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Abstract: Respiratory assist devices, that utilize 2 m2 of hollow fiber membranes (HFMs) to achieve desired gas transfer
rates, have been limited in their adoption due to such blood
biocompatibility limitations. This study reports two techniques for the functionalization and subsequent conjugation of
zwitterionic sulfobetaine (SB) block copolymers to polymethylpentene (PMP) HFM surfaces with the intention of reducing thrombus formation in respiratory assist devices. Amine
or hydroxyl functionalization of PMP HFMs (PMP-A or PMPH) was accomplished using plasma-enhanced chemical vapor
deposition. The generated functional groups were conjugated
to low molecular weight SB block copolymers with N-hydroxysuccinimide ester or siloxane groups (SBNHS or SBNHSi)
that were synthesized using reversible addition fragmentation
chain transfer polymerization. The modified HFMs (PMP-ASBNHS or PMP-H-SBNHSi) showed 80–95% reduction in
platelet deposition from whole ovine blood, stability under
the fluid shear of anticipated operating conditions, and

uninhibited gas exchange performance relative to nonmodified HFMs (PMP-C). Additionally, the functionalization
and SBNHSi conjugation technique was shown to reduce
platelet deposition on polycarbonate and poly(vinyl chloride),
two other materials commonly found in extracorporeal circuits. The observed thromboresistance and stability of the SB
modified surfaces, without degradation of HFM gas transfer
performance, indicate that this approach is promising for longer term pre-clinical testing in respiratory assist devices and
may ultimately allow for the reduction of anticoagulation levels in patients being supported
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INTRODUCTION

Balancing required blood anticoagulation while maintaining
adequate levels of hemostatic activity is a major challenge
that presents with a wide variety of blood contacting medical devices. This issue is particularly challenging in extracorporeal circuits such as respiratory assist devices, which
expose patient blood to large surface areas (2 m2) of synthetic material.1–5 Blood contact with these artiﬁcial surfaces results in activation of the coagulation cascade, and
platelet deposition onto the foreign surfaces,6,7 leading to
reduced device performance and emboli formation.8–10
Additionally, prolonged support may deplete the patient of

critical coagulation factors and reduce platelet numbers,
causing systemic hemostatic issues.11,12 Physicians manage
these thrombotic challenges with use of anticoagulants,
most commonly systemic administration of heparin. However excess anticoagulation, particularly when administered
systemically, may cause bleeding problems.13,14 In fact
bleeding issues are the most common complication in extracorporeal membrane oxygenation (ECMO), occurring in
between 10–30% of cases, and the thrombotic complications that anticoagulation is meant to blunt, commonly lead
to reduced device lifespan.9,14–16 The risks associated with
limited device blood biocompatibility and the pharmacologic
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FIGURE 1. Approaches for pre-functionalization of PMP hollow fibers and post-conjugation of SB molecules.

interventions utilized to address this limitation clearly
restrict the broader adoption of life saving extracorporeal
therapies.
A great deal of effort has been directed at improving the
hemocompatibility of extracorporeal circuits, by better pharmacologic management, more efﬁcient circuit design and
improved surfaces. These advances have led to broader use
of dialysis and increasing use of ECMO and respiratory dialysis, particularly for low ﬂow CO2 removal1,10,17–19 ECMO
and respiratory dialysis devices utilize gas permeable hollow ﬁber membranes (HFMs) to add oxygen and remove
carbon dioxide from blood independent of the lung. Innovations in HFMs, such as the introduction of polymethylpentene (PMP) HFMs in oxygenators, have facilitated extended
patient support periods by preventing plasma leakage into
the ﬁber lumen, which was common in older generation,
porous wall polypropylene ﬁbers.20 PMP ﬁbers greatly
extended the circuit life of the oxygenator by resisting
plasma leakage, but thrombotic deposition on ﬁber surfaces
remained as a problem. Local anticoagulation using citrate
is a potential solution, but it requires a more complex loop,
restricted ﬂow rates and its use is not widespread.21,22
Surface modiﬁcation of synthetic ﬁber materials provides a potential resolution to the coagulation dilemma.
Direct coating of the ﬁber may allow for local inhibition of
thrombotic deposition, reducing the need for systemic anticoagulation and the resulting complications for the patient.
Heparin coating of blood-contacting surfaces in extracorporeal perfusion circuits is common, but it is debatable as to
the how much this surface modiﬁcation has resulted in clinical beneﬁt.23 Surface conjugation of polymers bearing zwitterionic groups (e.g., phosphorylcholine, sulfobetaine [SB],
carboxybetaine) have been described and examined as antifouling, non-thrombogenic and anti-bacterial materials,24–27
but many of these approaches are limited by cost and stability.28–30 Given the potential for zwitterionic surface modiﬁcation to provide improved hemocompatibility in many
instances, development of new surface modiﬁcation strategies
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using this basic concept are warranted where durability and
cost efﬁciency are design features.
In this manuscript, a new SB block copolymer with Nhydroxysuccinimide ester groups (SBNHS) was synthesized
to simplify conjugation to functionalized PMP HFMs. Two
coating strategies, which pair PMP surface functionalization
and zwitterionic molecule conjugation, were developed and
evaluated. The ﬁrst strategy employs plasma-enhanced
chemical vapor deposition (PECVD) to generate amine functional groups on the PMP ﬁber surface that are subsequently conjugated to functional SB block copolymers,
building upon our previous work with PP ﬁbers.31 A second
strategy utilized surface hydroxylation32 to conjugate an SB
block copolymer with siloxane groups (Figure 1). The
zwitterion-modiﬁed PMP surfaces were evaluated for acute
thrombotic deposition, surface modiﬁcation stability under
anticipated shear ﬂow conditions, and for the impact of the
surface modiﬁcation on gas exchange performance. These
coatings address the shortcomings of currently available
alternatives as they are stable under high ﬂuid shear stress,
do not inhibit membrane transport, and employ economically attractive SB moieties as opposed to phosphorylcholine. This study evaluates the coatings for use speciﬁcally in
respiratory assist devices, but the coatings are shown to be
effective on several clinically relevant materials.
MATERIALS AND METHODS

Materials
Polymethylpentene hollow ﬁbers (OxyplusTM; OD: 380 mm, ID:
200 mm), of the same type used in commercial oxygenators,
were obtained from Membrana GmbH (Wuppertal, Germany).
N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium betaine (SMDAB) monomer, acrylic acid N-hydroxysuccinimide ester (AANHS), 4-cyano-4-(phenylcarbonothioylthio)
pentanoic acid (CPPA as a chain transfer agent), 4,40 -azobis
(4-cyanopentanoic acid) (V-501) (ACPA, initiator), 3-aminopropyltrimethoxysilane (APSi), N-(3-dimethylaminopropyl)-N0 -ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
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2,2,2-triﬂuoroethanol (TFE), and buffer reagents were purchased
from Sigma-Aldrich. Methacrylic acid (MA, Sigma-Aldrich) was distilled before its use. (Sulfo-succinimidyl-4-O-[4,4-dimethoxytrityl]butyrate) (Sulfo-SDTB) was purchased from prochemonline.

PMP hollow ﬁber samples were prepared in a similar manner to amine functionalization, but after establishing 50
mTorr in the chamber, oxygen was added to the chamber at
500 mL/min then powers ranging from 100 to 600W at
150 Hz and 20% duty cycled was applied for 30–300 s.
Additional materials, including polycarbonate sheet
(MakrolonV, Bayer CropScience) and a polyvinylchloride
tubing (Fisherbrand Clear PVC Tubing, Fisher Scientiﬁc),
were functionalized in the same manner.

Synthesis of SB block copolymers with functional
groups
SB block copolymers with functional groups (COOH or NHS)
were synthesized using a standard reversible addition fragmentation chain transfer (RAFT) polymerization technique
previously described.31 Brieﬂy, after being dissolved in TFE
solvent, SB prepolymer was synthesized from SMDAB monomer, CPPA chain transfer agent (CTA) and V-501 (ACPA) initiator at a determined molar ratio (SMDAB: CTA:
ACPA 5 10:1:0.2) to yield SB-CTA. Argon gas was bubbled
into the solution for 30 min to remove oxygen, then the
solution was sealed under argon for the duration of the synthesis. After stirring for 15 h at 708C, the synthesized product was precipitated into anhydrous methanol. The obtained
pink gel-like product (SB-CTA prepolymer) was further
rinsed with excess methanol and dried in a vacuum oven
for 24 h. Next, macro SB-CTA and MA or AANHS monomer
was dissolved in TFE at a predetermined molar ratio (SBCTA: MA 5 1:10 for SBMA, SB-CTA: AANHS 5 1:10 for
SBNHS). After adding ACPA initiator (SB-CTA: ACPA 5 1:0.2)
and bubbling argon gas into the solution for 30 min, the
reaction mixture was stirred for 15 h at 708C. Following
precipitation in anhydrous methanol, centrifugation, and
rinsing to remove unreacted reagents, the synthesized
SBMA or SBNHS block copolymers were obtained after vacuum drying. The siloxane functionalized SB block copolymers (SBSi or SBNHSi) were also prepared from the block
copolymers after reaction with APSi via a standard EDC/
NHS conjugation technique.31,33 Multiple feeding ratios of
the SMDAB and MA or AANHS monomers (e.g., 20:20,
10:10, 10:5) were also explored (deﬁned as SBMA[20/20],
SBMA[10/10] SBNHS[10/10] and SBNHS[10/5]). The chemical structure and the polymerization degree were conﬁrmed
using proton nuclear magnetic resonance (1H NMR, BrukerBiospin Co., Billerica, MA).

SB block copolymer conjugation. To prepare an SB block
copolymer conjugated surface (PMP-A-SBMA or PMP-ASBNHS), the amine functionalized PMP ﬁber (PMP-A) mats
were immersed in a container with 0.1 wt % of aqueous
SBNHS (NHS functionalized) solution or SBMA (carboxyl
functionalized) with EDC/NHS31 and placed on a rocker at
RT for 15 h. For PMP-H-SBSi or PMP-H-SBNHSi, the hydroxyl
functionalized PMP ﬁber (PMP-H) mats were immersed SBSi
and SBNHSi solutions that were reacted with APSi in situ
condition. The surface compositions were analyzed by X-ray
photoelectron spectroscopy (XPS) using a Surface Instruments S-probe spectrometer with a takeoff angle 558, performed at NESAC-BIO, University of Washington. Additional
materials, including polycarbonate sheet (MakrolonV, Bayer
CropScience) and a polyvinylchloride tubing (Fisherbrand
Clear PVC Tubing, Fisher Scientiﬁc), were modiﬁed and analyzed in the same manner.

PMP ﬁber functionalization and characterization
Hollow ﬁber functionalization. Unmodiﬁed polymethylpentene (PMP) hollow ﬁber membranes were either amine or
hydroxyl functionalized using PECVD with a PVA TePla Ion
40 system. Amine functionalization was completed according to a technique established by Arazawa et al.34 Brieﬂy,
hollow ﬁber membrane samples, in a mat format, were cut
to size (102 cm2), washed with 0.5% Tween-20 in 100 mM
phosphate buffer pH 8.5, then rinsed with deionized water.
Upon adding samples, the chamber was evacuated to 50
mTorr. Allylamine was introduced to the chamber at a rate
of 180 mL/min and 300W of power at 150 Hz and a 20%
duty cycle was introduced for times ranging from 1 (A1) to
5 min (A2). Samples were removed and immediately rinsed
three times with 0.5% Tween-20 in 100 mM phosphate
buffer pH 8.5 then thoroughly rinsed with deionized water.
Hydroxyl groups were generated using oxygen plasma.32

In vitro blood contact test and platelet deposition
characterization. Surface platelet deposition was analyzed
after prolonged material contact with fresh whole ovine
blood as described in previous studies.31,35,36 In short,
whole ovine blood was collected by jugular venipuncture
with an 181=2 gauge needle feeding directly into a syringe
with a citrate solution (10 mM/mL). The ﬁrst 3 mL of blood
were discarded to ensure sample uniformity. National Institutes of Health guidelines for the care and use of laboratory
animals were observed for all donor sheep, and all procedures were approved by the Institutional Animal Care and
Use Committee. PMP ﬁber swatches were cut from ﬁber
mats into 5 cm long segments for analysis. The ﬁber ends
were sealed using a hot glue gun to prevent blood from
reaching the inner lumen. Samples were sterilized by ethanol emersion then washed with DPBS. The ﬁbers were then
placed into a vacutainer tube (BD Vacutainer, no additives)

R

Quantiﬁcation of surface amine groups using sulfo-SDTB
amine assay. Surface amine density was varied by adjusting
plasma exposure time. Increased time exposure raises amine
density, but may adversely inhibit gas exchange performance. 4 mL of 2.4 mM Sulfo-SDTB was added to a 16 cm2
ﬁber sample and incubated at room temperature for 2 h.
Fibers were then washed with 0.5% Tween-20 in deionized
water to remove unbound reagent. 35% perchloric acid was
added to cleave immobilized sulfo-SDTB and induce color
change. Harvested solutions were read using a spectrometer
(Thermo Genysis UV-Vis) at 498 nm and amine concentration was calculated using a standard curve.
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ﬁlled with 5 mL of the fresh, citrated ovine blood and
rocked for 3 h at 378C using a hematology mixer (Fisher
Scientiﬁc, Pittsburgh, PA).
After removal from the tubes, samples were rinsed with
DPBS at least 10 times, according to the previously
described protocol, in preparation for scanning electron
microscopy (SEM, JEOL USA model JSM-6330 F) analysis.31
In addition to direct visualization of the surface, a lactate
dehydrogenase assay (LDH, Cytotoxicity Detection Kit, Clontech Laboratories) was used to quantify platelet
deposition.31
The results are presented as mean 6 standard deviation
(SD). Data were analyzed by one-way analysis of variance
(ANOVA) followed by a post hoc Neuman-Keuls testing. Signiﬁcant differences were considered to exist at p < 0.05.
SB coated ﬁber stability testing. PMP hollow ﬁbers
(102 cm2) were functionalized and coated with SBMA, SBSi,
SBNHS, or SBNHSi as detailed above. Fiber mats were potted directly into polycarbonate mini-modules using 5 min
epoxy (Devcon, Danvers, MA). The mini-modules were
scaled from full sized oxygenator devices manufactured by
Medtronic, Terumo and Capiox and simulate the surface
area to volume ratio for gas exchange.31,34 The estimated
blood wall shear rate experienced in these modules was
estimated to be comparable to commercially available devices. Mini-modules with open ports were sterilized using a
standard ethylene oxide (EtO) sterilization cycle. Peristaltic
pumps and L/S 16 Masterﬂex tubing were used to circulate
200 mL PBS with sodium azide (to prevent pathogen
growth) through the modules at 45 mL/min for 2 weeks at
378C. The PBS solution was replaced at one week. After
recirculation was complete, samples were removed from
modules and unrolled. Randomly selected 1 by 1 cm2 ﬁber
mats were cut and sent for XPS analysis and LDH platelet
deposition testing.
Gas exchange testing of SB coated hollow ﬁbers. Scaled
polycarbonate gas exchange mini-modules were constructed
from uncoated and SBNHS and SBNHSi modiﬁed ﬁbers as
described above. 5 min epoxy potting was used to separate
the gas and ﬂuid pathways. A gas exchange recirculation
loop (see Figure S1, Supporting Information) was assembled
to measure CO2 removal from freshly drawn bovine blood.
Bovine blood was freshly harvested from a local slaughterhouse and anticoagulated with heparin. Gentamycin (0.1 g/
mL) was added and blood was ﬁltered (Haemonetics SQ40s
40 mm transfusion ﬁlter) to remove particulates. PBS was
added to adjust hemoglobin to 12 6 1 g/dL and glucose
was adjusted to 10 6 5 mmol/dL according to ISO
7199:2009. Bovine blood, obtained from a local slaughterhouse, was used for this testing due to the convenience in
obtaining large volumes of fresh blood. The ﬂuid side gas
exchange loop contained (in series) a 1 L compliant blood
reservoir, peristaltic pump, Sorin Lilliput 2 D902 pediatric
de-oxygenator, heat exchanger, and a mini-module before
returning to the ﬂuid reservoir. The de-oxygenator sweep
gas was composed of carbon dioxide, oxygen, and nitrogen.
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These ratios were adjusted to set inlet blood CO2 partial
pressure at 50 6 5 mmHg as measured by a RapidPoint
305 blood gas analyzer (Siemans, Deerﬁeld, IL). The oxygen
sweep gas originates in a pressurized oxygen tank regulated
by mass ﬂow controller before passing through the minimodule. Sweep gas then passed through a condenser, vacuum pump, and CO2 analyzer. Triplicates of unmodiﬁed control ﬁbers, PMP-SBNHS, and SBNHSi were each tested in
triplicate at a blood ﬂow rate of 45 mL/min. The sweep gas
ﬂow rate was modulated to maintain a 3000 6 100 ppm
CO2 concentration at the gas outlet. A one-way ANOVA analysis was completed using SPSS 23 (IBM Analytics, Armonk,
NY) with a p values <50.05
RESULTS

Synthesis of SB block copolymers with functional
groups
Chemical structures were conﬁrmed by 1H NMR. For the
newly synthesized SBNHS in D2O, peaks were: d
(ppm) 5 0.90–1.30 (a-CH3), 1.70–2.20 (CH2C), 2.25–2.35
(CH2CH2SO3), 2.80–2.85 (CH2-CH2), 2.90–3.00 (CH2CH2SO3),
3.20–3.40 (N(CH3)2), 3.50–3.85 (CH2N(CH3)2CH2) and 4.35–
4.55 (OCH2). The peak area integration ratio of 2.80–2.85
(CH2-CH2, m) and 4.35–4.55 (OCH2, e) was used to deﬁne
the polymer composition. A SBNHS block copolymer, which
was synthesized with a 2:1 monomer feed ratio of SBDMB
and AANHS, resulted in a peak area integration ratio (e/m)
of 2.7. After APSi conjugation (SBNHSi), the peak from the
NHS groups, d (ppm)52.80–2.85 (CH2-CH2, m) was
decreased and new peaks were measured at 0.65–0.75
(CH2-Si, n) and 1.20–1.30 (OCH3, p), indicating the presence
of conjugated APSi (Figure 2). The molecular weights of the
zwitterionic SB copolymers, with varied monomer feed
ratios, were estimated from NMR spectra using the peak
integration ratio of the NHS groups and CTA(CH2-COOH).
The estimated molecular weights were 3588 6 285 for
SBMA(10/10), 3755 6 570 for SBNHS (10/10), and
3050 6 350 for SBNHS (10/5).
HFM amine functionalization
PMP ﬁbers aminated with PECVD showed that the plasma
treatment time period (A1: 1 min, A2: 5 min) could be
adjusted to vary HFM amine density, as measured by the
sulfo-SDTB amine assay and XPS analysis (Table I). A2
showed a 3% increase in N percentage compared to A1,
indicating enhanced amination. All amine functionalized
HFM conjugations were completed using 5 min time, hereby
referred to as PMP-A.
OH functionalized ﬁber SEMs
A new functionalization approach using hydroxyl groups
(2OH) was developed. Unlike surface amine groups,
hydroxyl groups are not anticipated to negatively impact
biocompatibility and may increase the conjugation efﬁciency
and loading of SB block copolymer. For hydroxylated PMP
ﬁbers (PMP-H) prepared by oxygen plasma treatment using
PECVD, excessive power settings may damage the PMP ﬁber
surface, so SEM images were taken for visual inspection
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FIGURE 2. 1H NMR spectra of functional zwitterionic block copolymers (SBNHS or SBNHSi). SBMA has COOH instead of the NHydroxysuccinimide (NHS) groups in the SBNHS structure. SBSi structure is equivalent to SBNHSi.

(Figure 3). Damage to the ﬁber surface was observed in the
600W, 30 s and 5 min samples. Reduction of power to
100W allowed for a plasma exposure time of 60 s without
visual signs of surface damage. XPS (Table I) was used to
conﬁrm surface hydroxylation. The oxygen percentage
peaked at 12 6 0.4% in the 100W, 60 s sample. All hydroxylated PMP HFM conjugations were completed using 100W,
60 s sample, hereby referred to as PMP-H.
SB block copolymer conjugation and platelet deposition
on HFMs after ovine blood contact
SB block copolymers SBMA, SBNHS, SBSi, and SBNHSi were
directly conjugated to functionalized PMP ﬁbers (PMP-A: 5
min or PMP-H: 100W, 60 s). The loading capacity of SBMA
onto the ﬁbers can be measured by observing changes in
the surface sulfur (S) content. XPS analysis results in Table
II show S content ranging from 1.0 6 0.1% to 1.2 6 0.1%,
compared to 0.3 for PMP-A and undetectable levels for
PMP-C and PMP-H. Additional XPS analysis (Table S1) indicated increased S content for the lower molecular weight
SBMA(10/10) and SBNHS(10/10) samples relative to that
observed for the higher molecular weight SBMA(20/20).

Platelet deposition on the controls, pre-functionalized, and
modiﬁed PMP hollow ﬁbers after contact with fresh ovine
blood for 3 h is shown in Figure 4 and Figure S2. The control
(PMP-C) and pre-functionalized surfaces (PMP-A and PMP-H)
showed large quantities of deposited platelets with aggregates
spread uniformly over the entire ﬁber surface. The average
amount of deposition on PMP-A samples showed a higher
deposition than the PMP-C as well as PMP-H based on the SEM
observation and LDH assay results (Figure 5; Figure S3). Platelet deposition and the aggregates were dramatically reduced
on all of the SB block copolymer conjugated surfaces compared
to control and pre-functionalized surfaces (p < 0.05).
SB coating stability testing
The surface compositions of coated ﬁbers were also measured
after exposure to elevated ﬂuid shear levels for 2 weeks in
PBS at 378C (Table III). Both PMP-A-SBMA (2 weeks) and
PMP-H-SBSi (2 weeks) decreased over 50% compared to preﬂow exposure (Table II). SBNHS and SBNHSi coated surfaces
better preserved surface S, remaining above 0.9 6 0.1% and
1.0 6 0.1%, respectively. SEM images and LDH assay results
(Figure 6) also provide evidence of coating integrity,

TABLE I. Atomic Percentages for Plasma Treated Hollow Fiber Surfaces as Determined by XPS
C
a

PMP-C
PMP-A1
PMP-A2
PMP-H (30 s)
PMP-H (60 s)
PMP-H (120 s)

95.1
73.0
68.9
87.8
88.3
88.9

(61.3)
(61.1)
(60.6)
(60.6)
(62.4)
(60.4)

O
4.9
18.2
18.7
9.9
12.0
10.9

(61.3)
(60.5)
(60.2)
(60.8)
(60.4)
(60.3)

N

Si

S

5.2 (60.5)
8.2 (60.3)
0.3 (60.4)
-

3.4 (60.1)
3.6 (63.4)
0.3 (60.4)
0.5 (60.5)

0.2 (60.0)
0.3 (60.0)
-

a
PMP-C: unmodifed and cleaned HFM. PMP-A1 5 1 min, PMP-A2 5 5 min of plasma treatment with allyl amine. For PMP-A1 amine density
was 0.09 nM/cm2 and for PMP-A2 0.34 nM/cm2 as measured by sulfo-SDTB assay. PMP-H: O2 plasma treated by PECVD (100W) for different
exposure times (n 5 3, mean 6 SD).
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FIGURE 3. Surface morphology change in PMP HFMs after exposure to O2 plasma (PECVD) at indicated power levels and exposure times.

exhibiting signiﬁcantly reduced platelet deposition in both
samples compared to PMP aminated controls (p < 0.05).
Gas exchange testing
Gas exchange performance of hollow ﬁbers was evaluated
by examining carbon dioxide removal in a scaled experiment
which simulates a clinical gas exchange setup. CO2 removal
rates were normalized using inlet CO2 partial pressure to
account for variations over the test span, then divided by
ﬁber surface area. Only PMP-A-SBNHS and PMP-H-SBNHSi
modiﬁcations were evaluated due to their superior stability
characteristics. The unmodiﬁed control ﬁber removal rate of
248 6 8 (mL/min/m2) is comparable to previous testing
using scaled modules.31 Aminated SBNHS coating samples
(PMP-A-SBNHS) exhibited a 6% reduction in mean CO2
removal rate (236 6 19), while hydroxyl activated SBNHSi
ﬁbers (PMP-H-SBNHSi) (248 6 23) did not vary substantially from the mean control ﬁber CO2 removal rate. The statistical analysis determined a p values of 0.08 (Figure 7).
Polycarbonate and PVC surface modiﬁcation
Both unmodiﬁed polycarbonate and polyvinylchloride (PVC)
control surfaces showed widespread platelet deposition

with a spread morphology and platelet aggregates after 3 h
contact with fresh ovine blood contact, although polycarbonate visually exhibited less platelet deposition and aggregation than PVC, as shown in Figure 8(A). After the surface
modiﬁcation using SBNHSi, the amount of platelet deposition was reduced on both surfaces by up to 95% as shown
in the LDH assay results [Figure 8(B)].
DISCUSSION

This manuscript describes the development of zwitterionic
surface modiﬁcation approaches for use in extracorporeal
blood-contacting medical devices such as artiﬁcial lungs.
Two surface functionalization techniques, designed for
amine or hydroxyl functionalized HFM surfaces, respectively,
were evaluated with the objective of designing a robust and
simple process compatible with coating an entire extracorporeal circuit. The modiﬁed HFMs were shown to signiﬁcantly reduce acute platelet deposition from whole blood,
even after 2 weeks exposure to continuous ﬂuid ﬂow. Additionally, gas exchange studies performed with the modiﬁed
HFMs showed no signiﬁcant reduction in gas transport, a
critical feature for the application of this methodology in
respiratory assist devices.

TABLE II. Atomic Percentages for SB Block Copolymers Modified Hollow Fiber Surfaces as Determined by XPS
C
a

PMP-A-SBMA
PMP-H-SBSi
PMP-A-SBNHS
PMP-H-SBNHSi

79.6
85.6
69.3
79.8

(61.4)
(60.7)
(60.5)
(61.2)

O
11.1
9.8
18.3
15.3

(60.8)
(62.1)
(60.2)
(60.6)

N
5.6
1.1
7.5
1.9

(60.5)
(60.4)
(60.2)
(60.1)

Si
0.3
0.6
0.9
1.0

(60.1)
(60.1)
(60.0)
(60.1)

S
1.0
1.0
1.1
1.2

(60.1)
(60.1)
(60.1)
(60.1)

a

PMP-C: unmodifed and cleaned HFM. PMP-A 5 5 min of plasma treatment with allyl amine (0.34 nM/cm2 as measured by sulfo-SDTB assay).
PMP-H: O2 plasma treated by PECVD (100W) for 60 s exposure times (n 5 3, mean 6 SD).
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FIGURE 4. Scanning electron micrographs of PMP control and the modified surfaces after contact with citrated ovine whole blood for 3 h at
378C.

Amine functionalization of porous polypropylene hollow
ﬁbers has been studied by our group in the past.31,36 With
this approach, allylamine monomer was deposited on the
ﬁber surface using PECVD, generating stable amine groups,
but also decreasing ﬁber permeance.37 Excess allylamine
deposition may lead to decreased gas exchange performance,
particularly if paired with a high molecular weight coating.
Additionally, unreacted amines may result in increased platelet deposition. Variations of hydroxyl functionalization have
been implemented in a variety of prototype extracorporeal
devices.38,39 With PMP ﬁbers, excessive oxygen plasma runs
the risk of damaging the thin outer ﬁber ﬁlm which prevents

FIGURE 5. Platelet deposition on a fiber mat unit (1 cm2), including
binding fibers, after contact with fresh ovine blood for 3 h at 378C as
determined by a lactate dehydrogenase (LDH) assay (*p < 0.05 vs.
PMP-C, PMP-A2 and PMP-H controls, n 5 3).

plasma leakage.40 This damage can be seen in SEMs of HFMs
treated with elevated power and time settings (Figure 3:
600W/30 s, 600W/5 min and 100W/120 s), but was not present at the lower power settings (100W/60 s) which were
used for conjugation. The selected instrument settings did not
present visible ﬁber damage and also exhibited the highest
surface oxygen content (12.0 6 0.4%, Table I), indicating
these parameters balance avoidance of ﬁber damage and
degree of functionalization.
For decades, various polymers bearing zwitterionic
groups have been developed and studied as anti-fouling,
non-thrombogenic and anti-inﬂammatory materials.24–27
Studies by Cook,41–43 Li,38 and Gong44 have incorporated
zwitterionic coatings into prototype artiﬁcial lung devices
with success on the bench. Phosphorylcholine (PC) polymer
coatings have also been incorporated into CE-approved oxygenators (ALONE ECMO, EUROSETS, Italy), but there are
still many potential improvements that may beneﬁt clinical
efﬁcacy and application in the challenging extended perfusion periods associated with ECMO support. Additionally, PC
coatings are relatively expensive and difﬁcult to handle
compared to other zwitterionic polymers.28,29 These limitations of PC coatings challenge widespread integration into
extracorporeal devices, leading to exploration of alternative
zwitterionic polymers. SB polymers in particular have
shown promise, with comparable improvements in hemocompatibility and platelet deposition to PC counterparts at a
lower price with higher stability.26,28,31,45
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TABLE III. Atomic percentages for the 2 weeks rinsed HFM surfaces as determined by XPS
C
a

PMP-A (2 weeks)
PMP-A-SBMA (2 weeks)
PMP-H-SBSi (2 weeks)
PMP-A-SBNHS (2 weeks)
PMP-H-SBNHSi (2 weeks)

78.0
75.5
76.4
71.8
81.4

(60.8)
(60.6)
(60.4)
(61.1)
(60.2)

O
14.2
19.7
19.3
17.7
14.3

N

(60.4)
(60.5)
(61.3)
(60.7)
(60.2)

6.0
2.9
2.2
6.2
2.0

(60.5)
(60.2)
(60.2)
(60.1)
(60.3)

Si
0.5
0.4
1.8
0.7
0.8

(60.1)
(60.1)
(60.5)
(60.1)
(60.1)

S
0.2
0.4
0.3
0.9
1.0

(60.0)
(60.1)
(60.1)
(60.1)
(60.1)

a
All rinsed samples (2 weeks) were EtO treated then continuously rinsed with PBS (with sodium azide 0.02%) at 378C for 2 weeks (n 5 3,
mean 6 SD).

Our previous work developed functional zwitterionic PC
macromolecules and low molecular weight (LMW <10,000)
sulfobetaine (SB) block copolymer with carboxyl groups
(SBMA-COOH) for polypropylene HFM surface modiﬁcation.31 These compounds are water soluble and can be conjugated onto an aminated polypropylene HFM to reduce
thrombotic deposition without signiﬁcantly inhibiting gas
performance. Although the previous experimental coatings
using the LMW SB block copolymer were promising, they
have not been evaluated using PMP HFMs which are
increasingly used in commercial oxygenators and are critical
for the extended blood contact in chronic respiratory assist
devices. The modiﬁcations have also not been tested for
extended exposure to ﬂuid ﬂow rates commonly seen in
clinical practice or on other material surfaces included in a
typical extracorporeal loop (e.g., cannulae, tubing, and
device housing material).
Given that the application of extracorporeal oxygenators
is necessarily associated with continuous exposure to ﬂowing blood and wall shear stresses, the surface modiﬁcation
stability is of concern, and the instability of common device
coatings such as heparin and PC have been documented.45–47 Many techniques have been developed to
improve stability and these show short term improvements
in thromboresistance,48–50 but few studies have examined

efﬁcacy after long term exposure to anticipated ﬂuid shear
conditions. In this study, a 2-week perfusion with buffered
saline was completed to simulate the extended operating
conditions becoming more prevalent in ECMO and more
recent CO2 removal devices. Additionally, prior to the recirculation studies, the modules employed were EtO sterilized
to simulate commercial devices. Results in Table III indicate
previously developed coatings (SBMA and SBSi), which did
not incorporate multiple active NHS groups, exhibited a
reduction in surface sulfur groups, suggesting leaching of
the conjugate from the HFM or degradation of the zwitterionic compounds. However, SBNHS and SBNHSi coatings did
not experience the same degree of reduction, indicating
greater stability under the anticipated operating shear and
temperature. This stability, which has not been exhibited by
other coatings, would be critical to achieving prolonged
reductions in systemic anticoagulation. However, it should
be noted that extended perfusion with patient blood would
be a more rigorous situation, given the array of protein
(especially enzyme) and cellular components that could act
to foul or degrade the surface activity. The resistance of the
SB modiﬁed surfaces to resist such interactions would
potentially act to retard this effect.
Adding any coating to HFMs raises concerns of
decreased gas exchange due to increased gas transfer

FIGURE 6. Platelet deposition on the stability tested PMP hollow fibers (PBS rinsed for 2 weeks) after contact with fresh ovine blood for 3 h at
378C as determined by a lactate dehydrogenase (LDH) assay (*p < 0.05 vs. the controls).
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FIGURE 7. CO2 removal rate by HFMs in bovine blood using a scaled
down gas exchange module (n 5 3).

resistance. Higher molecular weight coatings in particular
run this risk. Thus, we synthesized low molecular weight
functional block copolymers (SBMA or SBNHS) for the surface conjugation using a RAFT polymerization technique.
The employment of RAFT polymerization allows for generation of well-controlled, low molecular weight block copolymers with versatile functional groups.51 A synthesis strategy
using SB block copolymer with NHS groups is particularly
ﬂexible as it could be used in one approach to provide
direct SB conjugation to amines on the target surface with a
high reactivity, or in an alternate approach, to generate a
polymer such as SBNHSi to react with surface hydroxyl
groups. Gas exchange testing showed no statistical difference in CO2 removal rates between the SB block copolymers
modiﬁed and control HFMs. Comparable gas exchange evaluation on coated PMP ﬁbers was completed by Huang38 on

PC coated PMP ﬁbers. This testing showed a 15% reduction
in mean CO2 removal rate. Additionally, no blood plasma
leakage was observed, indicating that the outer layer of the
PMP ﬁbers remained intact after surface functionalization
and modiﬁcation, supporting the SEM images (Figure 3),
which did not show surface damage at the selected plasma
instrument settings. Any breach in this outer layer would
result in ﬂuid leakage into the gas side of the ﬁbers and a
signiﬁcant decrease in gas exchange efﬁciency over time.
While it is also possible that carbonyl groups are generated
after the oxygen plasma process,38 their presence on the
functionalized surface before conjugation would not be
expected to decrease gas exchange efﬁciency. In addition to
the XPS data supporting conjugation, a decrease in surface
hydrophobicity was observed after coating (qualitative
observation of water contact angle). This change did not
appear to have any inﬂuence on the CO2 removal rate. However, platelet deposition was notably reduced on the SB
block copolymer modiﬁed surfaces. The reduction of platelet
deposition associated with SB block copolymer conjugation
are likely related to changes of the surface properties and
the reduced protein (e.g., ﬁbrinogen) adsorption, as conﬁrmed in our previous study.52 The antifouling mechanisms
associated with zwitterion-modiﬁed surfaces have also been
extensively considered in terms of surface property changes
(interactions with water and salts) in previous publications53,54 while the antifouling effectiveness on the SB
modiﬁed surface could be variable based upon salt concentration, buffer composition, solution pH level and
temperature.55,56
The majority of studies developing thromboresistant
coatings have focused on a single material and application.31,38,44 However, most extracorporeal circuits are composed of a variety of materials and surfaces which may

FIGURE 8. Platelet deposition on other commonly used blood-contacting materials. (A) Scanning electron micrographs of blood-contacted polycarbonate (PCB), polyvinylchloride (PVC) and the SBNHSi modified surfaces. (B) Platelet deposition as determined by a lactate dehydrogenase
(LDH) assay after contact with citrated ovine whole blood for 2 h at 378C (*p < 0.01 vs. PCB-H and PVC-H controls).
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contribute to thrombus formation and subsequent embolization. To evaluate the versatility of the reported surface modiﬁcation approach, a peripheral evaluation of acute
thromboresistance was completed for two materials commonly found in non-gas transferring surfaces included in
extracorporeal devices. Polycarbonate, which is commonly
used for injection molded housings, and PVC, which is a
widely used tubing material, were functionalized and modiﬁed under the same parameters as the PMP HFMs. With the
effectiveness of the modiﬁcation strategy shown on these
surfaces, the data suggest that it may be possible to uniformly modify all blood contacting surfaces in an extracorporeal circuit, to further improve the blood biocompatibility
and potentially allow for the reduction in systemic
anticoagulation.
While this report has established a technique capable of
reducing acute platelet deposition on a variety of materials
commonly used in respiratory assist devices, without signiﬁcantly reducing device performance, there are several limitations that should be noted. First, the surface modiﬁcation
strategy has only been evaluated in vitro and for limited
contact periods with anticoagulated animal blood. In vivo
testing would be the next step to more fully verify device
gas transfer performance and thromboresistance. The notion
that systemic anticoagulation might be reducible in clinical
practice with such surface modiﬁcations would similarly
need to ﬁrst be evaluated in a large animal model. As noted
previously, stability testing established modiﬁcation stability
at shear rates comparable to that experienced in full-sized
devices, however it is unknown how the coating would perform after exposure to the proteases and high protein concentrations present in blood, not to mention with extended
contact with leukocytes and platelets. The LDH assay, used
to measure platelet deposition, could also measure any
adhered red blood cells,57 potentially interfering with the
platelet adhesion results. However, the SEM images (Figures
(4 and 6), and 8) consistently showed little to no red blood
cell deposition and this was also not observed macroscopically on the ﬁbers, indicating that such interference with the
LDH assay was minimal. While a range of functionalization
and conjugation parameters were evaluated, a complete
optimization was not completed and further improvements
in performance and stability of the reported modiﬁcations
may be possible. Finally, all testing was completed on
scaled-down devices or HFM swatches. It is believed the
process would scale to full sized devices, but a strategy for
surface modiﬁcation would need to be developed. For
instance, determining whether the ﬁbers would be modiﬁed
independently of the device housing or whether an assembled oxygenator could be modiﬁed.
CONCLUSIONS

This study reports two techniques for the functionalization
and subsequent conjugation of SB block copolymers to PMP
HFMs with the intention of reducing thrombus formation in
respiratory assist devices. Amine or hydroxyl functionalization of HFMs was accomplished using PECVD and the
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generated functional groups were then conjugated to newly
synthesized SBNHS or SBNHSi block copolymers. The modiﬁed HFMs showed markedly reduced platelet deposition
from whole ovine blood, stability under the ﬂuid shear of
anticipated operating conditions and uninhibited gas
exchange performance. Additionally, the functionalization
and conjugation techniques were shown to reduce platelet
deposition on other materials which are common in extracorporeal circuits such as polycarbonate and PVC tubing.
This ﬂexible surface modiﬁcation approach may thus allow
for coating of an entire blood contacting extracorporeal circuit using recirculated reagents at room temperature.
Improvements in the thromboresistance of the bloodcontacting surfaces in large extracorporeal devices intended
for chronic support are essential to allow for the reduction
of anticoagulation levels in the supported patients. Without
such advancements, the implementation of these devices
will be hampered since the technology will continue to be
associated with limited patient mobility, a high-level of
patient oversight and management, and substantial patient
morbidity.
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