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A B S T R A C T   

Blood contact with high surface area medical devices, such as dialysis and extracorporeal life support (ECLS), 
induces rapid surface coagulation. Systemic anticoagulation, such as heparin, is thus necessary to slow clot 
formation, but some patients suffer from bleeding complications. Both problems might be reduced by 1) 
replacing heparin anticoagulation with artificial surface inhibition of the protein adsorption that initiates 
coagulation and 2) selective inhibition of the intrinsic branch of the coagulation cascade. This approach was 
evaluated by comparing clot formation and bleeding times during short-term ECLS using zwitterionic poly-
carboxybetaine (PCB) surface coatings combined with either a potent, selective, bicyclic peptide inhibitor of 
activated Factor XII (FXII900) or standard heparin anticoagulation. Rabbits underwent venovenous ECLS with 
small sham oxygenators for 60 min using three means of anticoagulation (n = 4 ea): (1) PCB coating + FXII900 
infusion, (2) PCB coating + heparin infusion with an activated clotting time of 220–300s, and (3) heparin 
infusion alone. Sham oxygenator blood clot weights in the PCB + FXII900 and PCB + heparin groups were 4% 
and 25% of that in the heparin group (p < 10− 6 and p < 10− 5), respectively. At the same time, the bleeding time 
remained normal in the PCB + FXII900 group (2.4 ± 0.2 min) but increased to 4.8 ± 0.5 and 5.1 ± 0.7 min in the 
PCB + heparin and heparin alone groups (p < 10− 4 and 0.01). Sham oxygenator blood flow resistance was 
significantly lower in the PCB + FXII900 and PCB + heparin groups than in the heparin only group (p < 10− 6 and 
10− 5). These results were confirmed by gross and scanning electron microscopy (SEM) images and fibrinopeptide 
A (FPA) concentrations. Thus, the combined use of PCB coating and FXII900 markedly reduced sham oxygenator 
coagulation and tissue bleeding times versus the clinical standard of heparin anticoagulation and is a promising 
anticoagulation method for clinical ECLS.   

1. Introduction 

Clot formation in blood-contacting medical devices causes progres-
sive device failure as well as thromboembolic complications [1–12]. 
Systemic anticoagulation is used to slow device failure but puts the 
patient at risk for significant bleeding complications and must, there-
fore, be limited. This problem is amplified for artificial lungs and kid-
neys. These devices possess high artificial surface area to blood volume 
ratios and relatively slow blood flow rates. This improves mass transport 
efficiency across their membranes but also leads to marked 

surface-induced activation of the coagulation cascade and adhesion and 
activation of platelets. While limiting shear-activation of platelets, 
low-velocity blood flow through these devices reduces the convection of 
activated clotting factors away from the material surfaces, leading to 
rapid fibrin formation. As a result, these devices clot far more rapidly 
than ventricular assist devices or large bore vascular grafts. Those de-
vices can have functional life spans of years, while artificial lungs (i.e 
oxygenators), typically fail over a period of weeks [1–6]. 

The rapid clot formation in these devices severely limits the treat-
ment duration and efficacy of artificial lungs and kidneys. Respiratory 

* Corresponding author. 
E-mail address: keicook@andrew.cmu.edu (K.E. Cook).  

Contents lists available at ScienceDirect 

Biomaterials 

journal homepage: www.elsevier.com/locate/biomaterials 

https://doi.org/10.1016/j.biomaterials.2021.120778 
Received 16 August 2020; Received in revised form 16 March 2021; Accepted 20 March 2021   

mailto:keicook@andrew.cmu.edu
www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2021.120778
https://doi.org/10.1016/j.biomaterials.2021.120778
https://doi.org/10.1016/j.biomaterials.2021.120778
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2021.120778&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biomaterials 272 (2021) 120778

2

support using extracorporeal membrane oxygenation (ECMO) is capable 
of supporting patients from weeks to a few months. However, bleeding 
and thrombotic complications are common, even over support durations 
of only a week, and cause significant reductions in survival [7–9]. 
Moreover, the chance of survival decreases the longer a patient is sup-
ported [13]. These complications, and the need to carefully monitor the 
level of anticoagulation, require ECMO to be applied only in specialized 
intensive care units (ICUs) and make application of long-term, destina-
tion therapy impossible. Similar problems exist for hemodialysis when 
treating chronic kidney disease. Ideally, hemodialysis would be per-
formed 24 h a day, seven days a week to maintain constant, low level 
concentrations of waste products. Continuous renal replacement ther-
apy (CRRT) is applied continuously for several days in the ICU, but it is 
not possible to apply CRRT permanently as destination therapy due to 
clot formation, dialyzer failure, and the need for systemic anti-
coagulation. Thus intermittent hemodialysis is the norm, and this con-
tributes to a low quality of life [14] and a far lower 5-year survival rate 
for hemodialysis (36%) than kidney transplantation (86%) [15]. 

Clot formation in artificial lungs and kidneys is initiated by protein 
adsorption on the fiber surface. Fibrinogen adsorption leads to platelet 
binding and activation, which accelerates thrombin generation and 
fibrin formation. Factor XII (FXII) adsorption causes it to become acti-
vated to FXIIa, which then activates the intrinsic branch of the coagu-
lation cascade. This leads to thrombin generation via the common 
pathway of the coagulation cascade, which activates platelets and gen-
erates fibrin. In theory, if protein adsorption was completely eliminated, 
clot formation in artificial devices would be also be eliminated. Various 
polycarboxybetaine (PCB) coatings have demonstrated reduced protein 
adsorption from fibrinogen solutions or plasma by up to several orders of 
magnitude when applied to ideal surfaces (i.e. single flat sheet) [16–18]. 
Of note, a graft-to 3,4-dihydroxyphenylalanine (DOPA)-linked PCB 
coating (DOPA-PCB; Fig. 1A) surface coating has demonstrated greater 
than 90% reduction in fibrinogen adsorption on a wide variety of hy-
drophobic polymers commonly used in medical devices (PDMS, PVC, 
PTFE, etc.) [16]. These hydrophilic coatings create a tightly-bound 
water layer on material surfaces that eliminate protein adsorption and 
conformational changes. Moreover, they can be applied in a 
wash-through process, thus coating all material surfaces within artificial 
circuits in a single step. Recently, DOPA-PCB coating demonstrated 59% 
less clot formation in a 4-h rabbit extracorporeal life support (ECLS) 
model and a significant reduction in the increase in blood flow resistance 
cause by clot formation over 36 h in a sheep model of ECLS [19]. 

While highly effective, DOPA-PCB does not completely eliminate 
protein adsorption, particularly: 1) on complex surfaces like hollow fiber 
membrane geometry, and 2) in complex media like whole blood [19]. A 
potential remedy for this would be to eliminate the majority of the 
protein adsorption using DOPA-PCB and then specifically inhibit the 

residual activation of the coagulation cascade. One attractive target for 
this inhibition is FXII. Factor XII is the initiator of the intrinsic branch of 
the coagulation cascade and does not play a significant role in tissue 
coagulation. Thus, complete FXII inhibition could, in theory, be per-
formed without impacting normal tissue coagulation processes [20]. 
Several means of FXII have been developed recently, with the most 
potent and selective inhibitors being FXII antibodies [21,22] and bicy-
clic peptides [23–25]. Recent studies using an engineered bicyclic 
peptide FXIIa inhibitor (FXII900; Fig. 1B) demonstrated a 73% decrease 
in clot formation during a 4-h rabbit ECLS study with no effect on tissue 
bleeding time, confirming the promise of this means of anticoagulation 
[26]. 

The purpose of the following study, therefore, was to examine if the 
combination of PCB coating and FXIIa inhibition could be used to create 
a potent, synergistic method of artificial organ anticoagulation without 
impacting normal tissue coagulation. If successful, this method could be 
employed to eliminate the need for systemic heparin anticoagulation, 
allow continuous long-term respiratory and renal support without 
frequent device replacement, and minimize life-threatening thrombotic 
and bleeding complications. 

2. Methods 

2.1. Animals 

This study utilized an established rabbit model of venovenous ECLS 
due to this model’s highly procoagulant nature, featuring significant clot 
formation over only 1 h of extracorporeal circulation [19,26]. The study 
involved 12 adult New Zealand rabbits (Covance, Princeton, NJ) 
weighing 3.66 ± 0.03 kg, and was conducted with the approval of the 
Allegheny-Singer Research Institute’s Animal Care and Use Committee 
in accordance with institution and federal regulations. The animals 
received humane care in compliance with the “Principles of Laboratory 
Animal Care” formulated by the National Society for Medical Research, 
and the “Guide for the Care and Use of Laboratory Animals” prepared by 
the Institute of Laboratory Animal Resources and published by the Na-
tional Institutes of Health (NIH Publication No. 86-23, revised 1996). 

2.2. Miniaturized sham oxygenators and circuits 

Miniaturized sham oxygenators were constructed using 
polysiloxane-coated polypropylene fibers (Fig. 2), which allow for blood 
exposure to the fibers, but do not transfer gas for construction simplicity. 
This fiber material closely resembles that previously used for intravas-
cular oxygenators [27,28], in which the polypropylene fiber is coated 
with a thin (≈1 μm) outer polydimethylsiloxane layer to eliminate the 
risk of plasma leakage or gas embolization when used in low blood 

Fig. 1. Molecular structures of surface coating and novel bicyclic peptide anticoagulant: A. The molecular structure of DOPA-pCB; B. The amino acid structure of 
FXII900 (DOPA: 3,4-dihydroxyphenylalanine, pCB: polycarboxybetaine, Arg: Arginine, Cys: Cysteine, Glu: Glutamine, Leu: Leucine, Phe: Phenylalanine, 
Pro: Proline). 
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pressure applications [29,30]. This fiber has been investigated for per-
manent support devices to provide increased safety, rather than the 
current standard polymethylpentene ECMO fiber [19,31]. The 
single-strand polypropylene hollow fibers (3 M Celgard X30-150, 
Charlotte, NC) were coated with polysiloxane by Applied Membrane 
Technology (Minnetonka, MN) and knitted into fiber mats (43 fibers per 
inch with a 30◦ crossing angle) by 3 M. The double-layered fiber mats 
were heat-sealed and cut into 2.16 cm × 2.16 cm squares. Ten of these 
layers were heat-sealed on each side of the square sheets using a hot 
plate to form a small fiber bundle with a 1.57 × 1.57 cm2 frontal area 
perpendicular to the flow. Seven of these 10-layer squares were stacked 
together to create the fiber bundle of one sham oxygenator, yielding a 
total surface area of 400 cm2. This fiber bundle has a Darcy permeability 
of 2.81 × 10− 9 m2 [32,33] and a calculated resistance of 6.5 
mmHg/(L/min) at a blood flow rate of 45 mL/min and blood viscosity of 
2.56 cP (hematocrit = 31%). 

The fiber bundles were placed in a square polycarbonate housing 
(McMaster-Carr, Elmhurst, IL) of length 3.40 cm, making sure the fiber 
bundles were snug against the housing walls so that no shunting could 
occur around the fiber bundle. This housing was then attached to 
custom-made polycarbonate caps that were placed on each end with a 1/ 
8” barbed tube to allow the device to be connected to the circuit (Fig. 2). 
The entire device was secured with silicone (McMaster-Carr, Elmhurst, 
IL) to eliminate leakage, and each device was weighed for later deter-
mination of clot weight in tested devices. 

The sham oxygenators were then incorporated into a rabbit ECLS 
circuit. The circuits consisted of a sham oxygenator, 3/16” Tygon tubes, 
1/4” Tygon and polycarbonate connectors (Fig. 2). The inflow portion of 
the circuit included a beveled-tip 6-cm pressure tubing with three side- 
holes as the inflow cannula; a 3/16” luer lock polycarbonate tubing 
connector; 28” long 3/16” inner diameter (ID) Tygon ND 100-65 med-
ical tubing (US Plastic, Lima, OH); 3/16” to 1/4” polycarbonate reducer 
connector; 3.5” long 1/4” ID Tygon tubing; another 3/16” to 1/4” pol-
ycarbonate reducer connector; 2” long 3/16” ID Tygon tubing; and a 3/ 
16” to 3/16” luer lock straight polycarbonate connector which attached 
to the device. The outlet circuit consisted of one 3/16” - 3/16” luer lock 
straight polycarbonate connector followed by an 8” long 3/16” ID Tygon 
tubing, and a 3/16” luer lock polycarbonate tubing connector which was 
attached to the outlet cannula. The priming volume of the circuit was 
approximately 30 mL. Circuits were primed with normal saline and 
dosed with methylprednisolone (30 mg/kg) to reduce inflammatory 
reaction to the artificial surfaces. 

2.3. DOPA-PCB coating 

The DOPA-PCB coating was done from tip to tip of the circuits 
following the procedure described in previous studies [19,34]. Briefly, 
DOPA-PCB conjugate was synthesized, mixed in a water-methanol so-
lution (80%/20% v/v) to achieve a concentration of 2 mg/mL, and 
2-amino-2-hydro xymethyl-propane-1,3-diol (TRIS) salt was added to 
reach a pH of 8.5. The circuit was primed with this DOPA-PCB solution 

and then agitated for 20 h. The circuit was then washed with a gentle 
stream of reagent grade water for 24 h before use. 

2.4. Factor XII inhibitor 

A bicyclic peptide inhibitor of FXIIa, FXII900, was used in this study. 
Peptide synthesis, cyclization and purification were done as described in 
a previous study [26]. In brief, FXII900 was synthesized by solid-phase 
peptide synthesis on rink amide resin using standard Fmoc procedures. 
The crude peptide was cyclized with trifunctional 1,3,5-triacryloyl-1,3, 
5-triazinane (TATA) linker (1.2 eq) in 70% NH4HCO3 buffer (60 mM, pH 
8.0) and 30% MeCN. The reaction mix was lyophilized, re-dissolved and 
purified by reverse-phase high-performance liquid chromatography 
(HPLC). The resulting inhibitor was diluted in phosphate buffered saline 
to a final concentration of 1 mM. 

2.5. Experimental groups 

Three experimental groups with different means of anticoagulation 
were examined. In the first group, an uncoated circuit was attached, and 
an unfractionated heparin (1000 IU/mL) drip was used for anti-
coagulation (heparin group, n = 4). In the second group, a DOPA-PCB- 
coated circuit was attached, and a heparin drip was again used for 
anticoagulation (PCB + heparin group, n = 4). In both groups, the 
heparin drip was titrated to maintain activated clotting time (ACT) 
within a range of 220–300 s. This range provides more aggressive 
anticoagulation than current ECMO practice (180–220s) [35,36]. Thus, 
it represents a higher bar to evaluate circuit anticoagulation by PCB and 
FXII900 but will also lead to a greater inhibition of tissue coagulation. In 
the third group, a DOPA-PCB circuit was used with a FXII900 drip (PCB 
+ FXII900 group, n = 4). In this group, an initial FXII900 bolus of 2 
mg/kg was administered before the circuit was connected, and a drip 
(0.075 mg/kg/min) was then initiated and continued throughout the 
experiment. 

2.6. Surgical experimental procedures 

All rabbits were initially anesthetized with intramuscular injections 
of ketamine (35 mg/kg) and xylazine (3 mg/kg). After endotracheal 
intubation, rabbits were attached to the ventilator, and anesthesia was 
maintained via isoflurane gas inhalation at a rate of 1–5%. The rabbits 
were ventilated with peak inspiratory pressures of <20 cmH2O, positive 
end expiratory pressure of 5 mmHg, tidal volumes of 4–6 mL/kg, and a 
respiratory rate of 20–30 breaths/min. Tidal volume and respiratory 
rate were adjusted to maintain normal arterial blood gases. Rabbits 
experience significant vasodilation under anesthesia. To maintain stable 
blood pressures, Lactated Ringer’s solution (20 mL/kg/hr) and phenyl-
ephrine (5 μg/kg/min) were given intravenously through an aural vein. 

A midline skin incision was made in the neck. Subcutaneous tissues 
were dissected and the left carotid artery was exposed and isolated. For 
monitoring blood pressure and collecting blood samples, a 16-gauge 

Fig. 2. Sham oxygenator and its extracorporeal circuit: A. Photograph of sham oxygenator; B. Schematic diagram of sham oxygenator attached to rabbit’s jugular 
veins as venovenous extracorporeal circuit. Pin = sham oxygenator inlet pressure; Pout = sham oxygenator outlet pressure; Q = circuit blood flow; JV = jugular vein. 
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angiocatheter (Becton Dickinson, Franklin Lakes, NJ) was placed in the 
artery using a cut-down technique. The bilateral jugular veins (JVs) 
were exposed and isolated. A 14-gauge angiocatheter that served as the 
reinfusion cannula was placed in the left JV. A slow heparin drip (1 IU/ 
min) was then started in this cannula to prevent clot formation during 
drainage cannula placement. Modified pressure tubing was used as the 
drainage cannula and was placed in the right JV. The cannulae were 
secured by 2-0 silk ties. The device circuit was attached to the cannulae, 
a roller blood pump (COBE, Arvada, CO) was started, and the blood flow 
rate of the circuit was set at 45 mL/min. The blood flow rate was 
monitored using a ¼” ID tubing ultrasonic flow probe (6PXL) and T402 
flow meter (Transonic, Ithaca, NY). In the PCB + FXII900 group, heparin 
infusion was stopped immediately after the appropriate blood flow was 
obtained, and FXII900 was given intravenously as previously 
mentioned. Heparin infusion (1–2 IU/min) continued in the heparin and 
PCB + heparin groups to maintain ACT levels at 220–300 s to mimic the 
clinical setting. 

Blood pressure, heart rate, device inlet pressure, and device outlet 
pressure were monitored with a data acquisition system (Biopac Sys-
tems, Aero Camino Goleta, CA). Device pressures were recorded 5, 10, 
30, and 60 min after initiation of circuit flow. Device resistance was 
calculated as: (inlet pressure – outlet pressure)/(blood flow). Body 
temperature was monitored with a rectal probe and normothermia 
(38–40 ◦C) was maintained using warm air circulation via a Bair Hugger 
(3 M, St. Paul, MN). 

The tissue bleeding time was measured just after carotid arterial line 
placement and 10, 30, and 60 min after initiating circuit flow. Small, 
4–5 mm incisions were made at different sites of the right or left ear in 
each animal. Blood from the incision was dabbed with gauze every 30 s, 
and the time until the bleeding stopped was measured. 

Blood samples were collected just after carotid arterial line place-
ment before any anticoagulant agent administration and 10, 30, and 60 
min after circuit attachment. Measurement values were as follows; ACT 
was measured using a Hemochron Response Blood Coagulation System 
(Accriva Diagnostics, San Diego, CA); arterial blood gases (ABG) were 
measured with an ABL800 FLEX blood gas analyzer (Radiometer, 
Copenhagen, Denmark); platelet counts were measured with a Sysmex 
XN901 (Sysmex America, Lincolnshire, IL); and hematocrit (Hct) was 
measured using a micro-hematocrit centrifuge (Damon/IEC Division, 
Needham Heights, MA). Blood samples for fibrinopeptide A (FPA) and p- 
selectin enzyme-linked immunosorbent assays (ELISAs, MyBioSource, 
San Diego, CA) were also taken for later processing (see methods below). 

After 60 min, the rabbits were given 10,000 IU of heparin intrave-
nously in preparation for circuit detachment. The circuits were then 
detached and gently rinsed with saline until the effluent was clear. 
Rabbits were euthanized with intravenous potassium chloride (2 mEq/ 
kg) after circuit detachment, and the clot weight of the sham oxygenator 
was determined by the difference between the initial device weight and 
the device weight after the experiment. Sham oxygenators were then 
fixed with 2% glutaraldehyde for later analysis. 

2.7. Post-surgical methods 

For measuring rabbit FPA and p-selectin, ELISAs were performed. 
For the ELISAs, 1.5 mL of blood was drawn into a heparinized syringe. 
Immediately after the sampling, they were centrifuged for 20 min at 
1000 g at 2–8 ◦C. The supernatant was collected and frozen to be run 
later. FPA and p-selectin levels were then measured according to pro-
tocols provided by MyBioSource. 

Fixed fiber bundle sections were imaged to assess clot formation on 
hollow fibers using a Philips XL-30 scanning electron microscope (SEM, 
Philips North America Co. Andover, MA) at 5 kV accelerating voltage 
after standard serial dehydration. The mid-sections of the inlet, middle, 
and outlet of the fiber bundles were excised. The fibers were dehydrated 
by soaking in 25%, 50%, 75%, and 100% ethanol solutions in succession 
for 10 min each. Those fibers were dried in air and sputter-coated with 

platinum. 

2.8. Data analysis 

The values of platelet count, FPA and p-selectin were corrected for 
hemodilution caused by device attachment using hematocrit (Hct), 
where the correction factor = (Hct at baseline)/(Hct at each time point). 
In addition, FPA and p-selectin data were normalized by calculating the 
change from baseline value for graphical presentation and statistical 
analysis due to significant difference in between-group baseline values, 
prior to application of the different anticoagulation strategies. The sta-
tistical analyses were performed using Stata/IC 16.1 (StataCorp LLC, 
College Station, TX). One-way ANOVA was used to compare baseline 
characteristics before circuit attachment and sham oxygenator clot 
weights between the three groups. Linear mixed model was used for the 
following dependent variables: ACT, bleeding time, device resistance, 
platelet count, FPA, and p-selectin. For this model, treatment group, 
time, and group*time were set as independent factor variables; time as 
the repeated variable; and animal ID as the random subject variable. The 
first-order autoregressive variance-covariance matrix structure, AR(1), 
was used for all models except for bleeding time; bleeding time 
modeling did not converge under AR(1) and instead used the 2nd order 
autoregressive structure, AR(2). All pairwise comparisons were adjusted 
post hoc with Bonferroni correction. P < 0.05 was considered a signifi-
cant difference. All numerical data are expressed as average ± standard 
error of the mean. 

3. Results 

The mean weights of the rabbits was 3.66 ± 0.01 kg in PCB +
FXII900 group, 3.68 ± 0.08 kg in PCB + heparin group, and 3.64 ± 0.07 
kg in heparin group. There were no significant differences in the weights 
among all the three groups. The experiment was terminated 15 min after 
the circuit attachment in one rabbit in the heparin group due to high 
device resistance, and difficulty in maintaining the blood flow through 
the device caused by clot formation in the circuits and the fibers. The 
other rabbits completed the study without any complications. 

The ACT in both heparin groups was maintained within the target 
range in most rabbits throughout the experiments (Fig. 3A), rising from 
218 ± 11 s and 224 ± 7 to 282 ± 4 s and 304 ± 16 s in the heparin and 
PCB + heparin group, respectively. The ACT in the PCB + FXII900 group 
increased to 1013 s after bolus injection of FXII900 and was maintained 
>1000 s by the continuous infusion of FXII900. The ACT at 30-min and 
60-min time points in some rabbits of PCB + FXII900 group reached to 
the maximal ACT measurement limit (1500 s) for the Hemochron 
coagulation analyzer. The ACT values were significantly higher in PCB 
+ FXII900 group than in the other groups at all time points after the 
circuit attachment (p < 0.001, Fig. 3A), but there was no difference 
between both groups employing heparin anticoagulation (p = 0.99). 

The bleeding time in the heparin and PCB + heparin groups 
increased over the course of the experiment from 2.6 ± 0.4 min and 1.75 
± 0.1 min at baseline to 7.2 ± 1.5 min and 6.1 ± 0.5 by 60 min, 
respectively. In the PCB + FXII900 group, the bleeding time remained 
within a normal range throughout the study, despite the large increase 
in ACT. It started at 2.1 ± 0.3 min at baseline and finished at 2.5 ± 0.4 
min at 60 min. The bleeding time was thus significantly lower in PCB +
FXII900 group than in the other groups (p < 0.01, Fig. 3B), but there was 
no difference between both groups employing heparin anticoagulation 
(p = 0.99). 

Fig. 4 shows device resistance versus time for each group. In the 
heparin group, the device resistance was already elevated at 64 ± 25 
mmHg/(L/min) a few minutes following blood flow initiation and 
increased to 575 ± 100 mmHg/(L/min) at 60 min. In the PCB + heparin 
group, the resistance increased from 8.2 ± 2.2 mmHg/(L/min) 5 min 
following blood flow initiation to 184 ± 83 mmHg/(L/min) by 60 min 
and was significantly less than the heparin only group (p < 0.001). The 
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resistance in the PCB + FXII900 increased slightly, from 5.6 ± 0.7 
mmHg/(L/min) after flow initiation to 66 ± 28 mmHg/(L/min) at 30 
min and then decreased to 43 ± 32 mmHg/(L/min) by 60 min. This 
resistance was significantly less than the heparin only group (p < 0.001) 
but not the PCB + heparin group (p = 0.99). 

Fig. 5A shows clot weight after the 60-min study. The clot weight in 
the control heparin group (4.19 ± 0.28 g) was significantly higher than 
that in the PCB + heparin (1.07 ± 0.14, p < 10− 5) or PCB + FXII900 
groups (0.25 ± 0.18, p < 10− 6), and the clot weight in PCB + FXII900 
was almost significantly lower than that in the PCB + heparin group (p 
= 0.059). The equates to an average reduction in clot weight of 75% for 
the PCB + heparin group and 94% for the PCB + FXII900 group when 
compared to the heparin only group. 

Baseline FPA concentrations in the heparin only, PCB + heparin, and 

PCB + FXII900 groups were 3.3 ± 0.45, 1.4 ± 0.18, and 3.3 ± 0.78 ng/ 
mL, respectively. Fig. 5B shows the change in FPA concentration from 
this baseline versus time for each group. The FPA concentration of the 
heparin group increased with time until the 30-min time point and then 
decreased slightly at the 60-min time point. In contrast, the increase in 
FPA was suppressed in the PCB + heparin group up to the 30-min time 
point but increased by the 60-min time point and was, ultimately, not 
significantly different from the heparin only control (p = 0.99). In the 
PCB + FXII900 group, the FPA concentration initially decreases a small 
amount (9%) vs. baseline. The increase in FPA concentration was 
significantly lower than that of the heparin only group (p < 0.01) and 
approached a significantly lower concentration when compared to the 
PCB + heparin group (p = 0.078). 

In all groups, the platelet counts decreased after the device attach-
ment, and continued to decrease throughout the experiments. There 
were no significant differences in the platelet counts between the three 
groups (p = 0.6 to 0.99, Fig. 6A). Baseline p-selectin concentrations 
were 57.9 ± 1.8, 72.6 ± 7.8, and 60.3 ± 4.0 ng/mL in the heparin only, 
PCB + heparin, and PCB + FXII900 groups, respectively. Much like the 
platelet counts, the p-selectin concentrations increased a similar amount 
in all groups, with no significant differences between the three groups (p 
= 0.61 to 0.99, Fig. 6B). 

Fig. 7 shows the representative images of the devices detached after 
the experiments. Devices from the PCB + FXII900 and PCB + heparin 
groups had far less visible clot than the heparin group. Fig. 8 shows SEM 
images of the fibers of the inlet, middle, and outlet portions of the de-
vices. In all groups, the clot formation in the outlet portions tended to be 
larger than that in the inlet portions of all the groups. This effect is more 
marked for the devices in the heparin group, in which the outlets are 
covered with clot. More clot is seen in all locations for the heparin group 
than either of PCB groups. Both PCB groups showed small traces of clot 
not only on the vertical gas exchange fibers, but also on the horizontal 
weaving fibers, which are more vulnerable to the clot formation. At the 

Fig. 3. Coagulation and hemostatic parameters at each time point during the study: A. Activated clotting time (ACT); B. Tissue bleeding time.  

Fig. 4. Blood flow resistance of sham oxygenator.  

Fig. 5. A. Clot weight in sham oxygenator after circuit detachment; B. Fibrinopeptide A (FPA) plasma concentration at each time point during the study.  
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outlet, PCB + heparin had slightly more clot in the weaving fibers than 
the PCB + FXII900 group. There was no differences in the clot formation 
in the inlet and the middle portions between the two PCB groups. 

4. Discussion 

The purpose of this study was to determine if DOPA-PCB coatings 
and FXII900 infusion could be combined to create a significant reduction 
in the rate of clot formation in extracorporeal circuits when compared to 
heparin anticoagulation while simultaneously reducing inhibition of 
normal tissue coagulation. Both DOPA-PCB and FXII900 had separately 
demonstrated their ability to slow coagulation in sham oxygenators in 
previous in vivo studies [19,37]. However, neither technology suggested 
an ability to eliminate the use of heparin anticoagulation as they both 
continued to have slow, but continuing clot formation. It was hypoth-
esized, however, that the combination of the two methods would work 
synergistically to reduce coagulation and thus be superior to standard 
heparin anticoagulation in measures of sham oxygenator clot growth 
and tissue bleeding. The results from the current study confirmed this: 
the PCB + FXII900 group demonstrated (1) a marked (94%) reduction in 
clot formation versus standard heparin anticoagulation, and (2) no de-
viation from normal tissue clotting times. 

The sham oxygenator clot weight, blood flow resistance, FPA, and 
visible and SEM images all confirm a statistically significant, marked 
reduction in clot formation in the PCB + FXII900 group when compared 
to the heparin only group. The combination of PCB + FXII900 also 
reduced these same measures versus the PCB + heparin group, but the 
differences between these groups were smaller, as even PCB alone 

creates a large reduction in clot formation. 
While both PCB + heparin and PCB + FXII produced marked re-

ductions in clot formation versus the heparin only group, differences 
between them could be seen in the most stagnant and thereby the most 
procoagulant regions of the sham oxygenator. The sham oxygenators in 
the PCB + heparin group formed clot in device corners and edges of fiber 
bundle near the housing and in the weaving fibers. All of these areas are 
especially procoagulant due to low blood flow velocity and high surface 
area to blood volume ratios. This leads to rapid accumulation of acti-
vated clotting factors. This is particularly true of the weaving fibers, 
which are used to turn the separate gas exchange fibers into a mat or 
fabric that greatly simplifies artificial lung construction. The weaving 
fibers consist of multiple (≈10), small (≈10 μm) strands that are woven 
around each fiber to hold the fiber mat in place (Fig. 7). While simpli-
fying construction, the weaving fibers create stasis regions in their in-
terstices that have extremely high surface area to volume ratios. In the 
PCB + heparin group, clot formation was largely, but not entirely, 
inhibited in these areas. Clot in these interstitial areas are likely to grow 
with a longer period of use. In contrast, the PCB + FXII900 group nearly 
eliminated clot in all regions of the device and would likely have better 
long-term preservation of device function. 

The reduction in clot formation when using FXII900 versus heparin 
in PCB coated circuits is due to its ability to generate ACTs greater than 
1500s without risk of bleeding. Because FXII inhibition does not affect 
normal tissue coagulation (see discussion below), FXII can be given at 
much higher doses without concern. Moreover, this provides a signifi-
cant safety factor for clinical use. While heparin infusion must be care-
fully monitored to ensure that neither too much nor too little is given, 

Fig. 6. Platelet preservation and activation at each time point during the study: A. Changes in platelet counts; B. Changes in p-selectin plasma level.  

Fig. 7. Representative photographs of sham oxygenator from lateral, inlet, and outlet views.  
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FXII900 infusion can be given at doses larger than absolutely needed 
without fear of causing bleeding. Furthermore, as demonstrated in 
previous publications [37], FXII900 is both potent and highly selective. 
The human FXIIa inhibitor constant, Ki, is 370 pM, 10-fold better than 
any other FXII inhibitor, and this inhibition is 50,000 times more potent 
than FXII900’s inhibition of plasmin and other extrinsic and common 
coagulation cascade proteases [26]. As a result, it has a dose-dependent 
increase in activated human partial thromboplastin time (aPTT) at doses 
up to 10 times greater than those needed to inhibit FXIIa by greater than 
90%, with no effect on prothrombin time (PT). 

The PCB + FXII900 group was the only group in which clot is 
shrinking rather than growing during the experiment, as demonstrated 
by the decrease in blood flow resistance (Fig. 4). In this group, the blood 
flow resistance peaks at 30 min and then begins to decline slowly, while 
resistance continues to grow in the other two groups. The rate of clot 
growth in these devices is increased by the rate of fibrin formation and 
platelet deposition and decreased by thrombolysis and shear-induced 
detachment of thrombus [38]. The early, rapid generation of thrombin 
caused by the large artificial surface causes endothelial release of tissue 
plasminogen activator, which converts plasminogen to plasmin. Thus, 
the process of clot formation is itself an initiator of clot lysis. It may be 
that in the PCB + FXII900 group, the rate of clot growth and throm-
bolysis or thromboembolism were balanced due to a slower rate of fibrin 
formation and platelet deposition. This will need to be confirmed, 
however, with further experimentation examining plasmin concentra-
tions and clot degradation products. 

The PCB + FXII900 group also demonstrated a smaller increase in 
FPA concentrations. FPA concentrations in blood are a function of 
ongoing clotting processes in the body and thus increase with patho-
logical clot formation during venous thrombosis, myocardial infarction, 
or various inflammatory processes [39–42]. The generated FPA is 
rapidly eliminated via the urine, with a half-life of 3–5 min, and thus 
plasma measurements of FPA only reflect FPA generated recently. Most 
of the rabbits in this study demonstrated baseline FPA values that were 
mildly elevated above normal human values of less than 2 ng/mL [43], 

potentially because of species differences or rabbit age. FPA concen-
trations increase with age [42], and these rabbits are older, retired 
breeders. However, they do not reach levels seen with large pathogenic 
clot such as venous thrombosis (5–23 ng/mL) [40,41,43]. 

In addition to a smaller increase in FPA, the PCB + FXII900 group 
experienced a 9% decrease in FPA concentration 10 min following the 
start of ECLS. There are two potential routes for FXII inhibition to 
decrease low-level pathologic fibrin formation. While FXII does not 
interfere with formation of new clot, it does stabilize pathological clot 
[20]. Animal models of stroke and pulmonary embolism have shown 
that a genetic absence of FXII protects animals against life-threatening 
occlusive vascular clot [20]. Thus, FXII inhibition might be inhibiting 
formation of low-level occlusive vascular clot in these rabbits. This may 
be similar to what is observed with large (5000 IU), intravenous bolus 
heparin infusion [41]. A similar effect was not observed with the heparin 
group, likely due to the lower heparin dose (1–2 IU/min, 0.28–0.51 
IU/kg/min) and large growing thrombus. FXII inhibition also decreases 
generation of bradykinin from prekallikrein throughout the body and 
thus has an anti-inflammatory effect that could reduce inflammatory 
fibrin formation. Further study is required, however, to determine if 
either of these are occurring. 

Despite the large differences in clot formation between the groups, 
there was no significant difference in platelet counts and p-selectin 
concentrations. Platelet counts in each group decreased, and p-selectin 
concentrations increased similarly for each group, indicating no differ-
ence in platelet losses or activation. Comparable systemic findings have 
been observed in previous in vivo studies examining the use of the DOPA- 
PCB coating alone [19] and other surface-focused anticoagulation 
methods such as surface NO flux [44,45]. On the other hand, a marked 
reduction in surface platelet binding has been demonstrated at material 
surfaces by DOPA-PCB coating [17]. This and other emerging studies 
[17,19,26,46] suggest that while PCB can be used to reduce surface 
platelet binding, (1) rapid fibrin formation in artificial lungs is the 
dominant cause of clot formation, (2) clots in these devices are formed 
predominantly from a mix of fibrin and red blood cells rather than 

Fig. 8. Representative scanning electron microscope (SEM) images at fiber bundle’s inlet, middle, and outlet.  

N. Naito et al.                                                                                                                                                                                                                                   



Biomaterials 272 (2021) 120778

8

densely packed platelets, and (3) platelet losses and activation in these 
circuits are driven primarily by shear-stress induced activation by the 
mechanical pump. Recent studies by Lai et al. [46] used microfluidic 
flow chambers to mimic blood flow through the fiber bundles of artifi-
cial lungs and, unlike previous studies, used fluorescent labelling of 
platelets and fibrin to examine the content of clot. Following 15 min of 
perfusion with human blood, significant fibrin nets had grown from fiber 
surfaces, connecting adjacent fibers. Platelet adhesion, in contrast, was 
diffuse, with as much or more platelet deposition observed upon the 
fibrin mesh as the device’s surfaces. This suggests that combating 
coagulation cascade activation and fibrin formation is the most effective 
way to limit clot formation in these devices. 

Normal tissue coagulation was also preserved using FXII900 with 
DOPA-PCB, rather than heparin. Although the ACT levels were main-
tained higher than 1000 s using FXII900, the bleeding time did not 
change throughout the experiment in the PCB + FXII900 group. This 
agrees with previous observations that patients who lack FXII live 
normal lives without excessive tissue bleeding [20,47] and in vitro re-
sults showing that FXII900 has no effect on the prothrombin time [26]. 
Thus, FXII could be completely inhibited without patient risk. No other 
negative side effects of DOPA-PCB and FXII900 have been noted in these 
and other experiments [19,26], but longer-term pre-clinical testing is 
necessary to confirm this. 

A similar anticoagulation approach could also be conducted using 
different anti-adsorptive coatings and means of FXII inhibition. The first 
commercial, anti-adsorptive surface coatings used polyethylene glycol 
(PEG, Medtronic Trillium and Balance Biosurface) and Poly-1- 
methylethylacrylate (PMEA, Terumo X-Coating). However, these coat-
ings are less effective at limiting protein adsorption than PCB and would 
thus result in greater platelet adhesion and clot formation [10,17,18, 
48–52]. Furthermore, PEG decomposes in the presence of oxygen and 
transition metal ions in whole blood [53,54] and is thus not suitable for 
long-term use. Zwitterionic polymer coatings such as PCB, poly-
sulfobetaine (PSB) and phosphorylcholine (PC) are more promising due 
to their greater ability to inhibit protein adsorption [10,18,48–51]. 
Phosphorylcholine (PC) is the only zwitterionic coating currently used 
for clinical oxygenator applications. Comparative studies of PCB, PSB, 
and PC are limited; there are multiple means of grafting each to the 
surface; and thus there is no established optimal zwitterion and grafting 
method. However, PCB is easier to synthesize and thus cheaper than PC 
[55]; various studies suggest it is more effective at resisting protein 
adsorption and clot formation than PSB [18,48–51,56,57]; and it is the 
only coating with demonstrated long-term (42 day) effectiveness [58]. 
Alternative methods of inhibiting FXII also exist, including RNA 
aptamers [59] and FXIIa antibodies [21,22]. Among FXII inhibitors, 
FXII900, used here, is the most potent, with a Ki of 370 pM [37], but the 
FXII antibody 3F7 also appears to be promising in this application [21, 
22]. 

If the combination of PCB coating and FXII900 prove successful 
during long-term testing, the impact on clinical extracorporeal support 
would be profound. Initially, DOPA-PCB and FXII900 would likely 
improve the outcomes of the patients on traditional, short-term (days to 
weeks) ECMO by decreasing the bleeding and thrombotic complications. 
In a multicenter, pediatric ECMO study, bleeding complications 
occurred in 33% of neonates and 45% of pediatric patients, and 
thrombotic complications occurred in 29% of neonates and 33% of pe-
diatric patients [9]. Each of these complications led to a significant in-
crease in mortality. Bleeding and thrombosis complications were 
associated with a 40% and 33% decrease in survival. In adults [7], 
serious bleeding events occurred in 56.1% of adult patients, causing a 
2.22 crude odds ratio for in-hospital mortality. Both of these studies had 
an average ECMO duration of 6–7 days. If the DOPA-PCB and FXII900 
combination could be used to replace heparin anticoagulation, both 
types of complications and the ECMO mortality rate could be reduced. 
Increased safety and increased longevity for ECMO oxygenators would 
reduce the burden of patient monitoring, the cost of running ECMO, and 

this might then lead to longer-term ECMO support outside of the ICU on 
regular hospital floors. The potential of these changes, however, will 
only be known after longer-term analysis of these new methods. 

4.1. Limitations 

Despite the positive results in this study, there are some limitations. 
First and foremost, this study featured only a 60-min period of ECLS. 
Previous studies using this [19] and similar rabbit ECLS models [45] 
have demonstrated that blood coagulation in the artificial lungs is the 
most rapid during this first hour and declines thereafter [26]. Future 
studies must examine the ability of DOPA-PCB and FXII900 to maintain 
this level of anticoagulation for days to weeks. The DOPA-PCB coating 
has demonstrated good function for a period of 36 h in vivo [19], and 
other PCB based coatings have continued to work for up to 42 days of 
blood exposure [58]. Thus, PCB is likely to maintain its function for 
several weeks. It is less clear how well FXII900 will continue to work 
after a prolonged period of protein adsorption in artificial devices. If, 
over time, there was significant artificial surface adsorption of fibrin-
ogen and platelets, then platelet aggregation and activation might begin 
to drive clot formation without significant contact system activation. In 
this setting, the benefits of FXII inhibition would be reduced. This effect, 
however, would be reduced by the PCB coating. In addition, it is un-
known to what extent adsorbed proteins may be able to activate FXII. 
There is some evidence that misfolded proteins may be able to activate 
FXII, and thus adsorbed proteins may do the same [60]. Thus, FXII900 
may continue to have anticoagulant function at the surface, but this 
demands further study of pre-adsorbed artificial surfaces and long-term 
use of artificial lungs. Additionally, the potential side effects of FXII900 
must also be studied specifically, including any effects on the immune 
system and heart, lung, kidney, and liver function when used for weeks 
to months. The optimal dose of FXII900 must also be determined. This 
study utilized a single bolus dose followed by a drip. A larger bolus dose 
and drip rate may improve anticoagulation by increasing the ACT well 
beyond 1000s. Lastly, there are small differences in the model used here 
from current, clinical ECMO practice. The first was the use of a fiber with 
a polysiloxane surface rather than the current standard of poly-
methylpentene. The DOPA-PCB coating works well on a wide range of 
hydrophobic polymers, so this strategy would also be effective when 
using that fiber type [16]. Second, the blood flow rate was set to 45 
mL/min so that the velocity profile within the fiber bundle matches with 
that of clinical ECLS. This results in a blood flow velocity in the 1.8 mm 
ID drainage and 1.6 mm ID reinfusion catheters of 13 and 10 cm/s, 
respectively. This is approximately 40% of the typical velocity in 
neonatal ECMO catheters, which would decrease catheter shear stress 
but increase residence time, resulting in a small change in platelet 
activation. This difference is not expected to change the effectiveness of 
this anticoagulation approach significantly. 

5. Conclusions 

Combined use of FXII900 and DOPA-PCB markedly reduce clot for-
mation in sham oxygenators while maintaining normal tissue coagula-
tion when compared to standard heparin anticoagulation. This is a 
promising anticoagulation strategy for clinical ECLS. 
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