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Abstract: The change in the surface properties of polymer materials used in an extracor-
poreal membrane oxygenation (ECMO) device due to nitric oxide (NO) treatment was
characterized by zeta-potential and dynamic contact-angle measurements. FTIR-ATR was
used to determine the stability of these effects during liquid contact. Polymethyl pentene
(PMP), methyl methacrylate acrylonitrile butadiene styrene (MABS), and polyurethane
(PU) were investigated. The polymer materials were treated with NO (1000 ppm) for
17 h. The samples for FTIR-ATR measurements were submerged in water or physiological
sodium chloride solution for 120 and 240 h after the end of the gas treatment. PMP showed
no changes at all. MABS showed decreased contact-angles and increased contact-angle
hysteresis. In contrast, PU showed decreased contact-angles and a shift in its zeta-potential
curve, indicating a more hydrophilic and acidic surface. The FTIR-ATR measurements
showed a slight decrease in the signal intensities after liquid contact. The results indicated
an improvement in the liquid contact properties of MABS and the PU due to increased
surface hydrophilicity caused mainly by the adsorbed nitric acid (HNO3) molecules formed
by the NO treatment. The results presented in this paper point towards a simple and
complication-free method of introducing NO into an ECMO circuit.

Keywords: FTIR-ATR; zeta-potential; dynamic contact-angle; surface properties; ECMO

1. Introduction
Extracorporeal membrane oxygenation (ECMO) is a clinical technique used to support

patients in critical conditions such as heart and lung transplantations or acute respiratory
distress syndrome (ARDS). Blood is taken from the patient’s venous system, pumped
through a so-called oxygenator, and then infused back into the patient’s venous or arterial
system [1,2]. One of the common issues of such a system, particularly in cases of long-term
patient support, is the formation of thrombi in the ECMO system [3,4]. Progression in
the size of the formed thrombi can ultimately lead to a failure of the ECMO circuit [5,6].
Replacing the ECMO circuit causes a gap in patient support, blood loss, and blood dilution,
increasing the risk for already compromised patients [3,7]. To suppress the thrombus
formation and increase the life span of the ECMO circuit, the addition of nitric oxide (NO)
could be a promising pathway. NO is a reactive molecule that occurs naturally in the
human body and is part of the blood clotting mechanism as it is released by aggregated
blood platelets to limit further aggregation [8,9].

Research investigating the chemical impact of NO treatment on the polymers used
in the oxygenator was previously published by some of the authors of this paper [10].
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Using Fourier transform infrared attenuated total reflection (FTIR-ATR) spectroscopy, the
formation of several functional groups was elucidated. NO reacted with the surrounding
air to form NO2, which reacted with the air humidity to form nitric acid (HNO3). Both of
these compounds reacted with the polymers to form nitro and nitrate ester groups. HNO3

was also adsorbed on the polymer surfaces [10].
This communication is meant to further expand the understanding of the interaction

between NO and the polymer surfaces investigated in the previous paper. Zeta-potential
and dynamic contact-angle measurements were conducted to elucidate the surface proper-
ties of the materials and the impact of NO on them. Polymethyl pentene (PMP), methyl
methacrylate acrylonitrile butadiene styrene (MABS), and polyurethane (PU) were chosen
because all three materials are in contact with blood during the application of the oxy-
genator (Figure 1). The FTIR-ATR experiments discussed in this communication aimed
to expand on the stability measurements under dry conditions discussed in the previous
paper [10]. The experiments discussed here were performed to quantify the influence
of liquid contact on the effects of NO treatment. The possibility of analyzing both the
hydrophilicity and the zeta-potential is of practical interest in this context, as the surface
properties of the polymers could influence their blood contact properties [1,11]. The overall
goal of the research presented in this and the previous paper [10] is to enable the use of
NO as an additive to the sweep gas of an ECMO circuit to suppress thrombus formation
and increase its longevity. These increases have historically been achieved through sub-
stantial modifications to the oxygenator and the pump both in terms of materials and
geometry [12–14]. The addition of coagulation suppressants such as heparin or argatroban
has been another method of achieving this increased longevity [12,15]. The addition of
NO to the sweep gas would, in contrast, represent a simpler way to increase the longevity
of the ECMO circuit, requiring little to no modification to the circuit itself [16]. At the
same time, NO would allow for a more continuous addition of the coagulation suppressant
than compounds like heparin. NO has been trialed in ECMO circuits and other implants,
being released from specialized materials. The results with these materials were positive
overall with significant improvements to the thrombotic properties [17,18]. The use of
NO as a sweep gas additive has so far produced inconclusive results that warrant further
research [19,20].
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Figure 1. (a) Overview of the locations of the sample materials in the oxygenator: (1) Outlet plate 
(MABS) with hollow fiber membranes (PMP) visible behind it. (2) PU material. (3) Hollow fiber 
membrane ends encased in PU. (b) Overview of the polymers investigated in this paper [21–23]. A 
version of this figure was first published in the Journal of Polymer Research, 31 (261), 2024, by Springer 
Nature [10]. 

2. Experimental Section 
2.1. Chemicals and Materials 

NO (1000 ppm in N2) was purchased from basi Schöberl GmbH & Co. KG (Rastatt, 
Germany). As hollow fiber membranes, Membrana OXYPLUS, type PMP 90/200 (3M 
Deutschland GmbH, Wuppertal, Germany), were used. The MABS samples consisted of 
Terlux HD 2802 (INEOS Styrolution Group GmbH, Frankfurt am Main, Germany). PU 
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Figure 1. (a) Overview of the locations of the sample materials in the oxygenator: (1) Outlet plate
(MABS) with hollow fiber membranes (PMP) visible behind it. (2) PU material. (3) Hollow fiber
membrane ends encased in PU. (b) Overview of the polymers investigated in this paper [21–23]. A
version of this figure was first published in the Journal of Polymer Research, 31 (261), 2024, by Springer
Nature [10].

2. Experimental Section
2.1. Chemicals and Materials

NO (1000 ppm in N2) was purchased from basi Schöberl GmbH & Co. KG (Rastatt,
Germany). As hollow fiber membranes, Membrana OXYPLUS, type PMP 90/200 (3M
Deutschland GmbH, Wuppertal, Germany), were used. The MABS samples consisted of
Terlux HD 2802 (INEOS Styrolution Group GmbH, Frankfurt am Main, Germany). PU
consisted of methylene diphenyl diisocyanate (Biresin DH41 Komp. B, Sika Deutsch-
land GmbH, Stuttgart, Germany) and trimethylolpropane (Biresin DH404 Komp. A, sika
Deutschland GmbH, Stuttgart, Germany). Material samples of the gas exchanger compo-
nents, including hollow fiber membranes, inlet/outlet caps, and (PU) sheets, were provided
by Hemovent GmbH (Aachen, Germany). All sample materials were commercial products
potentially containing residues of additives used in the production process, potentially
influencing the results.

2.2. NO Treatment of the Gas Exchanger Materials

The polymer samples were treated with 1000 ppm NO in nitrogen. This was the
highest available concentration, chosen to maximize the impact of the NO treatment. In the
first step, the polymer materials were cut down to a sample size of two by one centimeters in
the case of MABS and the PU sheets. Samples with a fiber length of around four centimeters
were cut from hollow fiber mats for the PMP samples. The samples were placed in a
chamber. The NO gas mixture was added to the chamber at a flow rate of 2 L/min for ten
minutes to displace the air from the chamber. After ten minutes, the chamber was closed,
and the gas flow was stopped. The samples were left in the chamber overnight for 17 h.
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2.3. Additional Sample Treatment

A part of the polymer samples was treated further to analyze the stability of the NO
treatment effects in liquid contact. For this purpose, polymer samples were submerged in
either Millipore water or a physiological sodium chloride solution (9 g/L NaCl in Millipore
water). FTIR-ATR measurements were conducted directly after the NO treatment and after
120 and 240 h of submerging the samples in the respective liquid. The samples were dried
in a desiccator for 24 h over silica gel between the submersion intervals and the FTIR-ATR
measurements. The samples immersed in sodium chloride solution were washed with
Millipore water before drying to stop salt deposition on the polymer surface. Both liquids
were chosen for their simplicity. The sodium chloride solution was additionally selected
due to its technical relevance as a priming liquid in ECMO applications [24].

2.4. FTIR-ATR Measurements

FTIR-ATR measurements were conducted using an Agilent Varian 670 IR spectroscope
(Agilent Technologies Inc., Santa Clara, CA, USA), and a Pike Technologies GladiATR probe
head (Pike Technologies, Fitchburg, WI, USA) was used to conduct the measurements.
The dried polymer samples were pinned onto the diamond of the probe head using the
integrated clamp to ensure complete and consistent coverage of the diamond surface. The
sampling depth of this method ranges from 2 to 15 µm depending on both sample material
and radiation wavelength [25]. The spectra were recorded with 16 scans at a resolution of
2 cm−1. The spectral range was 4000 to 500 cm−1. For both PMP and MABS, the signals
caused by the NO treatment were also investigated in terms of peak height. For this
purpose, the spectra were baseline-corrected and normalized using the signal located at
1466 cm−1 in the case of PMP and 1720 cm−1 for MABS. These signals were chosen based
on their high intensity and consistency across different measurements. The highest data
point determined the height of the signals.

2.5. Zeta-Potential Measurements

The zeta-potential measurements were conducted using a SurPASS 3 (Anton Paar,
Graz, Austria). An adjustable gap cell was used for the MABS and the PU samples. The
gap was set at approximately 100 µm. The pressure range utilized extended from 600 to
200 mbar. Care was taken for both materials to analyze the same side of the samples
to avoid inconsistencies. These measures were taken as surface morphology can impact
zeta-potential measurements [26]. The PMP samples were analyzed using a cylindrical cell.
A total of 150 mg of PMP was used in these measurements. The permeability index of the
cell was approximately 100. A KCl solution with a concentration of 10−3 mol/L was used
as the electrolyte. Measurements were conducted over a pH range of three to ten using
HCl and KOH solutions with a concentration of 0.05 mol/L to adjust the pH. Two separate
sample pairs were used per measurement to cover the pH range. Measurements of both
treated and untreated polymer samples were conducted. The zeta-potential was calculated
using the Helmholtz–Smoluchowski equation [27]:

ζ =
dUS

d∆p
ηκ

εε0
(1)

with ζ being the zeta-potential, Us being the change in the streaming potential, d∆p being
the change in pressure difference, η being the dynamic viscosity of the liquid, κ being the
specific conductivity of the bulk liquid, ε being the relative permittivity of the liquid, and
ε0 being the electrical permittivity of the vacuum.
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2.6. Dynamic Contact-Angle Measurements

Dynamic contact-angle measurements were conducted using a Dataphysics OCA 35L
(Dataphysics, Filderstadt, Germany). The results were analyzed using the software SCA202.
For MABS and PU, the sessile drop method was used. The polymer surface’s wettability
was quantified by depositing a liquid droplet. The contact-angle θ between the droplet and
the surface results from the interfacial tensions at the solid–vapor (γsv), solid–liquid (γsl),
and liquid–vapor (γlv) interfaces. In ideal situations, the relationship between the surface
tensions and the contact-angle is described by the Young equation [28]:

cos θY =
γsv − γsl

γlv
(2)

In practical situations, factors like surface roughness and chemical heterogeneities lead to
the pinning of the three-phase contact line. In the measurements, only the advancing θA

and receding contact-angle θR can be determined. The Young contact-angle θY is between
these two limits, such that θR ≤ θY ≤ θA. Samples with a size of two by one centimeters
were prepared for the measurements. Analogous to the samples for the zeta-potential
measurements, care was taken to ensure the consistency of surface morphology, as factors
like surface roughness can have pronounced impacts on the results [29,30]. Millipore
water was used as the droplet fluid. An initial volume of 5 µL of water was placed on the
sample’s surface. During the measurement of the advancing angle θA, 15 µL of water was
added to the surface. All 20 µL of water was removed again from the polymer surface
while measuring the receding contact-angle θR. Water was added and removed at a rate of
0.1 µL/s.

The Wilhelmy Method was employed to analyze the contact-angle of PMP. The
advancing and receding contact-angles (θA, θR) were calculated using the Wilhelmy
Equation [31,32]:

Fw = πdγlvcos θ (3)

Fw is the measured force, d is the diameter of the fiber, and γlv is the liquid–vapor surface
tension. Measurements with PMP were conducted using single fibers, which were approx-
imately 40 mm long. The fibers were compressed on the lower end to keep water from
entering the inside of the fibers. The fiber was inserted into a cuvette filled with Millipore
water to a maximum depth of 12 mm at a rate of 6 mm/min and then withdrawn at equal
speed to measure both advancing and receding contact-angles. The contact-angles were
recorded on both sides of the droplet or the fiber and averaged. Three repeat measurements
were conducted for all three polymer materials.

3. Results and Discussion
3.1. FTIR-ATR Stability Measurements

The NO treatment of PMP produced shallow signals, as shown in Figure 2. The
analyzed signals were located at 3377, 1712, and 1642 cm−1. These signals originated
from the adsorption of HNO3 to the polymer surface in the case of the signals 3377 and
1712 cm−1, while the signal at 1642 cm−1 originated from the formation of nitrate ester
groups [10,25,33]. Looking at the close-ups of the spectra shown in Figure 2a–d, it was
qualitatively observable that all three signals decreased to the same level of the untreated
sample after 120 h of immersion in either water or NaCl solution. The signal intensities
were low overall compared to MABS (Figure 3e,f), which led to significant variations when
analyzing the signal heights. Treating the PMP samples with Millipore water resulted
in a decrease in signal intensity for both the signal at 3377 and 1712 cm−1. The signal at
1630 cm−1 stayed stable (Figure 2e). The spectra of the samples immersed in physiological
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NaCl solution showed a slightly different behavior. All three signals decreased steadily
throughout the treatment at relatively similar rates (Figure 2f).
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Figure 2. Results of the FTIR-ATR measurements of PMP. The samples were treated with NO
(1000 ppm) for 17 h and subsequently immersed in Millipore water (a,b) and physiological sodium
chloride solution (c,d). The samples were immersed for 120 (green) and 240 h (purple). The spectra
are depicted in comparison to an untreated sample (black) and the sample directly after the NO
treatment (red). (e) Peak heights at 3377 (black), 1712 (red), and 1642 cm−1 (green) plotted against the
immersion time in Millipore water and (f) physiological sodium chloride solution.

The NO treatment of MABS resulted in several clearly visible signals. For this investi-
gation, the signals at 3443, 1630, and 1549 cm−1 were the focus, as they were well separated
from the signals caused by the polymer. These signals corresponded to adsorbed HNO3

in the case of 3443 cm−1, nitrate ester groups in the case of 1630 cm−1, and nitro groups
in the case of 1549 cm−1 [10,25,33]. The samples immersed in Millipore water showed
relatively constant peak heights, with only the signal at 1630 cm−1 decreasing slightly from
0.15 to 0.14. The other two signals remained constant (Figure 3a,b,e). The immersion of
the samples in physiological NaCl solution resulted in substantial decreases in the signals
at 3443 and 1630 cm−1. The signal at 3443 cm−1 decreased from 0.015 to 0.003, while the
signal at 1630 cm−1 decreased from 0.14 to 0.10. Like the samples treated with water, the
signal at 1549 cm−1 remained constant (Figure 3c,d,f).
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Figure 3. Results of the FTIR-ATR measurements of MABS. The samples were treated with NO
(1000 ppm) for 17 h and subsequently immersed in Millipore water (a,b) and physiological sodium
chloride solution (c,d). The samples were immersed for 120 (green) and 240 h (purple). The spectra
are depicted in comparison to an untreated sample (black) and the sample directly after the NO
treatment (red). (e) Peak heights at 3443 (black), 1630 (green), and 1549 cm−1 (purple) plotted against
the immersion time in Millipore water and (f) physiological sodium chloride solution.

No peak height analysis was performed for PU, as the signals originating from the NO
treatment and the PU signals overlapped too heavily (Figure 4). The signals’ development
at around 3480 and 1630 cm−1 was observed qualitatively. These signals originated from
the adsorption of HNO3 in the case of 3480 cm−1 and the formation of nitrate ester groups
in the case of 1630 cm−1 [25,33]. In the case of water and NaCl solution treatment, the
signal at 3480 cm−1 decreased to the same level as the untreated sample after only 120 h,
with no additional changes. The signal at 1630 cm−1 stayed stable in both cases.

As discussed in the previous publication [10], various possible mechanisms for forming
the nitro and nitrate ester groups and the adsorption of HNO3 have been discussed in the
literature. The foundation for these mechanisms is the reaction of NO with oxygen forming
nitrogen dioxide (NO2) and the subsequent reaction of NO2 with the moisture in the air
forming HNO3 (Figure 5) [34,35].
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Figure 5. Schematic overview of the different mechanisms of interaction of NO with the polymer
surfaces. A version of this figure was first published in the Journal of Polymer Research, 31 (261), 2024,
by Springer Nature, as part of the Graphical Abstract [10].

These reactions leave both NO2 and HNO3 as the primary reactive compounds. The
signals caused by HNO3 were likely caused by excess HNO3 molecules that did not
participate in other reactions. Firstly, nitro groups can be formed through electrophilic
addition of NO2 to C-C double bonds, leading to nitro and nitrite ester groups forming
in a 3:1 ratio (Scheme S1) [36,37]. This reaction could have occurred at the double bonds
contained in the butadiene monomers of MABS and unreacted monomers of PMP based on
the structures shown in Figure 2. Chain scission and crosslinking reactions are also possible
pathways. Here, NO2 abstracts a hydrogen atom from the polymer chain, causing the
formation of a radical site. The radical site can then react with NO2 through a side reaction,
forming nitro groups, as seen in the final equation of Scheme S2. Points of attack were
likely to be the carbamate groups of PU (Figure 1b) [38,39]. HNO3 can lead to the formation
of nitro groups through electrophilic aromatic nitration, where a hydrogen atom bound to
an aromatic ring is substituted with a nitro group through a reaction with an intermediary
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nitronium ion (Scheme S3) [40]. This reaction would have been possible at the aromatic
rings of the styrene monomers of MABS or the MDI monomers of PU (Figure 1b). Nitrate
ester groups can be formed through a secondary reaction of the electrophilic addition
reaction. Here, the nitrite ester group decomposes, leaving an oxygen radical site with
which NO2 reacts to form the nitrate ester group (Scheme S4) [36,41]. The reaction of HNO3

with hydroxy groups is also a possible mechanism. An intermediary nitronium ion binds
to the oxygen atom of a hydroxy group, leading to the separation of the hydrogen and,
subsequently, the formation of a nitrate ester group (Scheme S5) [42,43]. Potential attack
points would have been the hydroxy groups of the trimethylolpropane monomers of PU
(Figure 1b). This reaction could also occur as a follow-up reaction to an acid-catalyzed ester
hydrolysis (Scheme S6). A potential attack point would have been the ester group of MABS.
The formation of the functional groups discussed here was confirmed with both FTIR-ATR
and XPS measurements in the previous publication [10].

PMP showed only a minor impact of NO (Figure 2). The small signals observable in
the FTIR-ATR spectra disappeared quickly upon liquid contact (Figure 2c–f). PMP lacks
any structural features mentioned in the discussion of the reaction mechanisms above. The
polymer molecule consists of only carbon–carbon single bonds (Figure 1b), so the small
signals visible in the FTIR-ATR spectra were most likely due to residual monomers in
the samples.

MABS and PU showed clearly visible signals in the FTIR-ATR spectra, with much
higher intensities than PMP. The liquid immersion experiments showed a clear differ-
ence between signals corresponding to covalently bound nitrate ester and nitro groups,
respectively, and the signal corresponding to adsorbed HNO3 molecules. The signal at
3480/3443 cm−1 decreased significantly over time for both MABS and PU, while the other
signals retained much higher proportions of their original height (Figures 3e,f, and 4). The
likely interpretation for this behavior is that the adsorbed HNO3 molecules were washed
away during the immersion in the liquid while the covalently bound functional groups
remained on the surface. For PU, no differences between immersion in water and saline
solution could be observed (Figure 4). Conversely, MABS showed a more substantial height
dropoff of both the signal at 3443 and 1630 cm−1 with the saline solution (Figure 3e,f).
The likeliest explanation for this difference in behavior would be the additional washing
step before the drying process in the case of the saline solution, which led to more HNO3

molecules being removed from the surface. For the nitrate ester groups, the decrease in
signal heights after liquid immersion was likely due to acid-catalyzed hydrolysis, as both
the Millipore water and the saline solution were slightly acidic due to CO2 absorption
from the atmosphere [44,45]. The faster dropoff in combination with the NaCl solution was
likely again due to the samples being rinsed with Millipore water, as the salt concentration
itself was too low to affect the reaction rates [46].

3.2. Zeta-Potential and Dynamic Contact-Angle Measurements

The dynamic contact-angle measurements showed no significant changes for PMP
(Figure 6a). Meanwhile, measurements with MABS and PU showed substantial decreases in
advancing and receding angles. The advancing angle decreased from 103 to 74 degrees for
MABS, while the receding angle decreased from 64 to below 10 degrees. The contact-angle
hysteresis θA − θR increased from 39 to 64 degrees (Figure 6b). For PU, the advancing angle
decreased from 106 to 68 degrees, and the receding angle decreased from 49 to 15 degrees.
The contact-angle hysteresis showed a minor decline from 57 to 53 degrees (Figure 6c).
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Figure 6. Dynamic contact-angle measurements of both the advancing contact-angle θA (gray) and
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its untreated state and after treatment with NO (1000 ppm) for 17 h.

The decrease in the contact-angles indicated an increase in hydrophilicity of the
surfaces of both MABS and PU caused by the formation of the nitrate ester and nitro groups
and the adsorption of the HNO3 groups (Figure 6). The adsorption of HNO3 was likely the
major contributor to the changes in contact-angle, given the more polar nature of the HNO3

molecules compared to the nitro and nitrate ester functional groups. This attribution was
further supported by the streaming potential results obtained for PU (Figure 7c), which
are discussed in the paragraphs following Figure 7. There are several known sources of
contact-angle hysteresis. The important factors in this case are swelling, surface roughness,
and chemical heterogeneity [29,47–49]. Swelling and surface roughness could be neglected
when comparing untreated and treated samples, as these factors were roughly constant
between samples. Therefore, the most likely influencing factor was chemical heterogeneity.
MABS is a copolymer consisting of four monomers (methyl methacrylate, acrylonitrile,
butadiene, and styrene) (Figure 1b). As discussed in Section 3.1, the likely attack points
for both NO2 and HNO3 were the double bonds of the butadiene monomers, the phenyl
group of the styrene monomers, and the ester groups of methyl methacrylate monomers.
No reactions occurred with acrylonitrile monomers due to their lack of suitable functional
groups. This meant that nitro and nitrate ester groups only developed on three of the
four monomers, increasing chemical heterogeneity as these functional groups were not
formed evenly along the MABS molecules. The HNO3 molecules likely preferentially
adsorbed close to monomers with polar functional groups such as methyl methacrylate,
again increasing chemical heterogeneity. With PU, the possible interaction sites were
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the hydroxy groups of trimethylolpropane and the aromatic rings of the MDI monomers
(Figure 1b). The more strictly defined structure of the PU polymer, with alternating polyol
and diisocyanate monomers, led to a more even distribution of the functional groups
caused by the gas treatment across the PU molecules, leading to no minor increase in
chemical heterogeneity. The same was true for the adsorption of HNO3, which, for the
same reasons, also likely occurred more uniformly across the surface of the PU samples. In
contrast to MABS and PU, PMP possessed no functional groups or structural features that
could interact with the treatment gas or facilitate the adsorption of HNO3 (Figure 1b). This
was confirmed by the FTIR-ATR results in Figure 3 and the previous publication [10]. This
also meant that the surface concentration of HNO3 was too low to affect the contact-angles
of the PMP surface.
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Both sample materials reached the IEP at a pH of approximately three (Figure 7a,b).
For PU, the zeta-potential measurements showed significant differences between the treated
and untreated samples (Figure 7c). The untreated PU samples showed a zeta-potential curve
typical for uncharged polymers. The curve decreased steeply with increasing pH values
and no plateau formation at higher pH values, indicating that surface charge was only
generated through ion adsorption from the electrolyte solution. The IEP of the untreated
sample was located at a pH of 3.6. The treated sample showed a flatter curve with the IEP
shifting to a pH of 2.7.

While the contact-angle measurements showed broadly similar behavior for MABS
and PU apart from the contact-angle hysteresis, the zeta-potential measurements showed a
clear difference in behavior between the materials. MABS samples were unaffected by the
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gas treatment. PU, on the other hand, showed substantial changes. The potential curve was
flattened to reflect the increased hydrophilicity of the sample surface [50]. The IEP moved
from a pH value of 3.6 to 2.7. This suggested the formation of acidic species on the PU
surface (Figure 7c) [51]. A comparison between the zeta-potential and the FTIR-ATR results
of both compounds (Figure 2, Figure 3, and Figure 7b,c) led to the conclusion that the most
influential was the adsorbed HNO3. The attribution of the surface effects to the adsorbed
HNO3 was supported by the simultaneous increase in both acidity and hydrophilicity
exhibited by PU (Figure 7c). This result also supported the attribution of contact-angle
decrease to the HNO3 adsorption in the paragraphs following Figure 6. The difference
between MABS and PU likely resulted from different HNO3 surface concentrations after
the NO treatment. The differences in signal height development between both compounds
are unlikely to have played a significant role, as the time frame of the zeta-potential
measurements was much shorter than the liquid immersion experiments. A comparison of
the signal heights at 3480/3443 cm−1 showed a significantly higher signal with PU than
with MABS (Figure 3a,c, and Figure 4a,c). The HNO3 surface concentration of MABS was
too low to influence the potential curve. In contrast, the surface concentration of PU was
high enough to impact the zeta-potential measurements.

4. Conclusions
This paper showed the impact of NO treatment on the surface properties of several

polymers and the stability of these effects under liquid contact. The measurements showed
that the gas treatment had little to no impact on PMP. The surfaces of MABS became
more hydrophilic and chemically heterogeneous, while PU became more hydrophilic and
acidic based on both the contact-angle and zeta-potential measurements. The increase in
hydrophilicity of both MABS and PU was mainly due to the adsorption of HNO3. The
formation of nitro and nitrate ester groups was stable on both MABS and PU surfaces, with
the adsorbed HNO3 molecules proving less stable.

The results discussed in this paper point to an overall positive outlook for applying
nitric oxide in the ECMO circuit. The major blood-contacting surface PMP showed little to
no changes. The other two blood-contacting surfaces, MABS and PU, developed functional
groups largely stable under liquid contact, indicating a low risk for patients during applica-
tion. However, this is just an initial observation, as blood represents a significantly more
complex system than the liquids used in the experiments discussed in this publication.
The surfaces became more hydrophilic, potentially improving their liquid contact and
hemocompatibility properties [14].

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/app15052646/s1: Figure S1: Complete FTIR-ATR spectra of
PMP treated with NO (1000 ppm) for 17 h immersed in either (a) Millipore water or (b) physiological
saline solution; Figure S2: Complete FTIR-ATR spectra of MABS treated with NO (1000 ppm) for
17 h immersed in either (a) Millipore water or (b) physiological saline solution; Figure S3: Complete
FTIR-ATR spectra of PU treated with NO (1000 ppm) for 17 h immersed in either (a) Millipore
water or (b) physiological saline solution; Table S1: Characteristic photograph of the contact-angle
measurements of the hollow fiber membranes; Table S2: Individual advancing and receding angles of
the untreated hollow fiber membrane (PMP) samples; Table S3: Individual advancing and receding
angles of the hollow fiber membrane (PMP) samples treated with NO (1000 ppm) for 17 h; Table S4:
Individual advancing and receding angles of the inlet/outlet cap (MABS) samples both untreated
and treated with NO (1000 ppm) for 17 h (* no receding angle; continuous decline with decreasing
radius); Table S5: Individual advancing and receding angles of the PU material samples both un-
treated and treated with NO (1000 ppm) for 17 h; Scheme S1: Potential reaction mechanism for the
formation of nitro and nitrite ester groups through electrophilic addition of NO2 [36,37]; Scheme S2:

https://www.mdpi.com/article/10.3390/app15052646/s1
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Reaction mechanism for the crosslinking and chain scission reactions of the carbamate group caused
by NO2 [38]; Scheme S3: Potential reaction mechanism for the formation of nitro groups through the
electrophilic aromatic nitration reaction, which occurs in a continuum between a polar and a single
electron charge transfer (SET) mechanism [40,52,53]; Scheme S4: Potential reaction mechanism for
the formation of nitrate ester groups from nitrite ester groups [36,41]; Scheme S5: Potential reaction
mechanisms for the formation of nitrate ester groups through the reaction of nitric acid with hydroxy
groups [42,54]; Scheme S6: Acid-catalyzed ester hydrolysis mechanism [55].
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