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Abstract

Current artificial lungs fail in 1–4 weeks due to surface-induced thrombosis. Biomaterial coatings 

may be applied to anticoagulate artificial surfaces, but none have shown marked long-term 

effectiveness. Poly-carboxybetaine (pCB) coatings have shown promising results in reducing 

protein and platelet-fouling in vitro. However, in vivo hemocompatibility remains to be 

investigated. Thus, three different pCB-grafting approaches to artificial lung surfaces were first 

investigated: 1) graft-to approach using 3,4-dihydroxyphenylalanine (DOPA) conjugated with pCB 

(DOPA-pCB); 2) graft-from approach using the Activators ReGenerated by Electron Transfer 

method of atom transfer radical polymerization (ARGET-ATRP); and 3) graft-to approach using 

pCB randomly copolymerized with hydrophobic moieties. One device coated with each of these 

methods and one uncoated device were attached in parallel within a veno-venous sheep 

extracorporeal circuit with no continuous anticoagulation (N=5 circuits). The DOPA-pCB 

approach showed the least increase in blood flow resistance and the lowest incidence of device 

failure over 36-hours. Next, we further investigated the impact of tip-to-tip DOPA-pCB coating in 

a 4-hour rabbit study with veno-venous micro-artificial lung circuit at a higher activated clotting 

time of 220–300s (N≥5). Here, DOPA-pCB reduced fibrin formation (p=0.06) and gross thrombus 

formation by 59% (p<0.05). Therefore, DOPA-pCB is a promising material for improving the 

anticoagulation of artificial lungs.
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1. Introduction

Over 168,000 Americans die every year due to chronic respiratory diseases [1–4]. The only 

long-term treatment option is lung transplantation, but only 2,345 lung transplants take place 

each year in the United States [5]. Extracorporeal membrane oxygenation (ECMO) is an 

alternative means of long-term respiratory support which performs gas exchange using a 

densely-packed bed of hydrophobic hollow fibers. However, these fiber surfaces are 

especially susceptible to surface-induced coagulation, ultimately resulting in device failure 

within 1–4 weeks [6–8]. Currently, heparin is intravenously administered as an anticoagulant 

to prolong the device lifespan, but bleeding complications are prevalent and often fatal 

during ECMO [9,10]. Hence, an alternative anticoagulation approach with minimal systemic 

effect would be highly desirable.

To reduce thrombosis only at blood-contacting surfaces, anticoagulant molecules such as 

heparin and low-fouling polymers such as polyethylene glycol (PEG) have been applied over 

oxygenator surfaces. However, the existing coating technology is not sufficient for extending 

the device’s useful lifetime. Surface-bound heparin has reduced bioactivity compared to its 

soluble form [11], and several studies have reported no clear benefits of PEG coatings when 

in contact with whole blood [12–14].

Carboxybetaine (CB), on the other hand, is a newer class of low-fouling molecule that has 

shown promising in vitro results for repelling protein and platelet fouling [15–18]. CB is 

zwitterionic, defined as having both positive and negative charges while retaining a net 

neutral charge. The equal and opposite charges present on zwitterionic molecule 

electrostatically attract water molecules, forming a robust hydration layer that repels non-

specific protein adsorption [19]. Previous work has coated hydrophobic surfaces such as 

poly-(dimethyl siloxane) (PDMS) and polypropylene (PP) with poly-carboxybetaine (pCB) 

chains using graft-from approach via ARGET-ATRP [16] (Figure 1a), as well as graft-to 

approaches via DOPA [16],[17],[20] (Figure 1b) and random copolymerization of CB and 

hydrophobic monomers (Figure 1c). These coated surfaces repelled non-specific protein 

adsorption and platelet adhesion efficiently even in complex media, including 100% plasma 

[18]. Although pCB has shown excellent in vitro performances in multiple studies,[15–
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18,20] several challenges exist for extending this to artificial lung applications. First, 

artificial lungs’ gas exchange membrane surfaces are densely packed and complex in surface 

geometry. Additionally, an artificial lung circuit has multiple distinct types of synthetic 

polymer, which also raises the difficulty of achieving a uniform grafting across different 

surface characteristics. Finally, artificial lungs must repel non-specific protein adsorption 

under a rigorous, whole blood environment. Therefore, an ideal coating methodology 

specifically for artificial lungs must be determined, and its ability to impede clot formation 

must be evaluated in a clinically relevant model.

In the following studies, the optimal method of attaching pCB to the artificial lung surfaces 

was evaluated with two separate in vivo experiments. In the first, oxygenators with different 

pCB coating methods were attached in parallel in a 36-hour, sheep, veno-venous ECMO 

model. To achieve measurable clotting within the 36-hour time frame, sheep were not 

continuously anticoagulated. Under this rigorous whole blood environment with no 

anticoagulation, three different pCB attachment methods were compared. In each case, the 

goal was to develop a simple, flow-through coating method that would not significantly 

complicate the artificial lung construction process. The first coating used the graft-to 

method, in which direct surface attachment of pCB polymer chains was accomplished using 

the previously reported DOPA-pCB conjugate [20]. The second adsorbed pCB to surfaces 

after copolymerizing it with a hydrophobic moiety. Lastly, the third utilized a “graft-from” 

approach using ARGET-ATRP. In the following in vivo study, the coating that exhibited the 

best performance in the sheep studies was further investigated to determine its ability to slow 

clot formation when used alone and with the entire circuit coated using the same method. 

This second study utilized a four-hour rabbit veno-venous extracorporeal circuit model with 

continuous anticoagulation to better reflect the clinical environment. Both studies will serve 

as a necessary, intermediate investigation of pCB coating in vivo prior to the ultimate, long-

term evaluation in a full-scale artificial lung.

2. Experimental Section

The animal housing and surgical procedures were approved by the Allegheny-Singer 

Research Institute’s Institutional Animal Care and Use Committee in accordance with 

institution and federal regulations.

2.1. Sheep Study

2.1.1. Sheep Study, Miniature Artificial Lung Fabrication—Microporous PP 

hollow fiber membrane (outer diameter = 200 μm, Type X30–150, 3M,NC) was coated with 

thin poly-siloxane layer (Applied Membrane Technology, MN). The siloxane-PP fiber was 

double-layered and knitted with a crossing angle of 30 degrees and fiber spacing of 43 

fibers/inch. The mat was rolled into a fiber bundle with a path length of 1.5 cm. The bundle 

was then encapsulated in a PETG housing (McMaster-Carr, IL) and “potted” in place using 

PDMS (Elastosil RT 625, Wacker Chemie AG, Germany). Polyurethane filling (WC-575, 

BJB Enterprises, CA) was injected into the corner areas of the device at the cap-housing 

interface to reduce areas of stagnation and recirculation. Silicone tubing with inner diameter 

(ID) of 3/16” (McMaster-Carr, IL) was attached as blood inlet and outlet for the device. For 
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this work, the devices did not have gas inlet or outlet because the focus was primarily on 

thrombosis initiated at blood-material interface. The completed device (Figure 2a) had a 

total fiber surface area of 0.1 m2 and a frontal area of 14.5 cm2. After fabrication, the device 

was coated with one of the three methodologies described below.

2.1.2. pCB Coating—CB monomers were synthesized according to a previously 

reported method [21]. n-Butyl methacrylate (BMA) and 2-trimethylammoniumethyl 

methacrylate chloride (TMAEMA) were purchased from Tokyo Chemical Industry Co., Ltd. 

(OR). 3-[Tris(trimethylsiloxy)silyl]propyl methacrylate (MTS) was obtained from Sigma-

Aldrich (MO).

i. DOPA-pCB: DOPA-pCB conjugate was synthesized using a method similar to 

one described previously [20], but carboxybetaine methacrylate (CBMA) was 

used as the monomer instead of CBAA. This DOPA-pCB conjugate was then 

mixed in a water-methanol solution (80%/20% v/v) to achieve a concentration of 

2 mg/mL, and 2-amino-2-hydroxymethyl-propane-1,3-diol (TRIS) salt was 

added to reach a pH of 8.5. The sample was incubated with this solution and then 

agitated for 20 hours. ii) Random Copolymer: CB random copolymers, 

poly(CBAA-co-BMA) and poly(CBAA-co-MTS-co-TMAEMA) were 

synthesized by conventional free radical polymerization method using AIBN as 

an initiator, in a method similar to that reported previously [22–24]. In brief, the 

desired amounts of monomer and AIBN were dissolved into ethanol. The 

solution was further bubbled with nitrogen gas for 30 minutes at room 

temperature. Polymerization was performed in the sealed glass tube under a 

protection atmosphere of nitrogen gas. After that, the polymer was purified by 

precipitation. The coating copolymers were dissolved in ethanol-water (8:2 

volume-volume ratio), each at a 1% weight ratio. Samples were soaked with this 

solution for 1 hour, emptied, and dried overnight. This process was repeated two 

more times.

ii. ARGET-ATRP pCB: The miniature artificial lung was completed filled with 

hydrogen peroxide/18.4 M sulfuric acid solution (30%/70% v/v) and then 

exposed for 60 seconds to hydroxylate the surfaces. Subsequently, the ARGET 

methodology followed our previously reported methodology [16].

iii. Surface characterization: Coated fiber surfaces on miniature artificial lungs were 

characterized using X-ray photoemission spectroscopy (XPS). Nitrogen atoms 

only exist in the pCB polymer chains but not in PP or PDMS that make up the 

base substrate, so nitrogen intensity in survey scan was used to prove the 

presence of pCB coating. All tested samples were taken from the outmost layer 

of fiber bundles and cut in to 1 cm x 1 cm squares. Without any treatment, all 

samples were subject to a monochromatized Electron Spectroscopy for Chemical 

Analysis (ESCA) system (Kratos AXIS Ultra DLD, Manchester, UK) under high 

vacuum.

iv. Quality Control: Each batch of CB polymer underwent a quality control step 

using smaller pieces of PDMS-PP hollow fiber membrane. The same PDMS-PP 
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fiber mat used for artificial lung fabrication was heat-sealed and cut into small 

rectangular pieces, each with dimensions of 0.25” x 0.5” such that the shorter 

edge is perpendicular to the hollow fibers. This fiber piece was coated with the 

batch of CB polymer and tested for fibrinogen-fouling via enzyme-linked 

immunosorbent assay (ELISA), as described previously [16,17,20]. Only the 

batch that reduced fibrinogen fouling by at least 90% compared to the uncoated 

control was used to coat artificial lungs.

2.1.3. Sheep Study, Circuit Preparation—The miniature artificial lung was attached 

in a veno-venous, extracorporeal, parallel circuit configuration (Figure 2b). The 18–28 

French dual lumen cannula (Avalon Elite, Maquet, NJ) provided both drainage and 

reinfusion. Tygon tubing was used for the circuit tubing material. The drainage cannula was 

followed by 220 cm of 3/8” ID tubing (Cole-Parmer, IL), followed by 75 cm of ¼” ID 

tubing (Saint-Gobain, France), which then fed into the portion of the circuit containing four 

artificial lungs in-parallel. Before entering the parallel lungs, blood flow from the cannula 

was divided into four separate branches using a 1/4”- 1/4” polycarbonate Y connector 

(Qosina, NY), followed by 10 cm of 1/4” ID tubing, and then another 1/4”-1/4” 

polycarbonate Y connector. After the second Y connector, each branch contained, in order: 

6.5 cm of ID 1/4” tubing; 1/4”-3/16” polycarbonate reducer (Qosina, NY); 5 cm of ID 3/16” 

tubing (Saint-Gobain, Courbevoie, France); 3/16”-3/16” polycarbonate luer connector 

(Qosina, NY); miniature artificial lung; 3/16”-3/16” polycarbonate luer connector; 5 cm of 

ID 3/16” tubing; 1/4”-3/16” polycarbonate reducer; 6.5 cm of ID 1/4” tubing. Four separate 

branches converged back to one flow using the same set of Y connectors as before for 

diverging the flow, but in a reverse order. Finally, 200 cm of 1/4” ID tubing, followed by 40 

cm of 3/8” ID tubing, were used to direct the flow back to dual lumen cannula for 

reinfusion.

2.1.4. Sheep Study, Surgery—Two Montadale sheep were used for this study. 

Transdermal fentanyl patches (Apotext Corp, FL, 75 μg/hr) were applied to the sheep 12 

hours before the surgery, and anesthesia was induced via intravenous injection of 4–6 mg/kg 

propofol (Fresenius Kabi, Germany). During the surgery, the sheep’s native lungs were 

ventilated with an inhalational anesthetic of 1–5 % isoflurane in pure oxygen. A beveled 

pressure tubing (TruWave, Edwards Lifesciences, CA) was placed as arterial line in the 

carotid artery to obtain blood samples and mean arterial pressure (MAP) measurements. The 

dual lumen ECMO cannula was placed via the jugular vein and tunneled to the right atrium 

for drainage and reinfusion for the extracorporeal circuit. At initial attachment, the circuit 

was primed with saline containing 5000 units of heparin (Sagent, IL) and 30 mg/kg of 

methylprednisolone sodium succinate (Pfizer, NY). The initial attachment circuit did not 

include artificial lungs. Instead, the first device attachment was offset by at least 6 hours 

after the surgery, following the attachment protocol (see Attachment and Detachment).

The roller pump (COBE, CO) was used to achieve a total blood flow rate of 800 mL/min 

through the cannula and 200 ± 20 mL/min per branch. After the attachment surgery, the 

sheep was moved to a custom-built stanchion cage. Once the sheep was awake and alert 
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post-surgery, it was transported to the animal facility for chronic monitoring and artificial 

lung attachment.

2.1.5. Sheep Study, Artificial Lung Attachment and Detachment—The first set 

of attachment was performed at least 6 hours after the surgery. Moreover, the devices were 

primed with normal saline at least 6 hours before the attachment to ensure that surfaces were 

sufficiently wetted. Prior to attachment, sheep was given an IV bolus of 50 units heparin/kg. 

The devices were attached two at a time using the following protocol. First, the total blood 

flow was reduced from 800 to 400 mL/min. Next, the circuit was clamped off after the first 

Y connector and right before the last Y connector to cut off blood flow from half of the 

circuit. The clamped-off section was removed and replaced with a primed device circuit 

containing two artificial lungs. The clamps were removed, and the flow was returned to 800 

mL/min and adjusted further by placing adjustable clamps on each branch to ensure even 

distribution between the four branches. Once the flow through each device was at 200 ± 20 

mL/min, initial baseline resistance measurement was recorded. After the baseline 

measurements were taken for both devices, the same set of procedure was followed for 

initial attachment of other two branches/devices.

Each artificial lung was detached from the main circuit 36 hours after attachment or when it 

met the failure criteria defined as follows: two consecutive resistance measurements were 

100% greater than the initial, baseline resistance value. Prior to detachment, sheep were 

given an intravenous bolus of heparin (50 units/kg). The total blood flow was reduced to 200 

mL/min per remaining device prior to device removal. After detachment, a piece of 3/16” ID 

Tygon tubing was put in the place of the removed lung. To keep the flow equal between all 

four branches, a Hoffman clamp was placed distal to each device outlet and adjusted 

accordingly. Each removed circuit was rinsed with a bolus of heparin (10,000 units) 

followed by heparinized saline (2 units/mL) until the effluent became colorless. Afterwards, 

the device was fixed with 2% glutaraldehyde (Electron Microscopy Sciences, PA) in 

phosphate buffer.

After all the devices from the first set were removed, a new set of devices was re-attached up 

to two more times afterwards if platelet count was at least 2/3rds of the baseline value. All 

devices were primed with saline for at least 6 hours prior to attachment to ensure that the 

surfaces were hydrated. Prior to re-attachment, sheep were given a bolus of 50 units/kg of 

heparin. After a maximum of 3 sets of devices, each sheep was given 0.22 mL/kg of sodium 

pentobarbital (Vortech Pharmaceuticals Ltd, MI) intravenously for euthanasia.

2.1.6. Sheep Management—During monitoring, the sheep was given either an 

intravenous drip of either saline or Lactated Ringer’s solution at 1.2–5 mL/kg/hr. There was 

no continuous administration of anticoagulants in order to accelerate coagulation for this 

experiment. The fentanyl dermal patch was started 12 hours prior to the surgery and 

maintained for 72 hours. After the patch wore off, the sheep was given an intramuscular 

injection of 0.005–0.01 mg/kg buprenorphine every 4–8 hours (Renckitt Benckiser 

Pharmaceuticals, England). For antibiotics, 5 mg/kg enrofloxacin (Bayer, Germany) was 

given intravenously once a day, and 40,000 units/kg of procaine penicillin G/benzathine 

penicillin G combination (Aspen Veterinary Resources, MO) was given intramuscularly 
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every 72 hours. The animal’s arterial blood samples were taken to measure activated clotting 

time (ACT), hematocrit, and arterial blood gas (ABG) as needed or every 6 hours. Platelet 

and white blood cell counts were taken twice a day and plasma-free hemoglobin once a day.

2.1.7. Sheep Study, Digital Data—Mean arterial pressure was measured with patient 

monitor (Tram-rac 4A with Tram 600SL module, GE Marquette Electronics, WI). Device 

inlet and outlet pressures for each coating type were measured using Transpac transducers 

(ICU Medical Inc, CA). Flow rate was monitored using ultrasonic flow probe and flow 

meter (TS410 with 14PXL, NY). Both sets of measurements were recorded onto the 

monitoring computer using data acquisition system (Biopac Systems, CA). Blood flow 

resistance was calculated as: (inlet pressure – outlet pressure)/device flow rate.

2.1.8. Sheep Study, Data Processing and Statistical Analysis—The resistance 

measurements were log-transformed. For all statistical tests with repeated measures, a mixed 

linear model was used with animal subject and/or device number as the subject variables, 

time as the repeated measure, coating and time as fixed effects, and Autoregressive(1) as the 

repeated covariance matrix. Bonferroni correction was used for post-hoc correction for all 

pairwise comparisons. For devices that failed before the 36-hour time limit, the last recorded 

resistance measurement was kept until the 36-hour mark as a conservative estimate of the 

resistance had it been left attached. The Kaplan-Meier method was performed to compare 

device failure rates, using log rank as the statistical test for significant difference in failure 

rate. A p-value < 0.05 was considered statistical significance for all tests. The error bars in 

the figures represent standard error of the mean (S.E.M.) unless stated otherwise.

2.2. Rabbit Study

2.2.1. Rabbit Study, Micro Artificial Lung Fabrication—The same PDMS-PP fiber 

from the sheep study was used for these devices. The double-layered hollow fiber mat was 

heat-sealed and cut into 0.85” x 0.85” squares. Ten of these squares were layered in the same 

orientation and melted on all four sides to create a single fiber pack, until its lateral 

dimensions were 0.615” x 0.615”. Seven of the fiber packs were fitted into 1.34”-long 

square polycarbonate tube (ID = 0.625”, Part # 3161T21, McMaster-Carr, IL) for a total 

fiber surface area of 400 cm2. Custom-made polycarbonate square caps were fitted onto both 

ends of the tube and sealed with silicone RTV (McMaster-Carr, IL). The other end of the 

square cap was fitted with thread-to-barbed adapters (Qosina, NY). The completed device is 

shown in Figure 2c.

2.2.2. Rabbit Study, Circuit Preparation—The micro artificial lung was attached in a 

veno-venous extracorporeal circuit configuration (Figure 2d). The device inlet circuit 

components consisted of: 7 cm of 60-cm-pressure tubing with four side-holes serving as 

inflow cannula; male luer with spin lock-to-barb connector (Qosina, NY); 75 cm of 3/16” ID 

tubing; 3/16”–1/4” polycarbonate reducer; 9 cm of 1/4” ID tubing; 3/16”–1/4” 

polycarbonate reducer; 5 cm of 3/16” ID tubing; 3/16”–3/16” polycarbonate Luer connector 

(NovoSci, TX); 5 cm of 3/16” ID tubing. The device outlet circuit components are: 5 cm of 

3/16” ID tubing; 3/16”–3/16” polycarbonate Luer connector; 25 cm of 3/16” ID tubing; and 

a 14-gauge angiocatheter (Becton Dickinson, NJ) as the outflow cannula. The circuit was 
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coated tip-to-tip with DOPA-pCB for the coating group using the previously described 

methodology. The uncoated group had the same circuit components without the coating. On 

the day of the experiment, the circuit was primed with saline and 10 mg/kg of sodium 

methylprednisolone.

2.2.3. Animal Management—New Zealand white rabbits (Average weight = 3.6 +/

− 0.4 kg) were initially sedated with subcutaneous injection of 30 mg/kg of ketamine (Vedco 

Inc, MO) and 5 mg/kg of xylazine (Akorn Animal Health, IL). They were then intubated and 

attached to the ventilator using 100% O2 with 1–5% isoflurane for anesthesia during the 

experiment. An intravenous drip of Lactated Ringer’s solution was also started at 10–30 

mL/kg/hr.

A 16-gauge angiocatheter (Becton Dickinson, NJ) was placed in the carotid artery for both 

blood sampling, MAP measurements, and drug delivery. A continuous intravenous drip of 

phenylephrine was then started using a syringe pump (New Era Pump Systems Inc, NY) at a 

rate between 0.5 and 5 μg/kg/min in order to maintain normal blood pressure. All baseline 

blood samples and measurements were taken at this point (see 2.2.4. Blood Sampling). For 

circuit attachment, a 16-gauge angiocatheter was first inserted into the left internal jugular 

vein as the reinfusion site. Heparin infusion was then started at the left jugular incision site 

at 1 unit/min to prevent clot formation. For drainage cannula, a pressure tubing (VLMF120, 

Edwards Lifesciences, CA) was cut to a length of 6 cm with a bevel in a direction opposite 

of cannula’s curvature to prevent suctioning against vessel wall. Three side-holes were cut 

out near the beveled tip, and this cannula was inserted into the right internal jugular vein as 

the drainage cannula until its tip reached the right atrium. Blood flow through the circuit was 

maintained at 45 mL/min with a roller pump (COBE, CO). Heparin infusion rate was kept 

between 60 and 120 units/hour to maintain ACT between 220 and 300 seconds.

2.2.4. Blood Sampling—Rabbit arterial blood was drawn for determining the activated 

clotting time (ACT), arterial blood gas (ABG), platelet counts, and enzyme-linked 

immunosorbent assays (ELISA) for pselectin and fibrinopeptide A. These blood samples 

were all taken at baseline, and 10, 30, 120, and 240 minutes after circuit attachment. 

Additionally, ACT was also taken at 60 and 180 minutes. Heparinized syringes were used 

for ELISA samples. For platelet counts, syringes were citrated at 9:1 v/v ratio blood:ACD 

(Santa Cruz Biotechnology, CA). Arterial blood gas measurement was taken using 

heparinized syringe.

The activated clotting time was measured using a Hemochron Response Whole Blood 

Coagulation System (Accriva Diagnostics, San Diego, CA). Arterial blood gas (ABG) was 

measured with ABL Flex 800 gas analyzer (Radiometer, Copenhagen, Denmark) for 

monitoring health and measuring hemoglobin level; and platelet counts were taken with a Z1 

Dual Threshold Coulter Counter (Beckman Coulter, Brea, CA) following the manufacturer’s 

specifications for platelets. For the ELISAs, 2 mL of whole blood was collected in a 

heparinized syringe and then centrifuged at 1000g for 20 minutes. The plasma supernatant 

was collected and immediately frozen at −20 °C. ELISA kits (MyBioSource, San Diego, 

CA) were used for rabbit soluble p-selectin (Catalog #: MBS011457) and rabbit 
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fibrinopeptide A (Catalog #: MBS013487). The instruction manuals were followed for 

measuring plasma level of each protein.

2.2.5. Rabbit Study, Digital Data—The same procedure was followed from that of 

chronic sheep study to measure blood pressures, flow rate, and resistance.

2.2.6. Device Detachment and Autopsy—Four hours after the circuit attachment, 

rabbits were given 10,000 units of heparin intravenously in preparation for circuit 

detachment. The entire circuit was then detached and flushed with saline until the effluent 

became clear. After circuit removal, rabbits were euthanized with 2 mEq/kg of intravenous 

potassium (Hospira, IL). The micro artificial lung was then removed from the rest of the 

circuit and dried with a gentle stream of air until no moisture could be detected.

The device was weighed, and the change in device weight between the beginning and end of 

the experiment was recorded as the clot weight. The micro artificial lung was then fixed in 

2% glutaraldehyde solution in 0.2 M phosphate buffer for scanning electron microscopy. 

Hollow fiber pieces were excised from the center of the fiber layer at the inlet, middle, and 

outlet of the bundle. These samples were dehydrated with 25, 50, 75, and 100% ethanol 

solutions in water. Fiber samples were then sputter coated with platinum at 3 nm thickness. 

The images were taken with 5 kV accelerating voltage, spot size of 3.0, and magnification 

levels between 50 and 2000 (Philips XL-30, Netherlands).

2.2.7. Data Processing and Statistical Analysis—Prior to statistical analysis, 

platelet count and clotting factor levels were first corrected for hemodilution caused by 

circuit attachment, and normalized to baseline, pre-attachment, as follows: corrected data = 

raw data × HemoglobinbBaseline/Hemoglobint=10 min (Supplementary Information Fig. 

S2: Hemoglobin data). A mixed linear model was used to analyze clotting factor levels, 

ACT, log(resistance), and platelet count in the same fashion as the sheep study. The device 

clot weight was compared using Student’s t-test. The clotting factor levels and platelet count 

were represented as the change from its baseline value.

3. Results

3.1. Surface characterization

The presence of pCB coating layer on the fiber bundles was confirmed by characterizing the 

surface atomic composition using XPS (Figure 3, Table S1). Across all four surface types, 

the XPS survey scan detected peaks from carbon (C 1s), oxygen (O 1s), and silicon (Si 1s) 

which make up the outer layer of PDMS-PP hollow fibers. From the same scan, nitrogen (N 

1s) could not be detected on uncoated surface, whereas there were significant N 1s peaks for 

random copolymer surface at atomic percentage of 2.72%, DOPA-pCB at 2.26%, and 

ARGET-ATRP at 2.71% (Figure 3a, Table S1). There were also concomitant decreases in 

silicon percentages from 21.73% for the uncoated surface down to 10.65% for random 

copolymer, 6.66% for ARGETATRP, and 14.85% for DOPA-pCB.

The detailed C 1s, N 1s and O 1s signatures were further studied, as shown in the 

representative high resolution spectra for DOPA-pCB (Figure 3b). The C 1s signals were 
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fitted with Gaussian model into four components based on their respective binding energies, 

including carbon bonds from C-C (284.8 eV), −N+(CH3)2- (285.9 eV), carboxyl (287.9 eV), 

and amide (289.6 eV). Similarly, the O 1s signals were assigned to three peaks: oxygen 

bonds of Si-O (530.2 eV), C=O (531.5 eV), and C-O (533.0 eV). The N 1s were assigned 

into two peaks: nitrogen bonds of amide bond (399.9 eV), and quaternary amine (402.2 eV), 

both of which correspond to the nitrogen atom on the CB moieties. Based on spectral 

analyses, both atomic and bond profiles of the surface strongly suggest that pCB chains were 

successfully grafted onto hollow fiber surfaces.

3.2. Sheep Study

Five sets of devices were tested in two different sheep. Three sets of devices were attached 

to the first sheep and two sets to the second. One DOPA-pCB device from the first sheep 

was removed early at a 12-hour mark due to a high resistance measurement. However, this 

device showed low amount of clot formation that did not match up with its recorded 

resistance, and it was found later that the same pressure transducer was malfunctioning. 

Hence, this DOPA-pCB device was removed from subsequent analysis, leaving N = 4 for 

DOPA-pCB. The entire second set from the second sheep was also terminated early at a 34-

hour mark due to early euthanasia. The average ACT across all time points for both sheep 

was 152 ± 30 s (mean ± standard deviation). The log(resistance) (mmHg/(L/min)) across all 

time points for each surface type is shown in Figure 4a. The DOPA-pCB coated devices had 

the lowest resistance and the smallest deviation between sets. The copolymer coating 

showed a significantly higher log(resistance) than DOPA-pCB, ARGETATRP, and uncoated 

(p < 0.01, < 0.05, and < 0.05, respectively). The other pairwise comparisons did not show 

any significant difference (Table S2). The failure curve from these same sets of devices is 

shown in Figure 4b. DOPA-pCB had the lowest failure rate of 25%, followed by ARGET-

ATRP (40%), uncoated (60%), and copolymer (80%). The copolymer devices failed at a 

significantly higher rate than DOPA-pCB devices (p < 0.05). Due to the small sample size 

and large variabilities, however, no significant differences in failure rate were seen between 

uncoated and DOPA-pCB (p = 0.24) or between rest of the other pairings (p = 0.1117 – 

0.574). Whereas more sheep experiments could have been performed to achieve statistical 

significance, we decided to instead proceed with the rabbit experiment to conduct a study 

that focuses on one type of coating under a more clinically relevant setting. For this 

following study, DOPA-pCB coating was selected as it showed the lowest rate of failure.

3.3. Rabbit Study

Initially, seven rabbits were used for the uncoated control group, and six rabbits for the 

DOPA-pCB group. However, 1 rabbit in the uncoated control group and 1 rabbit in the 

DOPA-pCB group were completely discarded because the ACT did not fit the proposed 

range. Two rabbits’ platelet count data, one from each group, were also discarded because 

both cases showed an abnormally low platelet count at baseline (<1×108 cells/mL) that 

increased to more than 1.5 × 108 cells/mL at the 10-minute mark, leaving N = 4 for DOPA-

pCB and N = 5 for uncoated.

The ACTs were not significantly different between the two groups over the 4-hour period 

(Supplementary Information Figure S3, uncoated = 241 ± 43 s, DOPA-pCB = 260 ± 44 s, 
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mean ± SD, p = 0.21). The average baseline platelet count (x 108 platelets/mL, mean ± SD) 

for uncoated and DOPA-pCB was 1.60 ± 0.20 and 1.76 ± 0.24, respectively (N = 4 and 5, 

respectively). The change in device weight was significantly different between groups (p < 

0.05, Figure 5a). The coating group had 59% less clot weight than the uncoated after the 4-

hour study. The clot formation throughout the study was recorded by measuring device’s 

blood flow resistance (Figure 5b). Both groups showed a common trend, in which there was 

an initial spike in the first 2 hours, but the value dropped back down and stabilized for the 

remainder of the experiment (Figure 5b). The uncoated control’s resistance was consistently 

higher in magnitude than DOPA-pCB, but there was no significant difference between the 

groups due to the large variation between rabbits (p = 0.18). The scanning electron 

microscopy images showed that the DOPA-pCB coating reduced microscopic clot formation 

on both the hollow gas exchange fibers (Figure 6, top) as well as the finer weaving fibers 

(Figure 6, bottom). These results indicate that the gross clot formation was reduced with 

DOPA-pCB tip-to-tip coating.

To better understand how DOPA-pCB reduced thrombus formation, blood coagulation and 

platelet activation were studied with ELISAs and platelet counts. The level of plasma 

fibrinopeptide A (FPA), produced as a byproduct from fibrin generation, is shown in Figure 

7 as a change from the baseline. For both groups, there was an increase within 30 minutes 

after attachment, but this spike was suppressed in the coated case. The peak occurred after 

10 minutes for uncoated and 30 minutes for the DOPA-pCB, but the average FPA level was 

consistently higher in the uncoated case. The overall difference approached statistical 

significance between groups (p = 0.06). The platelet count (Figure 8a) decreased 

significantly over time for both groups (p < 0.05) but showed no significant difference 

between groups (p = 0.45). Additionally, the soluble pselectin level, which is released by 

activated platelets, showed no statistically significant differences between groups (Figure 

8b). These data suggest that DOPA-pCB coating has a substantial effect on reducing the 

coagulation cascade activity; however, there was no measurable effect on systemic platelet 

activation in this experimental setting.

4. Discussion

This study was conducted to evaluate in vivo efficacy of pCB coatings in two steps. First, 

each grafting methodology was carried out over miniature artificial lung surfaces, and the 

coated lungs were tested in a parallel veno-venous circuit for a fair assessment of coatings. 

The anticoagulant function of the most promising method was then studied independently in 

a four-hour rabbit veno-venous model with a clinically relevant ACT. Although the devices 

used in the sheep study are smaller than those used in clinical ECMO, the 0.1 m2 surface 

area and the packed bed geometry of the fiber bundle still pose a challenge for achieving a 

uniform surface coverage. Furthermore, the miniature artificial lung in the study consists of 

multiple of materials: PDMS potting, tubing, and hollow fibers; polypropylene weaving 

fibers; PETG housing; and polyurethane filling. Achieving an effective coating over various 

surface compositions and geometries using one fixed coating process is challenging.

The surface elemental analysis with XPS demonstrated the presence of nitrogen atoms 

characteristic to CB moieties for all three coating methods inside miniature lungs. 
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Furthermore, the percentage of nitrogen atoms matched closely with the value of 2.4% 

reported by the study by Amoako et al, which coated a 7.7 cm2 flat PDMS sheet with 

DOPA-pCB.[18] The coatings in the present study not only achieved high grafting efficiency 

that was comparable to its previous work, but they were also achieved over larger, more 

complex surfaces. The high-resolution spectral analysis further demonstrated that the 

chemical bonds on the surface corresponded to those of CB moieties.

These three coatings and the uncoated control were tested head-to-head in a parallel 

venovenous sheep circuit. Out of the four types of surfaces tested, the copolymer coating 

showed the quickest increase in resistance with an overall failure rate of 80%. The ARGET 

coating had only a slightly lower failure rate than the uncoated. The DOPA-pCB coating not 

only had the lowest failure rate of 25%, but also had the most consistent results within the 

group. DOPA is a versatile adhesive molecule that can stably attach to a variety of surfaces 

through different possible mechanisms [20,25,26]. Hence, it may be that DOPA-pCB was 

the most effective in part because there are multiple surface materials like artificial lungs. 

The ARGET-ATRP graft-from methodology can theoretically achieve a higher grafting 

density by covalently attaching initiator molecules to the surface and then polymerizing CB 

monomers. However, ARGET-ATRP is costlier and attaching initiators is challenging. In the 

current study, a piranha solution was used to graft the initiators, serving as a powerful 

oxidizing agent to hydroxylate organic surfaces. In addition to its safety risks, the reagent 

also raises a concern about material degradation that may lead to premature device failure. 

Regardless, ARGET-ATRP devices had highly variable resistance values between sets and 

exhibited a similar failure trend as the uncoated in this study (Figure 4). This may also be 

due to the challenges of scaling up the ARGET-ATRP methodology to larger, more complex 

surfaces compared to smaller, simpler surfaces tested in previous studies [16]. Finally, the 

random copolymerization approach has been used for physiosorption of highly hydrophilic 

zwitterionic polymers to hydrophobic surfaces [23,27]. This method is the most established 

and often utilized for commercial coatings, but its effectiveness may depend on the substrate 

surface. However, this approach led to faster increase in resistance compared to the uncoated 

control in this study. Potentially, the exposed hydrophobic blocks accelerated the clotting 

process. Two types of hydrophobic copolymers were used in this study: methyl trisiloxane 

for PDMS coating and butyl methacrylate for PP weaving fiber coating. Further optimization 

of each of these polymers may lead to improved future performance.

In the second set of the second sheep, however, the copolymer device showed no marked 

increase in resistance for the entire duration. The first four copolymer devices were primed 

in saline for about 6 hours, whereas the fifth one was primed for over 72 hours while waiting 

for sheep platelet numbers to increase. This longer wetting time may have contributed to that 

copolymer coating’s improved blood biocompatibility. The 6- to 12-hour period may not be 

long enough for fully hydrating an artificial lung such that the hydrophobic residues were 

still largely exposed to the blood-side and hence promoted protein adsorption. Chen et al 
reported that the length of wetting time of PP substrate coated with zwitterionic 

phosphorylcholine or sulfobetaine copolymer affected the contact angle (i.e. hydrophilicity), 

and that there was a dramatic drop-off in contact angle within the first few minutes [28]. 

This previous study, however, evaluated this change in hydrophilicity over small, flat 

surface. In the current study, a fiber bundle consists of 43 double-layers of packed beds of 
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hollow fibers with a total surface area of 0.1 m2. Any portion of the bundle that was not 

sufficiently wetted would likely contribute to premature failure. This critical length of time 

required for fiber bundle wetting may be the underlying reason for early failure in 

copolymer coatings, and this aspect needs to be investigated and improved for future 

copolymer coating applications in artificial lungs.

Overall, the sheep study showed that the DOPA methodology may be the most effective 

method for attaching pCB chains to artificial lung surfaces. Moreover, the sheep model 

evaluated pCB-coating efficacy over a large, complex surface under rigorous whole blood 

environment, which has never been demonstrated before. However, this alone does not 

provide enough information about the effects of coating. Because of the parallel 

configuration of the extracorporeal circuit, the benefits of one successful coating on the 

coagulation system may be confounded and obscured by the presence of other less 

successful ones, the control device, and the uncoated circuit. The polycarbonate connectors 

present throughout the circuit are especially prone to thrombus formation because they 

introduce geometrical steps in the circuit, so their presence puts even more of a challenge for 

the coatings. Moreover, these lungs were miniature devices without fully optimized fluid 

mechanics. Finally, there was no continuous administration of heparin anticoagulation to 

sheep, and sheep were only given heparin boluses intermittently. The rationale for this 

experimental design was to accelerate clotting and observe measurable changes within the 

36-hour time frame. Otherwise, the duration would have to be extended to at least one week 

for clinical oxygenators to actually fail [6–8]. At an ACT of 152 ± 30 s (mean ± standard 

deviation) across all time points between two sheep, the surfaces were subjected to highly 

procoagulant bloodstream than clinical ECMO standard, which recommends ACT between 

180 and 220 seconds [29]. The pCB coatings in this study can only repel non-specific 

adsorption but have no means of inhibiting activated platelets or coagulation factors. Thus, 

coatings will have limited benefit when the remainder of the circuit, particularly the circuit 

inlet, are rapidly producing thrombus. In a similar study using ECMO without 

anticoagulation, Lai et al. found a precipitous increase in failure rate at around 36 hours, 

even in devices with relatively slower clot formation [30].

The follow-up rabbit study was thus designed to examine the devices under a more clinically 

relevant setting. Only one type of coating was tested per animal to focus on each surface 

type’s effect on the coagulation system. Furthermore, the entire circuit was coated tip-to-tip 

to minimize the confounding effects of uncoated surfaces, and the rabbit was also given a 

continuous drip of heparin to keep ACT between 220 and 300 seconds. Hence, the 

experimental design of the rabbit study better reflects how the coatings will be used in future 

clinical applications.

In the rabbit study, the macroscopic clot formation was significantly reduced with DOPA-

pCB coating as demonstrated by the significant reduction of device clot weight (Figure 5a). 

Furthermore, the electron microscope images also confirm that micron-scale clot formation 

was suppressed over both hollow and weaving fiber surfaces (Figure 6). Finer weaving fibers 

tend to generate denser clots compared to the hollow fibers and can be especially 

challenging to coat [31]. These 10 μm-diameter fiber strands are tightly wound together, so 

the interstices form stagnant regions that can easily entrap platelets and accumulate 
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procoagulant factors, making them challenging areas for reducing fouling. The SEM images 

from this study suggest that the DOPA-pCB coating was grafted successfully even to the fine 

weaving fibers and reduced coagulation over these areas as well.

The other supporting data suggest that the DOPA-pCB coating reduced clot formation by 

reducing the contact activation of coagulation cascade. The coating’s effect becomes 

apparent in the first 60 minutes, as seen in the FPA level and the device resistance. The most 

marked increase in FPA occurs in the first 10 minutes for the uncoated case, but this was 

mitigated with DOPA-pCB coating. The large surge in FPA level can be attributed to the 

initial exposure of blood to artificial material which elicits the most extreme response from 

the intrinsic pathway. With the low-fouling coating, the contact activation of the intrinsic 

pathway was reduced, so the rate of FPA generation decreased. The rapid increase in 

resistance also occurred within the first hour for the uncoated but substantially less in the 

DOPA-pCB group. The contact activation led to rapid formation of thrombus within the 

uncoated device, occlusion of the blood flow, and consequently the marked increase in 

resistance. Because the peak in resistance occurred at different time points between devices, 

this led to large variability between devices, so the difference approached, but did not 

achieve, significance.

The FPA and resistance data showed a similar trajectory over the 4-hour period: a rapid 

increase, followed by a slight drop, and finally a plateau. The contact activation in the initial 

stage leads to acceleration of the coagulation process, resulting in the rapid rise in fibrin 

formation and thus FPA level and device resistance. After the initial spike, clot formation 

slows, presumably due to exhaustion of procoagulant zymogens and activation of the 

fibrinolytic system. While clot is forming, fibrin also catalyzes fibrinolysis by increasing the 

rate of conversion of inactive plasminogen to plasmin [32], and enhancing clot breakdown in 

the micro-lung. The end-result in this early experimental phase is a shift from rapid 

coagulation toward clot dissolution.

Whereas the coatings clearly reduced coagulation, there was no significant effect of DOPA-

pCB coating on the p-selectin expression or the platelet count. This trend may be caused by 

the peristaltic pump, which has been shown to cause shear-induced activation and micro-

aggregation of platelets [33,34]. Hence, the coating’s benefit on platelet function and 

preservation may be outweighed by the shear-induced activation from the pump. The platelet 

data here, however, appears to contradict some of the previous studies investigating 

zwitterionic coatings’ effects on platelets, including those conducted by Amoako et al [18] 

and Wang et al [35]. It is important to point out several key differences between these studies 

and the present study, which likely caused this discrepancy. Amoako et al showed that 

DOPA-pCB reduced platelet adhesion on a PDMS membrane in vitro, but they did not 

investigate systemic platelet count [18]. On the other hand, Wang et al demonstrated in a 

canine study that the systemic platelet count was better preserved when the PP hollow fiber 

oxygenator was coated with cross-linkable phosphorylcholine[35]. However, Wang et al’s 

canine study, as well as Amoako et al’s study, deviated in the anticoagulation approach from 

the clinical ECMO practice because citrate was used instead of heparin. Citrate is a platelet 

inhibitor through calcium chelation. Unlike that study, the rabbit studies in this paper 

followed the clinical ECMO standard and used heparin as anticoagulant. Heparin provides 
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no platelet inhibition other than reducing thrombin formation and can even directly activate 

platelets and lead to a reduction in platelet count in a small number of patients.[36,37] Thus 

pCB coatings may not affect platelet counts when heparin anticoagulation is used with a 

pump, as during clinical ECMO. Their ability to inhibit clot formation, therefore, is likely 

due to inhibition of the intrinsic branch of the coagulation cascade.

This study was a rigorous in vivo evaluation of pCB coating over artificial lung surfaces at a 

clinical or lower level of anticoagulation. This was a large step-up in complexity and 

challenge for pCB coating compared to previous studies [17,18,38]. It is common for 

coatings to be effective in single-protein solutions or plasma, but to be inadequate when 

tested in vivo against whole blood [12–14]. Previous studies have also been done on smaller, 

simpler surfaces [17,18,20,38], which does not scale up to a larger surface or translate to 

more complex geometry such as a fiber bundle in this presented work. Despite these 

additional obstacles, DOPA-pCB coating reduced thrombus formation in an artificial lung. 

Success in this study suggests that further studies examining DOPA-pCB coatings during 

long-term, weeks-long ECMO at clinically relevant ACTs should be pursued. At the same 

time, the results also suggest that coating alone may not completely inhibit thrombosis. 

There may be areas inside the artificial lung circuit that did not achieve high enough of a 

grafting density, so these parts may be more prone to clot formation. Additionally, there are 

other contributors to thrombosis, such as shear-induced activation by the pump, and 

recirculation and stagnation in areas like device inlet and outlet where blood flow patterns 

rapidly change. Combining pCB with an additional, surface-focused anticoagulation 

approach may overcome this limitation. For instance, functionalizing the carboxylate groups 

in pCB with anticoagulant drugs or proteins may further reduce surface-coagulation [39,40]. 

Another promising approach is to inhibit Factor XII activity in the intrinsic coagulation 

pathway to specifically reduce surface-induced thrombosis [41,42]. Thus, future studies will 

combine pCB coating with these approaches to further cut down on surface-induced 

thrombosis in artificial lungs [43,44]. With surface-focused anticoagulation, tip-to-tip pCB 

coating, and optimized device design for blood flow through the device, a better coating 

performance would be expected to achieve a longer device lifetime than the clinical 

oxygenators. If successful in that setting, this synergistic, surface-focused approach would 

be able to reduce thrombotic and bleeding complications. Ultimately, this could reduce 

patient mortality as well.
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Statement of significance

Chronic lung diseases lead to 168,000 deaths each year in America, but only 2,300 lung 

transplantations happen each year. Hollow fiber membrane oxygenators are clinically 

used as artificial lungs to provide respiratory support for patients, but their long-term 

viability is hindered by surface-induced clot formation that leads to premature device 

failure. Among different coatings investigated for blood-contacting applications, poly-

carboxybetaine (pCB) coatings have shown remarkable reduction in protein adsorption in 
vitro. However, their efficacy in vivo remains unclear. This is the first work that 

investigates various pCB-coating methods on artificial lung surfaces and their 

biocompatibility in sheep and rabbit studies. This work highlights the promise of 

applying pCB coatings on artificial lungs to extend its durability and enable long-term 

respiratory support for lung disease patients.
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Figure 1: 
Schematics illustrating different grafting techniques for pCB, such as graft-from approach 

using a) ARGET-ATRP, and graft-to approaches using b) DOPA molecules and c) random 

copolymerization of CB and hydrophobic monomers. Chemical structures are shown in 

Figure S1 in Supplementary Information.
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Figure 2: 
Fabricated artificial lungs and animal extracorporeal circuit diagrams: a) miniature artificial 

lung (fiber surface area = 0.1 m2); b) sheep veno-venous parallel extracorporeal circuit 

featuring miniature artificial lungs coated with one of four methods (uncoated control, graft-

to DOPA-pCB, graft-from ARGET-ATRP, graft-to copolymer). Each device’s 

thromboresistance is tracked by measuring flow rate (Q) with flow probe and pressure drop 

(Pin – Pout) with pressure transducers to calculate resistance; c) micro artificial lung used for 

rabbit study (fiber surface area = 400 cm2); d) rabbit veno-venous extracorporeal circuit, 

with or without tip-to-tip pCB coating
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Figure 3: 
X-ray photoemission spectroscopy analysis of coated fiber surfaces in miniature artificial 

lung: a) survey scan of uncoated and pCB-coated surfaces; the dotted box shows that 

nitrogen was present on the three coated surfaces but not on the uncoated surface; b) high-

resolution scan of DOPA-pCB surface shows the types of carbon bonds (top) and nitrogen 

(bottom) that correspond to CB moieties
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Figure 4: 
a) Device log(resistance) for each coating type over the 36-hour period (N = 5 for uncoated, 

ARGET-ATRP, Copolymer; N = 4 for DOPA-pCB; error bars = S.E.M. b) Device failure 

curve plotted over the 36-hour period for the same set of devices; plus signs (+) indicate 

censored events.
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Figure 5: 
Quantitative measurements of thrombus formation: a) total clot formation inside the micro 

artificial lung at end of the 4-hour rabbit study, p < 0.05, N ≥ 4; b) log(Resistance) for 

micro-artificial lung in the 4-hour rabbit study, N ≥ 5, p = 0.18. Error bars = S.E.M. for both 

figures
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Figure 6: 
Scanning electron microscope images of uncoated (left column) and DOPA-pCB (right 

column). Hollow fibers (top row) and finer weaving fibers (bottom row) are both shown. 

Scale bar = 200 μm for all four panels
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Figure 7: 
The change in plasma fibrinopeptide A(FPA) level from baseline measurements, p = 0.06, N 

≥ 5, error bar = S.E.M.
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Figure 8: 
Platelet activity and consumption during rabbit study: a) change in platelet count from 

baseline measurement, N ≥ 4; b) change in plasma p-selectin level from baseline 

measurement, N ≥ 4. Error bar = S.E.M. for both figures
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