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Abstract

In this work, the interactions between nitric oxide (NO)/nitrogen dioxide (NO,) and the polymer materials of a gas exchanger
system used in an extracorporeal membrane oxygenation (ECMO) setting are characterized. FTIR-ATR, XPS, and SEM
were used to analyze the effects of the gas treatment. The polymer materials used in the gas exchanger system consisted of
polymethylpentene (PMP) hollow fiber membranes, inlet/outlet caps made of methyl methacrylate acrylonitrile butadiene
styrene (MABS), casting material consisting of polyurethane (PU), and the gas hoses made of polyvinyl chloride (PVC). Gas
treatment with NO and NO, was conducted, with exposure times ranging from 30 min to 10 days. The gas concentrations
range from 80 to 1000 ppm in the case of NO, and a maximum of 10,000 ppm in the case of NO. The formation of nitro and
nitrate ester groups and nitric acid (HNO3) adsorption on the polymers’ surface was observed using FTIR-ATR and XPS.
The investigations showed that these effects depend on exposure time and gas concentration. The alterations persisted over
more extended periods. The XPS measurements showed that the reaction only occurred exclusively on the surface of the

polymers. The recorded SEM images showed no macroscopic changes in the surface structures of the polymers.
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Introduction
Theoretical background

Nitric oxide (NO) is a diatomic reactive molecule originally
mainly known as an atmospheric pollutant released primar-
ily due to fossil fuel burning [1, 2]. In the biological con-
text, NO is produced by NO synthase and its cell-specific
isoforms. The biological role of NO as a vasodilator was
first discovered by F. Murad et al. in 1977 [3]. Subsequent
discoveries were made by R. Furchgott et al. [4] in 1980 and
L. Ignarro et al. [S] in 1987. Since then, a broad range of
functionality has been elucidated. The biological function
of NO, which is vital for this research, is its antithrombotic
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functionality. NO binds to the heme site of soluble guanylate
cyclase (SGC), leading to the conversion of magnesium
guanosine 5’-triphosphate to guanosine 3,5 -monophos-
phate (cGMP). cGMP then inhibits the phosphorylation of
protein kinase C and decreases intracellular Ca?* content,
inhibiting platelet aggregation [6—9]. This antithrombotic
functionality of NO is of particular importance for the self-
regulation of platelets. The platelets release NO as they
aggregate, limiting further aggregation [9, 10].

The second important gas in the context of this research is
nitrogen dioxide (NO,). Compared to NO, it is more reactive
[11] and, therefore, more toxic. The discussion of NO, cent-
ers mostly on its role as an ambient air pollutant [12-14].
NO, initiates autoxidation reactions with the unsaturated
fatty acids in pulmonary lipids, causing their destruction,
subsequent membrane damage, and cell death, leading to
decreased respiratory function [15]. In addition, it can also
cause damage to amino acids [12]. NO, must be considered
in this context, as NO rapidly reacts with oxygen to NO,.
Therefore, any gas mixture containing NO also contains a
significant concentration of NO, if it is in contact with air
[16-19].
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Extracorporeal membrane oxygenation (ECMO) is a life
support technique most commonly employed with patients
suffering from acute respiratory distress syndrome, among
other conditions. Blood is taken from the patient’s venous
circulation and, with a pump, circulated through a so-called
gas exchanger. The CO, is exchanged with oxygen via hol-
low fiber membranes in the gas exchanger. The ventilation
gas is pumped through the inside of the hollow fiber mem-
branes while the blood passes around the outside of the
membrane. The microporous structure of the outside wall
of the hollow fiber membrane facilitates gas exchange. After
passing through the gas exchanger, the oxygen-saturated
blood returns to the patient [20-25]. A common issue in
the application of ECMO devices, particularly over more
extended treatment periods, is thrombus formation in the
device, a common problem in blood-contacting medical
devices. In most cases, heparin is employed to suppress
these coagulation tendencies [26, 27]. The research done
here was part of a larger project to investigate the viability
of NO as an additive to the gas mixture of ECMO devices
to suppress thrombus formation as an alternative to heparin.

Compatibility between the ECMO circuit and these gases
must be ensured to achieve the goal of utilizing NO as part
of the ventilation gas mixture. As previously discussed,
NO and NO, are reactive molecules [1, 11]. Therefore, the
research presented here aimed to investigate their influence
on the materials used in the oxygenator and ensure that the
treatment with either gas would not negatively affect the
functional properties of the polymers.

So far, there is extensive work concerning the interaction
of NO, with polymers specifically. The first steps were made
by T. Ogihara et al. in the mid-1960s. This research focused
on the reaction between polyethylene and the addition reac-
tion to C—C double bonds [28, 29]. Throughout the 1960s
and 70 s, H. Jellinek et al. conducted substantial research
into the reactions of NO, with a variety of polymers, such as
butyl rubber, polyethylene, polypropylene, polystyrene, and
polyurethane, among others, expanding on the findings of
T. Ohigara et al. According to this research, NO, can cause
chain scission, crosslinking reactions, and the formation of
nitro groups through addition reactions to double bonds in
the polymer chain [30-35]. More recently, E. Davydov et al.
looked into the interaction of NO, and polymers, focusing
on the ion radical mechanism by which nitrogen-containing
radicals are formed in polymers in contact with NO, [36,
37].

Structure of the gas exchanger
The gas exchanger consists of various components made

from different polymer materials. The following para-
graph provides a short visual and verbal overview of the
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function and location of the components making up the gas
exchanger:

The hollow fiber membranes used in the gas exchanger
are the central part of the ECMO device. They are inte-
grated into the gas exchanger in dense layers (see Fig. 11).
The layers are arranged in an alternating pattern, with each
successive layer changing the fiber orientation by 90°. This
membrane consists of polymethylpentene (PMP). The bulk
of the PMP material is microporous, providing gas transfer
capabilities. A thin diffusion layer of PMP sits on the outside
of the hollow fiber membrane to avoid fluid ingress. The
ends of the hollow fiber membranes are encased in polyure-
thane (PU), which acts as the main structural component of
the gas exchanger (see Fig. 1g).

The inlet and outlet plate form the gas exchanger’s top
and bottom (see Fig. 1c,f). Both consist of methyl meth-
acrylate acrylonitrile butadiene styrene (MABS) plastic
and act as structural components for the main body of the
gas exchanger. Integrated into both caps is a connector for
the blood hoses. The so-called gas caps are clipped to the
sides of the gas exchanger (see Fig. 1d). The gas caps, like
the inlet and outlet plates, are made from MABS plastic.
Two gas caps have integrated connectors for the gas hoses
(see Fig. 1b). The gas caps with hose connectors are sealed
to the body of the gas exchanger with silicone seals (see
Fig. 1h). In comparison, the other two gas caps have no seals

Fig.1 Overview of the construction of the gas exchanger: (a) Blood
hose (PVC) connected to the (c¢) inlet cap (MABS). (b) The gas hose
(PVC) connected to the (d) gas cap (MABS). (e) Blood hose (PVC)
connected to the (f) outlet cap (MABS). (g) PU-Material composing
the main body of the gas exchanger. (h) Silicone gasket sealing the
(d) gas cap (MABS) to the gas exchanger body. (i) The hollow fiber
membrane (PMP) ends encased in the (g) PU-Material. The hollow
fiber membranes (PMP) are visible behind the (c) inlet and the (f)
outlet cap
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to allow the remaining respiration gas to escape. Attached
to the inlet/outlet cap and the gas caps are hoses made from
polyvinylchloride (PVC) for blood and gas transport (see
Fig. la,e). Of the two different PVC hoses, the gas hoses are
used in this research.

The research presented here encompasses the treat-
ment of PMP, MABS, PU, and PVC plastic surfaces with
a variety of NO and NO, concentrations ranging from 80
to 10,000 ppm. PMP, MABS, and PU were chosen because
they are all in direct contact with the patient’s blood when
the gas exchanger is in use. The gas hose (PVC) was selected
due to its extended contact time with the gas mixture. The
effects of the gas treatment were analyzed through Fourier
transform infrared attenuated total reflection spectroscopy
(FTIR-ATR), x-ray photoelectron spectroscopy (XPS), and
scanning electron microscopy (SEM).

Results and discussion
FTIR-ATR results of the gas treatment

The initial FTIR-ATR spectroscopy experiments were con-
ducted using a NO concentration of 10,000 ppm. The results
of these initial measurements are shown below (see Figs. 2,
3,4 and 5).

Visible in the spectra were mainly the signals caused by
the polymers themselves. Starting at high wavenumbers,
PU displayed a relatively broad signal at around 3330 cm™,
corresponding to the N-H bond stretching vibration of the
urethane groups (see Fig. S1c)[38]. All materials showed
strong signals at just below 3000 cm™! corresponding to the
C-H-bond stretching vibrations of the carbon chains of the
respective polymers [38]. The PU, MABS, and PVC spectra
show strong carbonyl signals between 1730 and 1700 cm™!
(see Figs. S1b-d). For PU, that signal was caused by the car-
bonyl group contained in the urethane groups. For MABS,
it was caused by the carbonyl group present in the methyl
methacrylate monomer [38]. In contrast, the carbonyl signal
in the spectra for the PVC hose was not caused by the poly-
mer itself but by the ester groups of the plasticizer.

At around 1600 cm~', MABS and the PU showed sig-
nals corresponding to the quadrant stretching mode of the
benzene rings of the styrene and methylene diphenyl diiso-
cyanate (MDI) monomers, respectively. PU also displayed
a signal at 1596 cm™' corresponding to a C-N-H bending
vibration (see Fig. S1c) [38]. Between 1500 and 1300 cm™!,
all materials showed signals corresponding to C-H bending
vibrations and, in the case of PU, aromatic C=C stretching
vibrations (see Fig. S1) [38]. At 610 cm™!, the characteristic
signal for the C—Cl stretching vibration of PVC was visible
in the spectra (see Fig. S1d). Treating these materials with
the NO-gas resulted in various additional signals. Some of
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Fig.2 FTIR-ATR spectra of PMP untreated and treated with NO
(10,000 ppm) for two and 17 h, as well as ten days. (a) Overview of
the spectra. (b) The signal at 3377 cm™! caused by gas treatment. (c)
Signals at 1712, 1642, and 1557 cm™ caused by gas treatment. The
marked signals were chosen based on the spectrum of the sample
treated for ten days

them were visible in the regular spectra, such as the univer-
sally appearing signals at around 3400 and 1630 cm™' (see
Figs. 2b,c-5b,c).

Beyond that point, however, the dense array of signals
the materials produced on their own in the region below
1600 cm™!, combined with the relatively low signal height of
the signals caused by the gas treatment, made further inter-
pretation difficult. Therefore, additional measurements were
performed using untreated samples of the respective material
as the background to increase the visibility of the signals
caused by the gas treatment (see Fig. 6). Using the untreated
materials in the background measurements resulted in much
better visibility of the signals caused by the gas treatment,
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Fig.3 FTIR-ATR spectra of MABS untreated and treated with NO
(10,000 ppm) for two and 17 h, as well as ten days. (a) Overview of
the spectra. (b) The signal at 3443 cm™! caused by gas treatment. (c)
Signals at 1630, 1549, and 1372 cm™! caused by gas treatment. (d)
Signals at 1274 and 858 cm™! caused by gas treatment

especially in the fingerprint region. It is important to note
that the difference spectra were not used to determine signal
intensities or to identify new signals. They were merely used
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Fig.4 FTIR-ATR spectra of PU untreated and treated with NO
(10,000 ppm) for two and 17 h, as well as ten days. (a) Overview of
the spectra. (b) The signal at 3480 cm™! caused by gas treatment. (c)
Signals at 1630 and 1276 cm™! caused by gas treatment. (d) Signals
at 968 and 858 cm™! caused by gas treatment. Marked in red are the
signals connected to cross-linking and chain scission reactions. The
most significant of those signals are located at 3332, 2926, 2855,
1721, 1706, 1164, 1114, and 814 cm.™
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Fig.5 FTIR-ATR spectra of PVC, untreated and treated with NO
(10,000 ppm) for two and 17 h and ten days. (a) Overview of the
spectra. (b) The signal at 3425 cm™' caused by gas treatment. (c)
Signal at 1630 cm™! caused by gas treatment. (d) Signal at 860 cm™!
caused by gas treatment

to separate signals already visible in the regular spectra. No
additional signals were identified.

Two signals were visible for all different materials. These
include the broad signal between 3700 and 3200 cm~! and
the sharp signal at 1630 cm™!. PMP alone displayed a sig-
nal at 1712 ecm~'. PMP, MABS, and PU also showed a
signal between 1549 and 1557 cm™! (see Fig. 6a-c). The
PMP samples displayed no further signals below 1557 cm™"
(see Fig. 6 a). The other materials showed signals around
1276/1274 and 860/858 cm™! (see Fig. 6b-d). In addition,
PU displayed a signal at 968 cm™! (see Fig. 6¢c), whereas
MABS had an additional signal at 1372 cm™! (see Fig. 6b).

The following functional groups and respective vibration
modes were assigned to the signals originating from the NO
treatment: The broad signal at around 3400 cm™' and the
signal at 1712 cm™! likely stemmed from the adsorption of
nitric acid (HNO;) on the material’s surface. The signal at
1712 em™! was only visible for PMP (see Fig. 6a), as the
strong carbonyl signals of the other materials most likely
overlayed this signal (see Fig. 6b-d). HNO; was formed via
two subsequent reactions. In the first reaction, NO reacted
with oxygen to NO,:

2NO + 0, » 2NO, (D

NO, then reacted with water present in the air to HNO;
[39]:

As the gas mixtures in the gas bottles used for the experi-
ments were dry, the formation of HNO; raises questions.
Depending on the gas concentration used in the experi-
ment, two different ways of HNO; formation are possible:
At higher gas concentrations such as 10,000 and 1000 ppm,
where just the gas bottle was used for the gas treatment,
HNO; likely formed, as the gas was displacing the air in
the treatment chamber. At these concentrations, NO reacts
rapidly with oxygen to NO, [16]. This means that despite a
dry gas mixture, a sizable concentration of NO, could have
reacted with the moisture in the air before it was displaced.
At a lower concentration of 80 ppm of NO, the bottled gas
was mixed with compressed air produced by an Aquaforte
Hi-flow V60 air pump (Sibo Fluidra Netherlands b.V.,
Doornhoek, Netherlands). The compressed air was produced
from the surrounding air, so the NO, gas in the gas mixture
was able to react with the moisture in the air throughout the
entire gas treatment.

The signals at 1630, 1276/1274, and 860/858 cm™!
resulted from the formation of nitrate ester groups at the
polymer surfaces. The 1630 and 1276/1274 cm™! signals
corresponded to the nitrate ester group’s in-phase and out-
of-phase stretching vibrations, while the 860/858 cm™!
signal corresponded to the NO stretching vibration of the

@ Springer
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Fig.6 FTIR-ATR difference spectra of (a) PMP, (b) MABS, (¢)
PU, and (d) PVC, treated with NO (10,000 ppm) for 17 h, using the
respective untreated material as the background. The marked sig-

group. The signals at 1549-1557 and 1372 cm™! resulted
from the formation of nitro groups. In this context, the sig-
nal at 1549-1557 cm™! corresponded to the out-of-phase
stretching vibration, and the signal at 1372 cm™' to the in-
phase stretching vibration of NO, [38]. The absence of both
these signals in the spectra of PVC indicated that exclusively
nitrate ester groups formed during the gas treatment. PU
only displayed the signal at 1554 cm™!, with the signal at
1372 ecm™! likely overlaid by existing PU signals. PU also
showed a relatively strong signal at 968 cm™' (see Fig. 6¢),
likely connected to HNO; adsorption [38].

Variations in the precise location of the signals between
the different materials were observable. The range between
3377 and 3480 cm™ in the case of the HNO, signal was the
largest among them (see Figs. 2b-5b), with other signals
having smaller ranges, such as the NO,-signal ranging from
1549 to 1557 cm™! for different polymers. These positional
variations were due to the functional groups' different struc-
tural and chemical environments and deposited molecules
[38].

Based on existing academic research, possible mecha-
nisms for the formation of both the nitro- and nitrate ester
groups can be formulated for the individual polymer materi-
als. The most straightforward mechanism for the formation
of nitro groups would have been the electrophilic addition
of NO, to carbon—carbon double bonds, forming nitro and
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nals were identical to those observed in Fig. 3. For PU, the signal at
1554 cm™! was additionally marked

nitrite ester groups in a 3:1 ratio (see Scheme S1) [28, 40].
Possible attack points would have been the double bonds of
the polybutadiene chain present in the MABS plastic (see
Fig. S2). PMP, on the other hand, does not possess any car-
bon—carbon double bonds (see Fig. S2). This means that
the addition reactions with NO, could have only proceeded
at terminal monomers of the polymer chains or with resid-
ual monomers, which led to lower overall signal intensi-
ties (see Figs. 2a and 6a). In addition to the reactions with
NO,, HNOj; could have also caused reactions leading to the
formation of nitro groups. HNO; could have reacted in an
electrophilic aromatic nitration reaction with the aromatic
compounds of the polymers. This reaction occurs in a con-
tinuum between a polar and a single electron transfer (SET)
mechanism. In both cases, the reaction proceeds through a
n-complex followed by a transition state in the case of the
polar mechanism and a SET intimate pair in the case of the
SET mechanism. A c-complex follows in both cases, with
the abstraction of a proton as the final step (see Scheme S2)
[41-43]. Potential reaction locations would have been the
aromatic ring of the terephthalate-based ester DOTP used
as a plasticizer in PVC. Other possible locations would have
been the phenyl groups present in MABS and the benzene
rings in the MDI-based diisocyanate monomer of PU (see
Fig. S2). The fact that the PVC samples showed no signs of
nitro group formation despite the presence of an aromatic
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ring in DOTP was likely due to that ring being too sterically
hindered to react with HNO; (see Fig. S2).

NO, could have also caused chain scission and crosslink-
ing reactions in PU, as described by Pariiskii et al. and Jell-
inek et al. [11, 44]. In these mechanisms, NO, attacks the
carbamate groups of the PU chain. It abstracts protons at
the nitrogen atom of the carbamate group, the side chain
of the tertiary amide groups, or the carbon atom directly
neighboring the nitrogen atom in the polymer chain. Further
reactions of these radicals could have led to either chain
scission crosslinking reactions between radicals or nitra-
tion reactions with NO, leading to nitro and nitrite ester
group formation (see Scheme S3) [11]. The only material
that showed any signs of either crosslinking or chain scis-
sion reaction occurring was PU. The FTIR-ATR spectra
measured after the treatment with NO (10,000 ppm) showed
changes at 3332, 2926, 2855, 1721, 1706, 1164, 1114, and
814 cm™! (see Fig. 4b-d). The decrease in signal intensity at
3332 cm™!, the change in relative intensity between the sig-
nals at 1721 and 1706 cm™!, and the appearance of the signal
at 1164 cm™! were all indicators for the occurrence of cross-
linking reactions [45—47]. The decrease in signal height at
2926, 2855, 1114, and 814 cm™!, as well as a decrease in
signal height in the fingerprint region in general, on the other
hand, indicated chain scission reactions [48—50]. None of
the other polymers showed signs of cross-linking or chain
scission reactions (see Figs. 2, 3, and 5). Based on exist-
ing research, the cross-linking and chain scission reactions
should only be minor side reactions compared to the addition
reactions with NO, [33, 34]. The chain scissions reactions
observed at this concentration could be a potential concern
for the mechanical stability of PU if they persisted at lower
NO concentrations and occurred in the bulk of the polymer.
The potential impact of chain scission reactions was fur-
ther explored based on the XPS and SEM measurements.
The chain scission and cross-linking reactions also had the
potential to lead to the formation of nitro groups through a
nitration side reaction between the radicals formed in the
initial reaction step (see Scheme S3) and NO, [11]. How-
ever, the side reaction character of the chain scission and
cross-linking reactions made it unlikely that this nitration
reaction substantially contributed to the nitro groups' overall
surface concentration.

Like with the nitro groups, several possible pathways
exist to form nitrate ester groups on the polymer surfaces.
The most straightforward mechanism would have been
a secondary reaction to the addition reaction of NO, (see
Scheme S1), where the unstable nitrite ester groups are
converted into nitrate esters (see Scheme S4) [28, 51]. This
mechanism would also explain the absence of signals in the
spectra corresponding to the nitrite ester group. A second
possible mechanism would have been the HNO; reaction
with hydroxy groups. In the first step, HNO; reacted with

itself to form both nitrooxonium and nitrate ions. A nitro-
nium ion was then formed from the nitrooxonium ion in a
second step. The nitronium ion then bonded to the oxygen
atom of the hydroxy group, and the nitrate ion abstracted
the proton from the oxygen, completing the formation of the
nitrate ester group (see Scheme S5) [52, 53]. Possible attack
points for this reaction would be unreacted hydroxy groups
located in the PU material’s polyol monomers. A variant of
this mechanism involving an acid-catalyzed acid hydrolysis
step is the likely explanation for the formation of nitrate ester
groups in the PVC samples. Here, the ester groups of the
plasticizer were hydrolyzed, catalyzed by HNO;, with the
formed hydroxy groups reacting with the HNO; molecules
to form nitrate ester groups (see Fig. S2 and Schemes S5
and S6) [54]. The carboxyl groups resulting from the ester
hydrolysis likely also played a role in forming the signal at
3425 cm™! in addition to the HNO; molecules deposited on
the surface (see Fig. 5a). Another possible location for this
reaction would have been the methylmethacrylate monomers
of MABS (see Fig. S2). Like the formation of nitro groups,
the lack of functional groups ofthe PMP plastic led to very
low corresponding signal strengths for this material (see
Fig. S2).

The FTIR-ATR spectra were further analyzed in terms
of the peak heights of selected signals. The signals at 3377,
1712, 1642, and 1557 cm™! were chosen for PMP. For
MABS, the signals at 3443, 1630, and 1549 cm™! were ana-
lyzed. For PVC, the signals at 3425 and 1630 cm™! were
chosen. PU was not analyzed for peak heights as the signals
caused by the gas treatment overlapped with the signals of
the material itself. The difference spectra (see Fig. 6) were
unsuitable for peak height analysis. The spectra were nor-
malized based on the signal at 1466 cm™" in the case of the
PMP, the signal at around 1720 cm~! in the case of MABS,
and the signal at about 2927 cm™" in the case of PVC.

For PMP, peak heights were overall low, with little vis-
ible progression in peak height over the treatment duration
(see Fig. 7a). Gas treatment of MABS and the PVC resulted
in a steep initial increase in signal strength (see Fig. 7b,c).
Extending the treatment period to 10 days resulted in
stronger signals, with a clear tendency towards saturation.

Further experiments were conducted, successively lower-
ing the concentration of NO first to 1000 ppm and then to
80 ppm, to determine the dependence of the signal strength
on gas concentration. The final application concentration of
NO was planned at below 100 ppm.

Both 1000 and 80 ppm of NO resulted in lower signal
intensities than the treatment with 10,000 ppm (see Figs. S3
and S4). The reaction of NO with oxygen to NO, was sig-
nificantly slower at these concentrations, leading to much
lower NO, concentrations and, subsequently, lower HNO;
concentrations [16]. The spectra for PMP samples showed
no additional signals after gas treatment (see Figs. S3a and
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Fig.7 Time evolution of the PMP MABS
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S4a). The signal strength was already very low compared
to the other materials at 10,000 ppm NO (see Figs. 2-6).
This meant that the gas treatment at lower concentrations
resulted in signals below the detection limit. The signals
appearing in the spectra were identical to those at the higher
concentration for the remaining materials (see Fig. S3, S4,
and S9). No indication for cross-linking or chain scission
reactions of PU could be observed at either 1000 or 80 ppm.
All the signals that showed a decrease when treated with
10,000 ppm remained unaffected at lower gas concentrations
for treatment times up to 17 h (see Figs. S5 and S7). Extend-
ing the treatment time to 10 days, similar to the experiments
with 10,000 ppm, resulted in only a slight decrease of the
signals at 1721 and 1706 cm™" at 1000 ppm and no changes
connected with cross-linking or chain scission reactions at
80 ppm (see Figs. S6 and S8). This indicated that cross-link-
ing and chain scission reactions were unlikely to be a con-
cern at the actual application concentrations below 100 ppm.

The peak heights were analyzed identically to the gas
treatment with 10,000 ppm NO (see Fig. 7). The spectra
for the PMP samples were neglected in this case, as the
signals resulting from the gas treatment were negligible in
intensity. Due to the lower concentrations of NO and the
shorter exposure time to the treatment gas, no saturation of
the polymer surfaces was observed (see Figs. S10 and S11).
The peak heights increased mostly linearly with increasing
treatment time. At 1000 ppm, the values reached for the sig-
nal at 1557 cm™" after 17 h of gas treatment were similar to
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those reached after the same treatment time with 10,000 ppm
(see Figs. 7b and S10a) with a peak height of around 0.2.
This value only decreased significantly at 80 ppm, reach-
ing approximately 0.1 (see Fig. S11a). The peak height
at 1630 cm™! for MABS decreased from around 0.33 at
10,000 ppm to about 0.2 at 1000 and 80 ppm after 17 h (see
Figs. 7b, S10a, and S11a). For PVC, the same signal did not
decrease significantly (see Figs. 7c, S10b, and S11b), staying
at around 0.2, independent of gas concentration. The peak
heights for the signal at 3443 cm™! decreased when going
from 10,000 ppm to 1000 ppm of NO (see Figs. 7b,c, and
S10). However, moving to a gas concentration of 80 ppm led
to slightly higher peak heights than 1000 ppm (see Figs. S10
and S11). Overall, the drop in peak heights was not as pro-
nounced as the drop in concentration from 10,000 to 80 ppm
would indicate. However, these findings have to be quali-
fied because the peak heights were much lower overall than
the other analyzed signals, so even minor variations in peak
heights could lead to an inconsistent relationship with the
gas concentration.

So far, the theory was that NO,, not NO, caused the reac-
tions between the treatment gas and the polymer surfaces.
Additional gas treatment experiments were conducted using
NO, (1000 ppm) gas to confirm this assumption. Replac-
ing NO with NO, resulted in very similar behavior of the
polymer materials. Again, no additional signals could be
observed for PMP (see Fig. S12a), identical to the treat-
ment with NO (1000 ppm) (see Fig. S3a). For the remaining
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materials, the additional signals were identical to the gas
treatment with NO (see Figs. S12b,c,d, and S13). The spec-
tra of PU showed no signs of cross-linking or chain scission
reactions (see Fig. S14).

The peak heights were analyzed identically to those of
gas treatments with NO. The spectra for PMP were again
neglected, as the signals resulting from the gas treatment
were negligible in intensity. The peak height results were
very similar to the treatment results overall, with NO
(1000 ppm) (see Figs. S10 and S15), with the final height
just above 0.2 after 17 h of gas treatment.

Overall, the position of the signals caused by the gas
treatment and the resulting peak heights indicate that NO
was not responsible for the reaction with the polymer materi-
als. Instead, NO, and HNO; were the reactive compounds.

Temporal stability of the gas treatment

In addition to the development of the peak heights during the
gas treatment (see Figs. 7, S10, S11, and S15), the develop-
ment of the peak heights after the end of the gas treatment
was also analyzed. Samples treated with NO (1000 ppm)
(see Fig. 8) and NO, (1000 ppm) (see Fig. S16) for 17 h
were analyzed. The peak heights were normalized using the
1720 and 2927 cm™! signals for MABS and PVC, respec-
tively. PMP and PU were not analyzed. For PMP, the sig-
nal strengths at these gas concentrations were too low to be
meaningfully analyzed. With PU, the overlap of the signals
resulting from the gas treatment and the material made a
peak height analysis impossible.

For MABS, the signals at 1630 and 1549 cm™! dropped
slightly during the first 24 h (see Fig. 8a). The peak heights
leveled off after that point. For PVC, the signal at 1630 cm™"
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Fig.8 The Time evolution of the peak heights of the signals at
3443 cm™! (black), 1630 cm™ (red), and 1557 cm™' (green) of (a)
MABS and (b) PVC after treatment with NO (1000 ppm) for 17 h.

also dropped slightly during the first 24 h, leveling off after-
ward (see Fig. 8b). The signal at 3443/3425 cm™! remained
constant for PVC (see Fig. 8b). For MABS, it showed the
overall most substantial drop relative to the starting height
compared to all other signals, losing one-third of its height
(see Fig. 8a).

Little change was visible after the 17-h treatment with
NO, (1000 ppm). Compared to the measurement directly
after the gas treatment, the peak heights of the signals
at 1630 and 1549 cm™' dropped slightly over time (see
Fig. S16a,b). The signal at 3443/3425 cm™' remained stag-
nant for both materials.

In addition to the long-term stability tests under dry con-
ditions, tests with the samples in contact with water were
conducted to investigate the behavior of the samples in a sce-
nario more closely resembling the actual application condi-
tions. The signals remained constant for PVC, analogous to
the long-term stability measurement (see Fig. 9b). Looking
at MABS, the signal at 1549 cm™! remained constant after
contact with water, while the signal at 1630 cm™! showed
a slight decrease in signal strength in line with the decline
seen for the same signal within the first 24 h of the long-term
stability tests (see Fig. 8a). The signal at 3443 cm™' saw the
most significant decline relative to the original signal height,
losing more than half its height compared to the measure-
ments directly after the gas treatment (see Fig. 9a). The
overall drop in signal height was more pronounced than the
overall height loss for the long-term stability measurements
with either NO or NO, (see Fig. 8a and S16a). Therefore,
the results for MABS in contact with water showed a clear
differentiation between covalently bound functional groups
and molecules adsorbed on the surface. The signals at 1630
and 1549 cm™' were attributed to covalently bound nitrate

PVC
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£
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The signal strengths remained mostly constant after a slight initial
decrease in the first 24 h
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Fig.9 Evolution of the MABS PVvC
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ester and nitro groups. On the other hand, the signal at
3443 cm™! was attributed to HNO; adsorbed on the surface
of the samples. As these HNO; molecules were not bound
to the polymers, the treatment with water resulted in most
of the molecules being washed off, resulting in a decrease in
height for the corresponding signal. For PVC, the adsorption
of the HNO; molecules was likely stronger than for MABS,
leading to a more stable signal independent of the treatment
method (see Fig. 8b, S16b, and 9b).

XPS measurements
XPS measurements were conducted to verify the findings

and interpretations of the FTIR signals caused by the gas
treatment and to gain an understanding of the penetration

depth of the interaction between NO and the polymers. The
penetration depth of the interactions would be a strong indi-
cator of whether the gas treatment affected the structural
properties of the polymers or not. The samples were limited
to PMP, MABS, and PU, as the PVC samples were unsuit-
able for XPS measurements due to their shape. Due to a
constant energetic shift of all spectra by charging effects, all
spectra were aligned to the normal C—C peak position of the
C-1 s peak. The focus of the investigation was the nitrogen
N-1 s peak in the binding energy range from 398 to 400 eV
of both untreated and treated samples (see Figs. 10, 11, S17).
The goal was to detect changes in the N-1 s peak position
due to the formation of nitro and nitrate ester groups caused
by the gas treatment. The spectra were fitted, and the vis-
ible peaks were deconvoluted using a Gauss peak function.

Fig. 10 XPS spectra of (a) 3000 3000
untreated, (b) untreated and
sputtered, (c) treated, and (d) 25001 2500+
treated and sputtered MABS 20001 2000
samples. Gas treatment was
conducted with NO (1000 ppm) £ 1500 £ 1500
for 17h 3 8
1000 1000
500 500 398 5
3982
i e ¥ gAY oM AR WW %J\'N TPNTAY.
420 415 410 405 400 390 385 380 420 415 410 405 400 395 390 385 380
(a) Binding energy [eV] ( b) Binding energy [eV)
3000 - 3000
2500 1 2500
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/
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8 8 /
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h o o W P
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Fig. 11 XPS spectra of (a) 3000
untreated, (b) treated, and

(c) treated and sputtered PU
samples. Gas treatment was
conducted with NO (1000 ppm)
for 17 h
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The spectra were analyzed between 420 and 380 eV, focus-
ing exclusively on the nitrogen N-1 s peaks present in the
spectra.

The PMP samples showed no changes due to the gas treat-
ment, with the weak nitrogen peak remaining at 399.9 eV
(see Fig. S17). Measurements with sputtered PMP samples
were not possible due to unstable and long-term charging
effects of the samples. These results align with the FTIR-
ATR measurements, where no additional signals were found
due to PMP lacking the structural features to react with
either NO, or HNO; (see Fig. S2 and S3a). Gas treatment of
MABS samples resulted in the nitrogen peak splitting into a
total of three peaks (see Fig. 10). The original nitrogen peak
located between 400 and 398 eV was likely caused by the
nitrile group of the acrylonitrile monomers (see Fig. 10 a,b)
[55]. Two additional peaks at 407.6 and 404.4 eV appeared
after the gas treatment (see Fig. 10c). The peak at 407.6 eV
was caused by the formation of nitrate ester groups and the
adsorption of HNO; molecules [56, 57]. These results were
confirmed by two additional samples used for stability meas-
urements (see Fig. S18a,b). After sputtering the sample, the
peak at 407.6 eV disappeared, leaving the peak at 399.6 eV
and a small shoulder at 404.4 eV (see Fig. 10d).

The spectra of the PU samples again showed a nitrogen
peak at around 400 eV caused, in this case, by the urethane
groups of the polymer (see Fig. 11a) [58]. Measurements
with the sputtered untreated samples were not possible due
to excessive charging of the sample. Gas treatment resulted
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in the formation of a peak at 407.4 eV (see Fig. 11b). These
results were confirmed by two additional samples used for
stability measurements (see Fig. S19a,b). This peak was
caused by the formation of nitrate ester groups and the
adsorption of HNO; [56, 57]. Like MABS, this peak disap-
peared after the sputtering process, leaving behind the peak
at 399.4 eV and a shoulder at 404.7 eV (see Fig. 11c).

In the case of MABS and PU, no peaks corresponding
to nitro groups could be observed. This was likely due to
limitations in the resolution of the spectra, with the peak
expected at around 406 to 407 eV [56, 59]. The disappear-
ance of the peaks corresponding to HNO; and nitrate ester
groups proved that these functional groups were formed
exclusively on the sample surface, as the peaks disappeared
once the sputtering process had removed the topmost layer
of material (see Figs. 10d, 11c). These results, therefore,
strongly indicated that the gas treatment was unlikely to
affect any changes in the structural properties of the poly-
mers due to the shallow penetration depths of the interac-
tions with NO. This result was of particular importance
with regard to the potential cross-linking and chain scission
reactions of PU. These reactions could have substantially
impacted the mechanical stability of the PU material if they
had propagated into the bulk material. The peaks at 404.4
and 404.7 eV appearing in the MABS and PU samples were
within the fit error and, therefore, not attributable.

Stability measurements of the peaks caused by the gas
treatment were conducted analogously to the FTIR-ATR
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measurements. MABS and PU samples were treated with
NO (1000 ppm) for 17 h, and XPS measurements were per-
formed directly after the gas treatment and six and 13 days
after the end of the gas treatment (see Figs. S18 and S19).
The samples were left in contact with air at room tempera-
ture between measurements. Two samples of each material
were analyzed. The peak area around 407.6 eV was used as
the measure of stability. The peak area showed a high degree
of stability for both materials. With MABS, the peak area
decreased from 5727 to 4816 CPSeV, a drop of 16%. With
PU, the peak area stayed completely stable (see Fig. S20).
These results confirmed the findings of the FTIR-ATR meas-
urements, which also showed high degrees of stability for
the functional groups formed due to the NO treatment (see
Figs. 8,9, and S16).

SEM recordings of the polymer surfaces

With the FTIR-ATR and XPS measurements, the focus was
the characterization of the chemical changes to the polymer
surfaces. SEM images were recorded to investigate whether
these chemical changes led to macroscopic changes to the
surface morphology of the polymers, which would influ-
ence the behavior of the polymers in contact with liquid
[60]. This is important to the oxygenator's functionality, as
these materials are in direct contact with blood throughout
the device's actual application. Of particular interest were
the hollow fiber membranes (PMP), as a change in polymer

Fig. 12 SEM images of (a) the
inside of an untreated hollow
fiber membrane, (b) the inside
of a hollow fiber membrane
treated with 1000 ppm NO

for 17 h hours, (¢) the outside
of an untreated hollow fiber
membrane, and (d) the outside
of a hollow fiber membrane
treated with NO (1000 ppm) for
17 h at 6000 and 10.000 times
magnification
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morphology could influence the porous structure of the fiber
shell and, therefore, its gas permeability.

Visible in the SEM images of PMP was the microporous
structure inside the hollow fiber membrane (see Fig. 12a,b).
The outside of the membranes was covered in a smooth so-
called diffusion layer of PMP (see Fig. 12c,d). The recorded
images showed very clearly that the gas treatment with NO
(1000 ppm) had no impact on the morphology of the poly-
mer. The porous structure visible from the inside of the fib-
ers remained unchanged, indicating no interference of the
gas treatment with the functionality of the fibers. The out-
side of the membrane also remained unchanged. The visible
gash on the outside of the treated fiber (see Fig. 12d) was
most likely due to the handling of the fiber. Images recorded
with samples treated with NO (80 ppm) similarly show no
changes to the internal structure of the hollow fiber (see
Fig. S21).

Of secondary importance were MABS and PU. Both
these materials represented the major structural components
of the gas exchanger. It was, therefore, important that these
materials did not exhibit any significant changes to ensure
structural integrity. The SEM images for MABS showed a
relatively smooth surface (see Fig. S22). Again, like PMP,
no changes in the surface morphology were observed.
The surface remained smooth after the gas treatment (see
Fig. S22b). The surface of the PU samples was much rougher
than the surfaces of the other materials (see Fig. S23). The
structure of the surface is explained by the manufacturing
process, where the PU material was shaved down to the
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correct size, resulting in the overall rough surface visible in
the SEM images. In line with the results for both PMP and
MABS, no change in surface morphology could be observed
for PU. This result also indicated that no significant amount
of cross-linking or chain scission reactions had taken place.,
as these reactions would have expressed themselves as vis-
ible changes in the surface of the polymer [47].

PVC was only of tertiary interest, as the gas hoses inves-
tigated here only represented an accessory to the ECMO cir-
cuit itself and are quickly replaceable should the need arise.

The untreated sample of PVC showed a smooth surface in
the SEM images (see Fig. S24a). The treated sample showed
no change in surface morphology caused by the gas treat-
ment (see Fig. S24b). The partial hydrolysis of the plasti-
cizer (see Scheme S6) had no visible impact on the surface
morphology. The wrinkles that formed on the surface were
likely due to the electron beam being focused on one part
of the sample for too long, visible on the right edge of the
image. The sample remained smooth on the undamaged left
side of the image, indicating no significant changes hap-
pened due to the gas treatment.

The overall results of the SEM recordings showed that
the gas treatment with NO (1000 ppm) caused no macro-
scopic changes to the surfaces of the polymers, strongly
indicating that the utilization of NO in the would have no
adverse effects on either the blood-contacting properties of
the polymer surfaces or the gas permeability of the hollow
fiber membranes.

Conclusions

Looking back at the goal set out in the introduction of this
paper, the goal was to prove that the use of NO in the per-
fusion gas mixture did not negatively interfere with the
functionality of the oxygenator. This paper showed that
the treatment of polymer materials such as PMP, MABS,
PVC, and PU with NO resulted in the formation of both
nitro and nitrate ester groups through a variety of differ-
ent mechanisms, as well as the adsorption of HNO; on the
polymer surfaces, using both FTIR-ATR and XPS as analyti-
cal tools. The strength of these effects scaled with exposure
time to the treatment gas but not necessarily with the gas
concentration. Additionally, PU showed clear indications
for cross-linking and chain scission reactions when treated
with a NO concentration of 10,000 ppm. No such indica-
tions could be found at lower gas concentrations and with
different analytical methods. The other polymers showed no
indications of chain scission reactions occurring. The results
of the XPS measurements proved that the functional groups
formed because of the gas treatment were solely located at
the surface of the polymer samples. The effects on the poly-
mer materials were stable for a significant amount of time

after the gas treatment under both dry and wet conditions,
confirmed by both FTIR-ATR and XPS measurements. In
the case of MABS, stability measurements in contact with
water allowed for the differentiation between the covalently
bound nitro and nitrate ester groups, which remained sta-
ble, and the HNO; molecules, which were largely washed
away. It was also shown that NO was not responsible for the
effects on the polymer surfaces, which were instead caused
by NO, and HNO;. The temporal stability of these func-
tional groups meant that the newly formed functional groups
were likely to remain stable under application conditions,
limiting their potential transfer to the patient's bloodstream.
While the effects of the gas treatment were visible at a rela-
tively high concentration of 10,000 ppm used during this
study, using concentrations of 1000 and 80 ppm resulted
in weaker effects. Therefore, the impact on the polymer
materials should have been minor at the final application
concentration of 40 ppm or below. It was also significant
that the hollow fiber membrane, the largest blood-contacting
surface in the gas exchanger, showed no signs of gas treat-
ment effects below 10,000 ppm. Therefore, functionality and
hemocompatibility of the hollow fiber membrane should not
be affected at application concentrations of NO. Chain scis-
sion and crosslinking reactions likely occurred to a certain
degree, particularly with PU. However, based on existing
research, they were likely minor side reactions compared
to the addition reaction of NO, with C—C double bonds
[33, 34]. XPS measurements confirmed these findings, also
showing signals corresponding to HNO; molecules and
nitrate ester groups. XPS also revealed that the influence
of the gas treatment only extended to the very surface of
the polymers, which strongly indicated that their structural
properties should not be affected by the gas treatment. The
SEM images showed no influence of the gas treatment, with
none of the polymer samples displaying any macroscopic
change in surface morphology. This was particularly of note
for PMP, as it meant that the material retained its porous
structure and, therefore, its gas transfer ability. At the same
time, the results for MABS and PU meant that the surface
morphology and, thus, the blood-contacting properties of
the polymers should have remained unaffected. The use of
NO in the perfusion gas mixture should not pose an issue
for the functionality of the oxygenator based on the results
gathered in this paper.

Experimental section
Chemicals and materials
NO (10,000 ppm in N,), NO (1000 ppm in N,), and NO,

(1000 ppm in N,) were purchased from basi Schoberl GmbH
& Co. KG (Rastatt, Germany). Material samples of the gas

@ Springer



261 Page 14 of 17

Journal of Polymer Research (2024) 31:261

exchanger components, including hollow fiber membranes
(PMP), inlet/outlet caps (MABS), gas hoses (PVC), and
polyurethane sheets (PU), as well as fully assembled gas
exchangers, were provided by Hemovent GmbH (Aachen,
Germany). The hollow fiber membrane used was 3 M Mem-
brana OXYPLUS, type PMP 90/200 (3 M Deutschland
GmbH, Wuppertal, Germany). The PU sheets were made up
of a prepolymer consisting of methylene diphenyl diisocy-
anate and glycols (Biresin DH41 Komp. B, Sika Deutschland
GmbH, Stuttgart, Germany) and trimethylolpropane (Biresin
DH404 Komp. A, Sika Deutschland GmbH, Stuttgart, Ger-
many) (information provided directly by Sika Deutschland
GmbH (Stuttgart, Germany). The MABS used was Terlux
HD 2802, produced by INEOS Styrolution Group GmbH
(Frankfurt am Main, Germany). The gas hoses were pro-
duced by Rehau SE (Bern, Switzerland) as Rauclair-E,
containing the plasticizer bis(2-ethylhexyl) terephthalate
(DOTP) (32.7 wt%) (information directly provided by Rehau
SE (Bern, Switzerland)).

Gas treatment of the gas exchanger materials

The gas exchanger materials were treated with NO con-
centrations of 80, 1000, and 10,000 ppm. NO, was used at
concentrations of 1000 ppm. The treatment durations most
commonly investigated were 30 min, one hour, two hours,
four hours, and 17 h. Treatment with 10,000 ppm of NO
was performed for up to 10 days. Material samples were
placed in a chamber for the treatment, and the gas mixture
was added at a continuous flow rate of 2 L/min for up to
four hours. The samples treated for 17 h hours were placed
in the chamber, and the gas mixture was added. The cham-
ber was closed during the inflow of treatment gas to keep
the gas concentration constant. The hollow fiber membrane
was treated by applying the gas mixture directly to a fully
assembled gas exchanger. Small samples of hollow fiber
membranes were taken from the gas exchanger at the cor-
responding time intervals.

To measure the temporal stability of the signals resulting
from the gas treatment, treated samples were kept at room
temperature and analyzed again using FTIR-ATR. Samples
treated with 1000 ppm of NO and NO, were measured 2,
4, 6, 24 h, and five days after the gas treatment. The sam-
ples treated with NO additional measurements after 10 and
15 days were conducted.

In addition to the long-term stability measurements under
dry conditions, short-term stability measurements with liq-
uid contact were also conducted. For this purpose, samples
were treated with NO (1000 ppm) and immersed in Mil-
lipore water for 24 h. Afterward, the samples were dried
over silica gel in a desiccator for another 24 h. FTIR-ATR
measurements were conducted directly after the gas treat-
ment and after the drying process.
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Gas treatments at concentrations of 1,000 and 10,000 ppm
were conducted by directly attaching the respective gas bot-
tles of NO and NO, in nitrogen to GT1355 Sho-Rate G
rotameter (Brooks Instruments, Hatfield, PA, USA), which
in turn was directly connected to the chamber. For the treat-
ment with 80 ppm of NO a NO-A nitric oxide delivery
system (EKU Elektronik GmbH, Leiningen, Germany) was
used in conjunction with an Aquaforte Hi-flow V60 air pump
(Sibo Fluidra Netherlands b.V., Doornhoek, Netherlands).
The flow rate was monitored with a SpiroScout EKU flow-
meter (Ganshorn Medizin Electronic GmbH, Niederlauer,
Germany).

Fourier transform infrared attenuated total
reflection spectroscopy

FTIR-ATR measurements were conducted using an Agilent
Varian 670 IR spectroscope (Agilent Technologies Inc.,
Santa Clara, CA, USA) with a Pike Technologies GladiATR
probe head (Pike Technologies, Fitchburg, WI, USA). The
spectra were recorded between 500 and 4000 cm™! as the
average of 16 scans with a resolution of 2 cm™'. The samples
(see Fig. 13) were pressed down onto the diamond of the
ATR module to ensure complete coverage. It was possible to
achieve consistent coverage of the diamond with reproduc-
ible signal intensities. Regular spectra (see Fig. 2-5) were
recorded using a background measurement of the unoc-
cupied sample space. Difference spectra (see Fig. 6) used
a background measurement recorded with a sample of the
respective untreated polymer placed on the diamond.

X-Ray photoelectron spectroscopy

XPS measurements were conducted using a Physical
Electronics PHI 5700 (Physical Electronics GmbH, Feld-
kirchen, Germany). PMP, MABS, and PU samples were
analyzed as untreated samples and samples treated with
NO (1000 ppm) for 17 h. Each sample was measured both
in its original and in a sputtered state. The sputtered sam-
ples were treated by Ar-ion-bombardment for ten minutes
with a 1.9 kV acceleration voltage on a square area of
49 mm? in size, removing several nanometers of material.
A neutralizer was used during both the measurement and

Fig. 13 From left to right: Samples of PMP, MABS, PVC, and PU
used for FTIR-ATR measurements
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the sputtering treatment to suppress the charging effects
of the insulating samples.

Scanning electron microscopy

SEM recordings were taken of the gas exchanger mate-
rials samples before and after treatment with NO. The
samples were sputter coated in gold using a Quorum SC
7620 sputter coater (Quorum Technologies, Lewes, United
Kingdom) for 30 s. A Zeiss EVO MA1S5 scanning electron
microscope (Carl Zeiss Ag., Oberkochen, Germany) with
a backscattered electron detector was used to record the
SEM images. For samples of the hollow fiber membrane,
images of the inside and the outside of the fibers were
recorded. For the remaining materials, the images were
recorded on the side of the material in contact with the
treatment gas in the fully assembled gas exchanger.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-024-04109-x.
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