The CO2 removal performance by CA-HFMs is not influenced by immobilized CA 

activity or adsorption of blood plasma proteins (albumin). In blood, endogenous CA within RBCs 

participate along with surface immobilized CA to catalyze bicarbonate/CO2 equilibrium, in effect 

throttling immobilized CA. 

The mass transport processes for CO2 removal by CA-modified gas exchange devices is 

comprised of four distinct physicochemical processes. Overall mass transport in the system is 

governed by the individual resistances of each process in series. The first resistance in HFM CO2 

removal is interconversion between bicarbonate and CO2 within the bulk fluid, catalyzed by 

endogenous CA in blood or uncatalyzed in PBS. Second is diffusion of bicarbonate and CO2 from 

the bulk fluid into the liquid diffusional boundary layer adjacent to the HFM surface. Third is the 

catalyzed dehydration of bicarbonate to CO2 by immobilized CA on the HFM surface. Last is the 

diffusion of gaseous CO2 through the membrane and into the HFM sweep gas stream. Previous 

work demonstrated the rate limiting step in CO2 removal for unmodified HFMs is diffusion of CO2 

through the liquid-side diffusional boundary layer, not diffusion through the HFM itself  [1,68]. In 

this application we must additionally consider the impact of immobilized CA catalytic rates, and 

equilibrium between bicarbonate/CO2 on system-wide CO2 transport. 

The importance of immobilized CA activity on CO2 removal was studied through human 

and bovine CA. Immobilized human CA has 5 fold increase in p-NPA activity over bovine CA, 



 87 

likely due to greater purity of the recombinant human CA solution as compared to the lyophilized 

bovine CA containing contaminants and denatured proteins. In previous studies, increasing 

immobilized CA activity through more efficient conjugation strategies increased CO2 removal 

rates [114]. We hypothesized higher activity human CA-HFMs would increase CO2 removal over 

bovine CA-HFMs. In contrast to the p-NPA assay, CO2 removal rates were comparable between 

human and bovine CA-HFMs (Figure 4.3). Gas exchange was performed in PBS to avoid effects 

from protein adsorption on the fiber surface or endogenous CA. Chitosan immobilized CA resulted 

in sufficient activity such that increasing immobilized CA activity with human CA no longer 

increased CO2 removal rate. This suggests diffusive resistance within the liquid boundary layer, 

as with unmodified HFMs, is the rate limiting step for CO2 transport rather than immobilized 

enzyme activity. CA catalyzes bicarbonate/CO2 and p-NPA/p-NP using the same active site, 

however the rate constant (k) is 1 million times greater for CO2, 1x106 sec-1 for CO2 versus 1 sec-

1 for p-NPA [149,150]. CA catalyzed conversion of bicarbonate/CO2 is fast enough such that 

diffusion through the boundary layer dominates transport resistance [151,152]. Decreasing 

boundary layer resistance by increasing fluid flow rate, increases delivery of p-NPA to the fiber 

surface, but does not increase p-NPA catalysis by immobilized CA (Figure 4.2). Differences in 

immobilized CA activity are measurable with the p-NPA assay because CA p-NPA catalysis is the 

rate limiting resistance compared to the fluid boundary layer diffusional resistance. Conversely for 

bicarbonate or CO2 as the enzyme substrate, the boundary layer resistance dominates as the rate 

limiting step over the CA CO2 catalytic rate. Divergence in the human and bovine CA curves with 

increasing flow rate in Figure 4.3 is interpreted as reduction in boundary layer thickness 

(resistance) with increasing flow rate. This hypothesis is supported by regression fits to the data 

resulting in exponents approaching 0.5, which is the theoretical relationship between boundary 
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layer thickness and liquid flow rate [1]. Due to the extremely fast catalytic rate of CA (among the 

highest known) [149], strategies to improve CO2 removal efficacy through increased CA loading 

or activity on the fiber surface are not productive avenues unless a corresponding decrease in 

diffusional boundary layer resistance can be achieved. 

The performance of CA-HFMs were examined in whole blood at 45, 90 and 200 mL/min 

and compared with unmodified HFMs. Increasing blood flow rate increased CO2 removal rate for 

unmodified and CA-HFMs, by decreasing the fluid boundary layer resistance. A decrease in CA 

coating enhancement from 37% to 13% was observed with increasing blood flow rate from 45 to 

200 mL/min (Figure 4.5). Shear-induced enzyme activity loss as a consequence of increased liquid 

flow rate is a potential hypothesis. Data from p-NPA activity assay suggest fluid induced shear did 

not negatively impact CA under these flow rates (Figure 4.2). Additionally, CO2 removal at 45 

mL/min is repeatable after exposure to 200 mL/min flow rate (data not shown), indicating 

permanent shear-induced effects are unlikely, although transient shear effects under clinically 

relevant conditions still need to be explored. While increasing blood flow rate increases total CO2 

removal, fluid residence time within the device decreases and consequently the CO2 removal per 

fluid volume declines (Figure 4.6). In PBS, HFMs remove CO2 faster than bicarbonate can 

dehydrate to CO2 (uncatalyzed), resulting in a pool of bicarbonate as PBS is depleted of gaseous 

CO2. As a drop in bulk PCO2 is observed, disequilibrium between bicarbonate/CO2 is created. 

Approximately 103 CO2 molecules are removed per second by CA-HFMs at a liquid flow rate of 

45mL/min, while the uncatalyzed bicarbonate to CO2 conversion rate is ~1 sec-1. Bioactive CA-

HFMs facilitate the dehydration reaction to restore CO2 pressure in the fluid boundary layer. In 

blood, endogenous CA within RBCs catalyzes bicarbonate/CO2 conversion in the bulk fluid, but 

cannot maintain equilibrium within the fluid boundary layer, evidenced by the impact of CA 
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coatings on HFM CO2 removal. The fluid PCO2 drop can be considered a metric of disequilibrium 

between bicarbonate and CO2 where the higher the fluid flow rate, the smaller the PCO2 drop, and 

the smaller the impact of bioactive CA coatings on HFM CO2 removal. 

We consistently observed a significant reduction in CA coating efficacy in blood compared 

to PBS. CO2 removal by bioactive CA-HFMs was assessed in solutions containing individual 

blood components: plasma protein albumin, free CA and RBCs. Protein adsorption onto CA-

HFMs did not decrease CO2 removal by unmodified or CA-HFMs. In contrast, endogenous CA 

within circulating RBCs reduced enhancement of the immobilized CA coating on CO2 removal. 

Blood maintains bicarbonate/CO2 equilibrium more effectively than PBS and directly limits the 

CA-HFM CO2 removal enhancement, evident by the 106% increase in CO2 removal (PBS) versus 

37% increase (blood). RBC CA solutions increased CO2 removal rates for both unmodified and 

CA-immobilized devices compared to PBS solution (Figure 4.4). Free CA spiked in PBS decreased 

CA coating efficacy to only 7% improvement over non CA-HFM devices. Since CA-HFM 

performance increases when CA is localized to RBCs (7% free CA vs 27% RBC CA), diffusion 

of bicarbonate/CO2 across the RBC membrane potentially contributes to the resistance limiting 

bulk fluid equilibrium from restoring gaseous CO2 as it is depleted by HFMs. Free CA spiked in 

PBS may localize closer to the HFM surface similar to immobilized CA, whereas RBCs tend to  

migrate away from stationary surfaces due to hydrodynamic forces, a phenomenon known as the 

Fahraeus effect for blood flow in small tubes [153]. 

Development of improved and more efficient respiratory assist devices will enable next 

generation, minimally invasive extracorporeal support of failing lungs at low blood flows. 

Carbonic anhydrase immobilized on HFMs is a novel approach to increase CO2 removal rates, but 

the factors limiting the enhancement of CO2 removal by CA-HFMs were not well understood. Our 
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results demonstrate bioactive CA-HFMs operate under Le Chatelier's principle, catalyzing 

conversion of bicarbonate/CO2 to preserve chemical equilibrium within the fluid boundary layer. 

In blood, endogenous CA within RBCs also catalyzes bicarbonate/CO2 equilibrium, in effect 

throttling immobilized CA’s contribution towards CO2 removal. Mechanisms which reduce the 

diffusional boundary layer resistance and conditions which promote local bicarbonate/CO2 

disequilibrium, such as fluid longer transit times, will result in the largest contribution from the 

CA coating. Development is underway on CO2 removal devices which reduce the boundary layer 

resistance by increasing fluid velocity past HFMs through mechanical mixing independent of fluid 

flow rate through the device [56,59,154]. This approach increases delivery of bicarbonate/CO2 to 

the HFM surface without decreasing blood transit time, which may take advantage of CA’s rapid 

catalysis and boost CO2 removal performance from increased substrate delivery. Active mixing 

and CA-HFMs can only restore equilibrium within the fluid boundary layer, but cannot augment 

fluid PCO2 above the device inlet condition (around 50 mmHg). Since bicarbonate/CO2 

equilibrium is described by CO2 + H2O 
CA
⇔ HCO3

- + H+, increasing the H+ concentration in the 

fluid boundary layer will create disequilibrium, forcing CA to catalyze dehydration of bicarbonate, 

increasing fluid PCO2 beyond the inlet 50 mmHg, and driving further improvement in HFM CO2 

removal. By using an acidic gas within the oxygen sweep gas passed through the HFM lumens, an 

acid product can be introduced to the fluid boundary layer, creating local disequilibrium while 

minimizing acidification of the whole bulk fluid. In subsequent work we demonstrate dilute sulfur 

dioxide in oxygen sweep gas increases CO2 removal, and when used in combination with bioactive 

CA-HFMs has a synergistic effect to more than double CO2 removal while maintaining 

physiologic pH [155]. 
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5.0  ACIDIC SWEEP GAS WITH CARBONIC ANHYDRASE COATED HOLLOW 

FIBER MEMBRANES SYNERGISTICALLY ACCELERATES CO2 REMOVAL FROM 

BLOOD. 

The following chapter presents work peer-reviewed and published in Acta 

Biomaterialia without modification [155]: Arazawa DT, Kimmel JD, Finn MC, 

Federspiel WJ. Acidic sweep gas with carbonic anhydrase coated hollow fiber 

membranes synergistically accelerates CO2 removal from blood. Acta Biomater 

2015; 25:143–9. The abstract of the paper follows: 

5.1 SUMMARY 

The use of extracorporeal carbon dioxide removal (ECCO2R) is well established as a therapy for 

patients suffering from acute respiratory failure. Development of next generation low blood flow 

(< 500 mL/min) ECCO2R devices necessitates more efficient gas exchange devices. Since over 

90% of blood CO2 is transported as bicarbonate (HCO3
-), we previously reported development of 

a carbonic anhydrase (CA) immobilized bioactive hollow fiber membrane (HFM) which 

significantly accelerates CO2 removal from blood in model gas exchange devices by converting 

bicarbonate to CO2 directly at the HFM surface. This present study tested the hypothesis that dilute 

sulfur dioxide (SO2) in oxygen sweep gas could further increase CO2 removal by creating an acidic 

microenvironment within the diffusional boundary layer adjacent to the HFM surface, facilitating 

dehydration of bicarbonate to CO2. CA was covalently immobilized onto poly (methyl pentene) 



 92 

(PMP) HFMs through glutaraldehyde activated chitosan spacers, potted in model gas exchange 

devices (0.0151m2) and tested for CO2 removal rate with oxygen (O2) sweep gas and a 2.2% SO2 

in oxygen sweep gas mixture. Using pure O2 sweep gas, CA-PMP increased CO2 removal by 31% 

(258 mL/min/m2) compared to PMP (197 mL/min/m2) (P < 0.05). Using 2.2% SO2 acidic sweep 

gas increased PMP CO2 removal by 17% (230 mL/min/m2) compared to pure oxygen sweep gas 

control (P < 0.05); device outlet blood pH was 7.38 units. When employing both CA-PMP and 

2.2% SO2 sweep gas, CO2 removal increased by 109% (411 mL/min/m2) (P < 0.05); device outlet 

blood pH was 7.35 units. Dilute acidic sweep gas increases CO2 removal, and when used in 

combination with bioactive CA-HFMs has a synergistic effect to more than double CO2 removal 

while maintaining physiologic pH. Through these technologies the next generation of intravascular 

and paracorporeal respiratory assist devices can remove more CO2 with smaller blood contacting 

surface areas. 

5.2 INTRODUCTION 

In patients suffering from acute respiratory failure, extracorporeal carbon dioxide removal 

(ECCO2R) is a powerful alternative or adjuvant therapy to avoid mechanical ventilation (MV) 

induced lung injury. High tidal volume MV can initiate and often exacerbate lung injury, 

increasing patient morbidity and mortality [1,2,156]. Delivery of low tidal volumes and airway 

pressures mitigates these deleterious effects, as demonstrated by the acute respiratory distress 

syndrome (ARDS) Network trial where low tidal volume MV at 6 mL/kg vs 12 mL/kg reduced 

lung injury and improved survival [43]. Recent data suggests even more ultra-protective MV 

settings may further improve outcomes, as alveolar over-distention is still observed at 6 mL/kg 
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[3,46,47]. Clinicians are often unable to apply lung protective ventilation (LPV) strategies, 

reporting hypercapnia and acidosis as significant barriers to implementation [45]. In consequence, 

mortality rates remain between 40 and 45% for ARDS ICU patients [24]. For the chronic 

obstructive pulmonary disease (COPD) population, concerns over hypercapnia and severe acidosis 

can be mitigated through ECCO2R, enabling LPV, weaning of patients off MV, or avoiding 

intubation altogether [36,157–159]. ECCO2R in combination with LPV has not seen widespread 

application as current devices require surgical placement of cannula 19 Fr or larger to facilitate 

blood flow rates up to 1 L/minute or higher, in order to remove a significant fraction (50%) of total 

adult CO2 production [3,9]. Large diameter arterial cannulation systems have shown complication 

rates as high as 24% comprising of vein tearing, limb ischemia, compartment syndrome and 

intracranial hemorrhage, in part due to their demand for approximately 25% of cardiac output 

[66,160]. A clinical need exists for  low blood flow ECCO2R devices (< 500 ml/min) that require 

less invasive cannulation and can regulate blood CO2 independent of alveolar ventilation in 

patients suffering from acute lung failure [7,8,156]. 

Blood acidification was first described by Snider et al. in 1987, in which infusion 2-8 

mEq/min of lactic acid infusion was used to chemically increase trans-HFM CO2 pressure 

gradients by acidifying the blood entering the ECCO2R devices, shifting equilibrium from 

bicarbonate to favor gaseous CO2 and increasing CO2 removal by 120-170%, however visible 

hemolysis was present [69]. More recently, Zanella et al. have refined this approach to mitigate 

hemolysis concerns [70–73]. The resulting acidified blood increased PCO2 from 56 to 136 mmHg, 

decreased pH from 7.39 to 6.91, and increased CO2 removal up to 70% [70]. The pH drop is similar 

to the pH values measured in human capillaries during heavy exercise [61]. Additionally, blood 
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acidification offsets respiratory alkalosis as the blood leaving ECCO2R devices without 

acidification have an increased pH [70]. 

In this study we hypothesized local blood acidification at the HFM surface would increase 

CO2 removal while minimizing perturbations in whole blood pH. Since HFM CO2 removal is 

driven by trans-HFM pressure gradients, it should not be necessary to acidify the bulk fluid, but 

instead only the diffusional boundary layer adjacent to the HFM surface. While lactic acid 

infusions increase blood PCO2, this approach acidifies the entire blood volume passing through 

the device. By mixing dilute concentrations of acidic sulfur dioxide (SO2) gas into the oxygen (O2) 

sweep gas, we created an acidic HFM boundary layer, synergistically working with CA-HFMs to 

increase trans-HFM CO2 gradients and accelerate CO2 blood removal while preserving whole 

blood pH. The acidic byproduct sulfite naturally occurs in mammalian systems, and has been 

shown safe in animal models at doses similar to those which would be seen in clinical use of an 

acidic sweep gas device [161]. 

5.3 METHODS 

5.3.1 Materials 

Allylamine, Glutaraldehyde, chitosan (MW= 50-190kD, based on viscosity) and glacial acetic acid 

were purchased from Sigma-Aldrich (St. Louis, MO). Commercial poly (methyl pentene) (PMP) 

hollow fiber membranes (HFMs) (OxyplusTM; OD: 380 µm, ID: 200 µm) were obtained from 

Membrana GmbH (Wuppertal, Germany). Bovine blood with Na-heparin anticoagulation (1:100 

dilution of 1000U/mL) for gas exchange was purchased from Lampire Biological Laboratories 



 95 

(Pipersville, PA). Purified recombinant human carbonic anhydrase II was provided by Dr. 

Silverman and Dr. McKenna from University of Florida (Gainesville, Fl) [146]. Sulfur dioxide 

was purchased from Matheson Gas (Pittsburgh, PA). Sulfite assay kit was obtained from R-

Biopharm (Darmstadt, Germany). All other reagents were purchased from Sigma-Aldrich and were 

of analytical grade or purer. 

5.3.2 PMP amination 

Allylamine was polymerized onto unmodified PMP through plasma enhanced chemical vapor 

deposition (PECVD) with the PVA TePla Ion 40 system to create amine functional groups for 

covalent CA immobilization. PMP HFMs samples (238 cm2 surface area) were placed on the 

second shelf from the top. The chamber was evacuated to a pressure of 50 mTorr and then 

allylamine was continuously introduced to the chamber through a mass flow controller at 180 

mL/min for a final chamber pressure of 350 mTorr. Pulsed power was applied for 5 minutes at 300 

watts, with a 20% duty cycle and a 150 Hz frequency. After deposition the samples were 

immediately rinsed with 100mM Phosphate Buffer (PB) at pH 8.5, 3 times for 15 minutes each. 

This treatment results in a 5.6 nmol/cm2 amine density as quantified through colorimetric 

technique [132]. 

5.3.3 Carbonic anhydrase immobilization 

Carbonic anhydrase (CA) was immobilized onto PMP HFMs (CA-PMP) by secondary amine 

linkage through reaction of surface amine and glutaraldehyde crosslinkers, as follows.  Aminated 

PMP (238 cm2 surface area) was folded into a 60mL test tube and incubated under constant 
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inversion by orbital mixer with 50mL of 5% GA + 120mM Sodium Cyanoborohydride in PB at 

pH 8.5 for 15 minutes at 25Co. The fibers were rinsed under constant inversion by orbital mixer 

with 100mM PB pH 8.5, 3 times for 15 minutes each to remove residual unreacted GA. Then 

chitosan spacers were immobilized by reacting HFMs with 50mL of 1% (w/v) chitosan + 120mM 

Sodium Cyanoborohydride suspended in 1% (v/v) acetic acid in DI water for 15 minutes at 25Co, 

and rinsed with PB as previously described. A second GA reaction and rinse was performed to 

activate chitosan amine groups for enzyme immobilization. Finally CA was immobilized to the 

HFMs under constant inversion by orbital mixer with 50mL of 1mg/mL hCAII in 100mM PB at 

pH 8.5 for 12 hours, followed by 15 minute 120mM Sodium Cyanoborohydride incubation in PB 

at pH 8.5. Any non-covalently bound CA was removed through three, 15 minute PB rinse sessions. 

Immobilizing CA by physical adsorption yielded fibers with no detectable activity after 3+ rinses 

(data not shown). 

5.3.4 CO2 Removal with SO2 Sweep Gas 

A scaled-down gas exchange module was fabricated by inserting HFMs (114 fibers, 18 cm, 0.0238 

m2) into a 1/4 in. ID polycarbonate-tubing (McMaster Carr, Elmhurst, IL) to which single luer 

locks were UV-glued 0.75 in. from each end in opposing directions. Both ends of the HFMs were 

secured to the tubing using a 5 minute epoxy adhesive (Devcon, Danvers, MA) and then trimmed 

to the length of the module to expose the HFM lumens, yielding 11 cm of HFM uncovered within 

the module for a total active surface area of 0.0151 m2. 

An in-vitro gas exchange test loop (Figure 5.1) was setup under a fume hood and used to 

assess CO2 removal rates of PMP and CA-PMP HFMs with and without SO2 acidic sweep gas (N 

= 3 for each group). Blood flowed in a single pass loop from a 3 L reservoir, through a peristaltic 
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pump, into a Medtronic Minimax Plus Pediatric Oxygenator (Minneapolis, MN) to balance the 

fluid gasses, then into the model oxygenator testing module and finally into a waste container. The 

partial pressure of CO2 at the model oxygenator blood inlet was adjusted to 50 mmHg. PCO2 and 

pH were measured with a RAPIDLAB 248 Blood-Gas analyzer (Siemens, Deerfield, IL). Custom 

mixtures of acidic sweep gas up to 2.2% SO2 balanced in oxygen were created and pulled under 

vacuum from independent O2 and SO2 gas tanks and regulated through two separate GR Series 

mass flow controllers (Fathom Technologies, Georgetown, TX). The gasses were then mixed into 

a single line which flowed through the scaled-down oxygenator HFM lumens, moisture trap 

condenser and finally into an infrared CO2 analyzer WMA-4 CO2 Analyzer (PP Systems, 

Amesbury, MA). The following testing conditions were controlled ensured that the HFM CO2 

removal efficiency (ml/min/m2) matches the commercially available Hemolung device. The fluid 

flow rate through the model oxygenator was set to 45 mL/min. The sweep gas flow rate was 

adjusted to maintain a constant CO2 concentration in the sweep gas exiting the model oxygenator 

at approximately 3000 ppm to avoid sweep gas flow limitation of gas exchange [114]. The sweep 

gas flow rate for PMP HFMs ranged from 0.90 L/min (O2) to 1.02 L/min (O2 + 2.2% SO2), while 

CA-PMP ranged from 1.35 L/min (O2) to 2.20 L/min (O2 + 2.2% SO2). The fluid temperature was 

maintained at 37Co by heat bath. The rate of CO2 removal (�̇�𝑉𝐶𝐶𝐶𝐶2) for each model oxygenator 

device was calculated using the sweep gas flow rate (𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑂𝑂𝑆𝑆 ) and CO2 fraction (𝐹𝐹𝐶𝐶𝑂𝑂2) exiting the 

scaled-down gas exchange module and then normalized to 50mmHg to correct for small deviations 

in the inlet PCO2: �̇�𝑉𝐶𝐶𝐶𝐶2 =  𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑂𝑂𝑆𝑆𝐹𝐹𝐶𝐶𝑂𝑂2
50

𝑆𝑆𝐶𝐶𝑂𝑂2
. The �̇�𝑉𝐶𝐶𝐶𝐶2 for each model gas exchange group is 

reported as an average of three individual devices. 
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Figure 5.1. Experimental setup for the in vitro CO2 gas exchange assessment. Heparinized bovine blood 

was deoxygenated to a physiological inlet of 50 mmHg and perfused over the HFMs of a mini respiratory device 

while SO2 + O2 sweep gas was passed through the fiber lumens in the opposite direction. Both the blood 

reservoir and de-oxygenator employed the use of a heat exchanger to maintain blood temperature at 37Co. 

 

5.3.5 Carbonic Anhydrase Esterase Activity Assay 

The CA enzyme activity on HFMs was assayed using the substrate p-nitrophenyl acetate (p-NPA) 

before and after exposure to SO2 [162]. CA-PMP fibers were fabricated into model oxygenators 

as described in section 2.3, assayed for activity, exposed to 2.2% SO2 acidic sweep gas for 30 
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minutes as described in section 2.4, and then assayed for activity again. Enzyme activity was 

measured spectrophotometrically by monitoring the hydrolysis of p-nitrophenyl acetate (p-NPA) 

to p-nitrophenol (p-NP) at 412 nm. A recirculating loop of 15 mL, 100 mM phosphate buffer pH 

7.5, 80 µM p-NPA was setup to measure the esterase activity. Absorbance measurements at 412nm 

were recorded every minute over a 5 minute period, and plotted as a function of time. One activity 

unit was defined as the amount of enzyme required to generate 1 µmol pNP per minute. 

5.3.6 Sulfite Assay 

The total fluid SO2 content was assessed using PBS in place of bovine blood, removing potential 

for interaction between sulfites and plasma proteins. An enzymatic sulfite assay kit (r-Biopharm) 

was used according to manufacturer’s instructions. Briefly, sulfite is oxidized to sulfate by sulfite 

oxidase, yielding hydrogen peroxide which is reduced by NADH-peroxidase in the presence of 

NADH. The amount of sulfite is equivalent to the amount of NADH oxidized, which is determined 

by spectrophotometric absorbance at 340 nm. 

5.3.7 Statistical Analyses 

All data are presented as a mean with standard deviation. Statistical significance between more 

than two sample groups was determined using ANOVA followed by post hoc Tukey testing of 

specific differences. All other data was compared using a Student’s t-test assuming equal sample 

variance. Differences were considered statistically significant for P < 0.05. 
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5.4 RESULTS 

5.4.1 CO2 Removal with SO2 Sweep Gas 

PMP and CA-PMP blood CO2 removal rates were measured using oxygen sweep gas with up to 

2.2% SO2 (Figure 5.2). With pure O2 sweep gas, bioactive CA-PMP HFMs increased CO2 removal 

by 31% (258 ± 10 mL/min/m2) compared to control PMP (197 ± 3 mL/min/m2) (P < 0.05). Using 

SO2 acidic sweep gas through PMP fibers, CO2 removal increased by 17% (230 ± 5 mL/min/m2), 

compared to pure oxygen sweep gas through the same fibers (P < 0.05). When employing both 

CA-PMP and SO2 acidic sweep gas, CO2 removal increased by 109% (411 ± 4 mL/min/m2), 

compared to unmodified HFMs with pure oxygen sweep gas (P < 0.05). 

The blood pH and PCO2 exiting the device were measured to establish the effects of SO2 

acidic sweep gas on the bulk blood. For PMP and CA-PMP devices using pure O2 sweep gas, 

blood pH exiting the device increased from 7.37 ± 0.006 at the inlet to 7.44 ± 0.004 and 7.43 ± 

0.006 respectively.  However when using 2.2% SO2 acidic sweep gas, blood pH exiting the device 

was nearly unchanged from the inlet, with an outlet pH of 7.38 ± 0.009 for PMP and 7.35 ± 0.006 

for CA-PMP (Figure 5.3). For blood PCO2 exiting the device, pressure decreased from 50mmHg 

inlet to 37 ± 0.5 mmHg outlet for PMP and 35 ± 0.4 mmHg for CA-PMP with pure O2 sweep gas. 

When using 2.2% acidic sweep gas, PCO2 exiting the device was 40 ± 0.3 mmHg for PMP and 38 

± 0.5 mmHg for CA-PMP. The addition of dilute SO2 to O2 sweep gas maintained near physiologic 

pH and PCO2 for blood exiting the device. 
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Figure 5.2. CO2 removal by PMP and CA-PMP HFMs from bovine blood using pure O2 and 2.2% SO2 

acidic sweep gas. (N=3) *P < 0.05 
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Figure 5.3. Increasing the % SO2 within oxygen sweep gas decreases blood pH exiting the device. (N=3) 

5.4.2 Carbonic Anhydrase Esterase Activity Assay 

Immobilized carbonic anhydrase activity was measured before and after exposure to SO2. Activity 

remained unchanged with 9.3 ± 0.8 U before and 9.5 ± 0.9 U after exposure to 2.2% SO2 acidic 

sweep gas, indicating CA coating stability to the acidic microenvironment over this time course. 
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5.4.3 Blood Sulfite Assay 

Total sulfite was measured in PBS fluid exiting the scaled-down gas exchange module with 2.2% 

SO2 sweep gas. The sulfite concentration leaving the device was 0.08 ± 0.001 mMol/L for PMP 

and 0.28 ± 0.002 mMol/L, or 3.5 times more, for bioactive CA-PMP HFMs (P < 0.05) (Figure 

5.4).  

 

Figure 5.4. Total PBS sulfite concentration of fluid exiting the device with 2.2% SO2 acidic sweep gas. 

(N = 3) 
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Table 5.1. Comparison of blood acidification approaches by pH, CO2 removal % increase, and total 

lactate or sulfite anion infused. 

Blood Acidification Method 
Blood 

pH 
CO2 Removal                        

% Increase 
Lactate or Sulfite Infused 

(mMol/L) 
LA Blood Infusion [70] 7.51 70% 15.1 

LA Dialysis: Blood CO2 Removal [72] 7.41 78% 12.3 
LA Dialysis: Dialysate CO2 Removal [73] 7.43 157% 14.1 

Present Study: 2.2% SO2 + CA-PMP 7.35 109% 0.28 
 

 

 

Table 5.2. CO2 removal rate (mL/min) by PMP and CA-PMP HFMs from bovine blood using pure O2 

and up to 2.2% SO2 acidic sweep gas.  

 

HFM Type 
Average CO2 Removal Rate (mL/min) 

O2 O2 + 1.1% SO2 O2 + 2.2% SO2 

PMP 2.78  2.95 3.24 

CA-PMP 3.65 4.29 5.87 

 

 

Table 5.3. Acid-Base parameters of the blood at the inlet and outlet of the model oxygenator. 

Device pH PCO2 HCO3
- B.E.  

(mmHg) (mMol/L) (mEq/L) 

Inlet Blood  7.37 47.5 26.5 1.57 
Outlet Blood 

    

PMP 7.44 36.6 24.0 0.20 
CA-PMP 7.43 34.8 22.5 -1.33 
PMP (2.2% SO2) 7.38 39.7 22.7 -1.89 
CA-PMP (2.2% SO2) 7.35 38.2 20.6 -4.18 
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5.5 DISCUSSION 

The goal of this study was to quantify how local blood acidification using acidified sweep gas 

could increase CO2 removal in HFM devices while minimizing effects on whole blood pH. 

Previous work by our group to chemically increase trans-HFM CO2 pressure utilized bioactive 

CA-HFMs for a 31-37% improvement in blood CO2 removal efficiency [82,114]. In this work, the 

addition of SO2 to an oxygen sweep gas increased CO2 removal of unmodified PMP HFMs up to 

17%, and for bioactive CA-PMP HFMs up to 109% (Figure 5.4). Synergy between CA coatings 

and SO2 acidic sweep gas dramatically increases CO2 removal efficiency of HFMs. To our 

knowledge, this is the first report assessing the potential of an acidic sweep gas to increase CO2 

removal from blood using HFM devices like blood oxygenators. 

Zanella et al. have utilized lactic acidic (LA) infusions for increasing HFM CO2 removal 

[70–72]. In their work, LA was mixed with bulk extracorporeal blood via direct infusion or 

dialysis, upon which acidified blood flowed into a HFM device for CO2 removal. When directly 

infusing LA with 500 mL/min extracorporeal blood flow rate, pH dropped to 6.91 while lactate 

concentration increased from 1.2 to 15.1 mM, for a 70% increase in CO2 removal from 58 

mL/min/m2 to 95 mL/min/m2 [70]. When using a dialysis membrane to acidify blood with 250 

mL/min blood flow rate, pH dropped to 6.99 while lactate concentration increased from 0.7 to 12.3 

mM, for a 62-78% increase in CO2 removal from 99 mL/min/m2 to 160 mL/min/m2 [72]. In 

contrast to bulk LA acidification, we demonstrated HFM CO2 removal efficiency can be 

significantly increased through localized blood acidification with SO2 acidic sweep gas, 

consequently introducing 50 times less acidic anions to blood, while mitigating transient acidosis 

(Table 5.1). Recently Zanella et al. described a unique approach utilizing acidified dialysis to 

transport bicarbonate and CO2 from blood into a dialysate using a commercial dialysis filter. The 
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dialysate was then acidified with LA and flowed into a HFM commercial oxygenator device for 

dialysate CO2 removal [73]. Using blood flow rates of 250 mL/min, blood pH remained nearly 

unchanged at 7.43, blood lactate concentration increased from 0.6 to 14.1 mM, and dialysate CO2 

removal increased 157 % from 18 mL/min/m2 to 48 mL/min/m2. A drawback of this approach is 

the requirement of two devices for CO2 removal from blood, a membrane oxygenator and a dialysis 

filter to remove bicarbonate/CO2 from blood. In contrast, our approach suggests that 100 mL/min 

of CO2 removal could be accomplished with one HFM based device, with a surface area of 0.25 

to 0.5 m2. In all approaches used by Zanella et. al, blood hyperlactatemia (2-5mM lactate) persists 

(see Table 5.1). Clinically, lactate is monitored as a biomarker of organ dysfunction, shock and 

has been correlated with increased mortality in critically ill patients [74–79]. Consequently 

addition of exogenous LA may limit the diagnostic potential of blood lactate levels as a predictor 

of adverse outcomes. 

We hypothesize SO2 sweep gas acidifies blood in or near the diffusional boundary layer, 

which provides the main resistance to CO2 removal in HFM devices [1]. By reacting with water 

SO2 creates sulfurous acid, which rapidly dissociates into bisulfite and sulfite ions: SO2 + H2O ⟺ 

HSO3
- + H+ ⟺ SO3

2- + H+. SO2 was selected for its high solubility and acid dissociation constant 

in water, enabling dilute concentrations (1-2%) within the oxygen sweep gas [163]. The synergistic 

activity of CA-PMP with SO2 sweep gas indicates acidification of blood hydrating the immobilized 

CA layer, adjacent to the HFM surface. Additionally the minimal impact of acidic sweep gas on 

bulk blood pH demonstrates a majority of acidic protons are consumed in bicarbonate dehydration.  

By consuming acidic protons during catalysis, immobilized CA facilitates diffusion of SO2 from 

the sweep gas into the fluid boundary layer. Consequently, 3.5 times more sulfite was measured 

in the bulk fluid for CA-PMP compared to PMP, 0.28 mMol/L versus 0.08 mMol/L respectively 
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(Figure 5.4). Despite the sulfite infusion, blood pH remained near physiologic from inlet of 7.37 

to outlet 7.38 for PMP and 7.35 for CA-PMP. Calculation of base excess (BE) demonstrates 

metabolic acidosis of the blood occurred which cannot be fully described by the measured sulfite 

content, as drop in BE was 3.46 mEq/L for PMP and 5.75 mEq/L CA-PMP (Supplemental Table 

5.2 & Table 5.3). Variations in the plasma electrolyte concentration, PCO2 and total amount of 

weak acids can regulate blood pH [164]. The release of chloride ions from RBCs and albumin have 

reported in the literature, as a PCO2 dependent change in the strong ion difference, which acidify 

the plasma to limit pH increase due to CO2 removal [164,165]. This buffer and the polyprotic 

nature of sulfurous acid account for a portion of the observed drop in BE, but future work will 

quantify blood electrolytes to fully describe anions which impact drop in BE. Mixtures beyond 

2.2% SO2 were not possible as we were limited by the mass flow controllers, however the data 

suggests CO2 removal could be further improved by increasing SO2 concentration. No hemolysis 

due to the acidic sweep gas was observed by spectrophotometric assay of plasma free hemoglobin 

(data not shown).  

At physiologic pH and temperature, the dissociated byproducts of SO2 introduced into 

blood are in the sulfite and bisulfite ion form. These species are endogenous to biological systems 

from metabolism of sulfur amino acids. Sulfites are commonly used as antioxidant preservatives 

in cosmetics, food and pharmaceutical products [166]. Sulfite oxidase, found in the mitochondria 

of most mammalian tissues, catalyzes sulfur detoxification by oxidizing sulfite to sulfate for 

excretion through urine [167,168]. Various review articles have surveyed the literature for 

toxicology and safety of sulfites, finding no serious adverse effects as a result of chronically 

administered sulfite [161,167,169]. Roughly 1 – 5% of the population does present sulfite 

sensitivity, due to impaired sulfite oxidase activity, though most reactions are mild [166,168]. 
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Additionally, recovery of sulfite oxidase activity has been reported in an infant with molybdenum 

cofactor deficiency through dosage of cyclic pyranopterin monophosphate [170]. In-vitro 

toxicology assessment of sulfite indicates potential to react with DNA causing mutagenesis, 

however these effects have not been replicated in-vivo at physiologic concentrations 

[161,169,171]. As a potentially protective mechanism, blood plasma proteins have been shown to 

reversibly react with sulfite to form s-sulfonate groups, mitigating insult of high sulfite 

concentrations on tissues [161,172,173]. Typical daily dietary sulfite intake can be up to 0.14 

mmol/kg body weight and normal human serum sulfite can range from 0 – .01 mM [161,174]. 

Based upon urinary sulfate excretion, daily endogenous human sulfite generation is estimated at 

0.3 – 0.4 mmol/kg [175]. Scaling the 0.28 mM sulfite concentration we observe with acidic sweep 

gas to a low blood flow CO2 removal device at 500 mL/min, yields a theoretical sulfite infusion 

rate of 0.12 mmol/kg/hour or 2.88 mmol/kg/day for an average 70 kg adult. Studies have 

demonstrated the capacity of mammalian sulfite oxidase is extremely high compared with normal 

endogenous and exogenous sulfite loads [176]. Perfused dog livers tested for up to 3 hours oxidized 

sulfite at rates of at least 19 mmol/kg/day (559% more sulfite than the daily acidic sweep gas rate) 

[161,177]. In rhesus monkeys, Gunnison et al. estimated the biological half-life of sulfite at 10 

minutes after intravenous doses of 0.3 – 0.6 mmol/kg sulfite (at least 208% more sulfite than the 

hourly acidic sweep gas rate), and the capacity to metabolize orally administered sulfite at 2.74 

mmol/kg/day for 11 consecutive days (within 5% of the daily acidic sweep gas rate) [161,176]. In 

healthy human subjects, consumption of 0.21 mmol/kg sulfite (75% more sulfite than hourly acidic 

sweep gas rate) elevated serum sulfite concentration up to 0.112 mM within 30 minutes, which 

then returned to basal levels within 3 hours without any adverse reactions [178]. This data suggests 

the acidic sweep gas sulfite levels seen here (up to 2.88 mmol/kg/day) are tolerable, and could be 
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oxidized and excreted by the human body without serious adverse reaction. We conclude use of 

SO2 acidic sweep gas has potential as a clinically viable approach to increasing HFM CO2 removal 

efficiency.  

Application of the acidic sweep gas and bioactive CA-HFMs to current ECCO2R devices 

yields a CO2 removal device capable of removing a clinically significant 100 mL/min (50% of the 

metabolic needs of an adult patient [68]) with smaller surface areas. Model devices in this study 

utilized surface area (0.0151 m2) and liquid flow rates (45 mL/min) appropriately scaled to mimic 

the mass transport environment of comparable human HFM devices under clinically relevant 

conditions (197 mL/min/m2). We would expect similar performance by our approaches when 

translated to full scale commercial devices. For example, highly efficient low blood flow (< 500 

mL/min) CO2 removal devices such as the Hemolung RAS® (ALung Technologies, Pittsburgh 

PA) reported peak CO2 removal rates of 121 mL/min with 0.6 m2, for a comparable efficiency of 

201 mL/min/m2 [179]. Incorporation of an acidic sweep gas and bioactive CA-HFMs into this 

device could improve average efficiency up to 283 mL/min/m2, thereby requiring just 0.35m2 for 

100 mL/min CO2 removal support, at blood flow rates less than 500 mL/min.  

In conclusion, development of highly efficient ECCO2R devices will facilitate minimally 

invasive vascular access (11-15 Fr cannula) for partial respiratory support (up to 50%) at low blood 

flow rates (200-500 mL/min). By mixing dilute concentrations of acidic SO2 gas into the oxygen 

sweep gas, we acidified the blood in and around diffusional boundary layer, increasing the trans-

HFM CO2 pressure gradient to more than double CO2 removal while maintaining near physiologic 

pH. Future work will focus on assessing the enzymatic coating stability over time and validating 

the SO2 acidic sweep gas technique and sulfite byproduct safety in an animal model, elucidating 

the difference in BE and sulfite concentration and explore means of removing exogenous sulfite if 
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necessary. Bioactive CA coatings in combination with SO2 acidic sweep gas could lead to next 

generation highly efficient CO2 removal devices for the treatment of acute and acute-on-chronic 

lung failure. 
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6.0  SUMMARY & CONCLUSIONS 

In patients suffering from acute respiratory failure, extracorporeal carbon dioxide removal is a 

powerful alternative or adjuvant therapy to avoid mechanical ventilation induced lung injury. The 

complexity and invasiveness of current respiratory assist devices used for ECCO2R has limited 

widespread use in ICUs. New technologies that facilitate accelerated CO2 removal may lead to the 

development of smaller, more efficient respiratory assist devices that can be implemented by 

intensivists and other nonsurgical clinicians. Several novel respiratory assist devices have been 

developed and/or proposed which mechanically enhance gas exchange, however further 

improvement in efficiency is still desired. The work of this thesis develops and characterizes a 

novel carbonic anhydrase bioactive coating for HFMs which can be employed to substantially 

increase CO2 exchange in blood.  

In its current state, CA HFM technology will likely face many hurdles limiting its clinical 

potential. The first generation of this coating (Chapter 2) utilized CNBr/TEA conjugation 

chemistry, known to be both toxic and susceptible to leaching. This proof of principle study 

demonstrated the impact of CA-modified HFMs on both hemocompatibility and CO2 removal 

from blood for improved respiratory assist devices. CA-immobilized HFMs increased blood CO2 

removal rate by 36% and decreased in platelet deposition by a 95% compared to unmodified 

HFMs. While highlighting the potential of bioactive HFMs, CNBr conjugation chemistry is not a 

clinically viable approach. We took steps towards addressing CA coating toxicity and stability 

with an amine based conjugation strategy utilizing chitosan polymers and glutaraldehyde 

crosslinkers (Chapter 3). Next generation CA coatings could further improve toxicity with 

biocompatible amine based crosslinkers such as genipin, however limitations in the lifespan of CA 
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enzyme coating remain. These bioactive HFMs will likely not have the stability to endure a 

medical device sterilization process, survive on the shelf for months to years, and then ultimately 

deliver sustained CA activity over a therapeutic window of days to weeks. Exploration of cross 

linked enzyme aggregates and single enzyme nanogels have demonstrated promise in the literature 

as paths to creating enzymes which can maintain activity for years on end. Additionally, some 

groups have developed highly stable CA variants for use in CO2 sequestration in greenhouse gas 

emissions. A commercially viable bioactive HFM will probably employ engineered CA enzymes 

which can reliably deliver activity throughout the lifespan of a medical device. 

Compared to our current 30 – 40% increase in blood CO2 removal, we anticipated at least 

100% increase will be necessary for the development of next-generation minimally invasive 

devices. Amine based CA HFMs (Chapter 3) increased CA loading by 561%, however the 

improvements in immobilized enzyme activity did not manifest in further increase in bioactive 

HFM CO2 removal efficiency. In Chapter 4 we characterized the impact of bioactive HFMs on 

CO2 removal and explain the mechanisms which govern the efficacy of these biocatalytic devices. 

We separated out the impact of individual blood components (plasma albumin, red blood cells or 

free carbonic anhydrase) and fluid flow rate on bioactive HFMs CO2 removal efficiency. Based 

on our findings, we proposed a bicarbonate/CO2 disequilibrium hypothesis to describe 

performance of CA-modified devices in blood. This work was the first study to characterize the 

CO2 mass transport processes within these biocatalytic devices which impede CA coating efficacy 

and may serve as a basis towards developing approaches which improve bioactive HFM efficiency. 

In short, strategies which maximize CA loading on HFMs are not ideal avenues for improved 

efficiency of biocatalytic CO2 removal devices. 
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Improvement in CO2 removal rates using CA-modified devices in blood were realized by 

maximizing bicarbonate/CO2 disequilibrium at the fiber surface via blood acidification (Chapter 

5). We introduced dilute sulfur dioxide in oxygen sweep gas to acidify the blood in and around the 

diffusional boundary layer, thereby forcing dehydration of bicarbonate to CO2. Our results 

demonstrated a dilute acidic sweep gas can increase CO2 removal and when used in combination 

with bioactive CA-HFMs had a synergistic effect to more than double CO2 removal efficiency 

while maintaining physiologic pH. While achieving our efficiency target, the use of sulfur dioxide 

as a blood acidification agent introduces tremendous complexity and risk to the patient, limiting 

our clinical potential. Engineering devices to deliver acidic gases in a manner that is safe and 

practical to implement in a hospital setting may be fruitful avenues towards introducing a device 

which utilizes this technology.  

In conclusion, the work presented here summarizes the efforts to characterize the impact 

bioactive HFMs on CO2 removal and explain the mechanisms which govern the efficacy of these 

biocatalytic devices. In its current state this technology will need to overcome the hurdles of shelf 

life and patient risk/complexity to see true clinical potential. The impact of this work is less a 

clinical solution, and rather an instrument in elucidating mechanisms which will enable highly 

efficient CO2 removal devices. We hope understanding the mechanistic properties of CA HFMs 

may potentiate clinically useful technologies which will enable the next generation highly efficient 

and hemocompatible HFM-based artificial lungs. 
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