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ABSTRACT
Polymers with N-oxide groups find applications in the biomedical field because they are highly hydrated in water, are considered 
to be nontoxic, and have stealth properties. Additional antimicrobial activity of polymeric N-oxides has also been reported, and 
it is currently unclear if this activity is a general feature of polymeric N-oxides or a special property of selected derivatives. N-
Oxides are often prepared by oxidation of tertiary amines with hydrogen peroxide, which is notoriously difficult to remove from 
the resulting polymeric N-oxides. This study analyzes the role of residual oxidant in polymeric N-oxides for antimicrobial activ-
ity. Sensitive quantification reveals a significant release of hydrogen peroxide from oxidized polymers in solution and grafted 
on polyethylene or polyamide. The release of hydrogen peroxide from these polymers can lead to concentrations exceeding the 
minimum inhibitory concentrations (MICs) for Staphylococcus aureus and Escherichia coli. It can thus compromise microbio-
logical assays. Rigorous removal of hydrogen peroxide leads to polymeric N-oxides with no antibacterial activity. Antibacterial 
effects of polymeric N-oxides against planktonic bacteria are primarily attributed to residual hydrogen peroxide, rather than to 
the intrinsic activity of the N-oxide functionality. Poly(N-oxide)-modified surfaces are therefore inert low-fouling materials with 
tunable, transient antibacterial functionality through controlled hydrogen peroxide release.

1   |   Introduction

1.1   |   N-Oxides

A class of compounds derived from the oxidation of tertiary ali-
phatic and aromatic aminesis characterized by a dative N+  O− 
bond [1]. First identified in the early 20th century, N-oxides have 
attracted considerable attention due to their special chemical 
and physical properties. They have found widespread applica-
tions, for example, as oxidants in organic synthesis, hypoxia-
activated drugs, targeting and release agents in nanomedicine, 

hydrophilic conjugates for drugs, antifouling materials, and 
conductive layers for optoelectronics [2].

Early studies focused largely on small-molecules. However, 
recent research has focused on applications of macromolec-
ular N-oxides [3]. Polymeric N-oxides have excellent antifoul-
ing properties independent of the salt concentration of the 
surrounding media [4, 5] which has been demonstrated to pre-
vent the adhesion of proteins and cells [6–8]. Their excellent 
blood compatibility and non-immunogenic properties make 
poly(N-oxides) promising alternatives to other zwitterionic 
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polymers or polyethylene glycol in biomedical applications 
[2]. A key property of these polymers is their “stealth” char-
acteristic, which allows them to effectively evade detection 
by the biological system [6]. For example, the conjugation 
of polyacrylamide-derived N-oxides to uricase has shown 
to improve solubility, increase blood half-life, and decrease 
immunogenicity of the protein in a mouse model [8]. Poly(N-
oxides) also facilitate oral drug delivery by penetrating mucus 
layers and can enhance the efficacy of drug-loaded micelles 
used in chemotherapy [9]. These applications are based on the 
assumption that the N-oxide groups are inert under physio-
logical conditions. At the same time, it is known that many 
N-oxides are chemically reactive, which is expressed, for ex-
ample, in the field of organic synthesis through oxidation re-
actions or rearrangements [10, 11].

Some N-oxides of low molecular weight also have significant 
reactivity in biological systems, enabling their use as cyto-
toxic or antibacterial agents. The underlying bio-reductive 
mechanisms are well understood for some redox-reactive 
heteroaromatic N-oxides [12–15], but unclear for several 
alkylamine N-oxides (Figure  1) [12, 16]. Heteroaromatic 
compounds derived from staurosporine and camptothecin un-
dergo reductive activation in the hypoxic tumor environment, 
leading to tumor-selective cytotoxicity [17, 18]. Notably, redox-
responsive behavior is not limited to heteroaromatic N-oxides. 
For instance, AQ4N, an aliphatic N-oxide prodrug, undergoes 
bio-reduction to a potent topoisomerase II inhibitor, making 
it a strong candidate for tumor-targeted chemotherapy [15]. 
Similarly, long-chain alkylamine N-oxides have antimicrobial 
activity. However, the extent to which this activity is driven by 
their amphiphilic structure or other biochemical mechanisms 
is unclear [19–21].

For polymeric N-oxides, both stealth effects and antimicro-
bial activity have been described for very similar polymers. 
It is therefore difficult to determine which class of N-oxide 
a particular derivative belongs to (biologically reactive or 
inert). While poly(methacrylamide-N-oxide) showed no ac-
tivity against Streptococcus mutans [22], other materials such 
as poly(N-oxide)-modified polyethylene (PE) demonstrated 
antibacterial effects against Staphylococcus aureus and 
Escherichia coli [23]. Furthermore, Zhang et al. demonstrated 
that modifying polydopamine membranes with alkylamine 
N-oxide moieties (PDA/APDMAO membrane) enhances anti-
bacterial activity against S. aureus significantly, though the 
underlying mechanism remains unknown [24]. These con-
flicting findings further highlight the fundamental duality of 
N-oxides: some are unreactive and biologically inert (stealth 
properties), while others are chemically reactive agents that 
trigger specific biological responses (e.g., cytotoxicity or anti-
bacterial activity).

Given the inconclusive results on the bioactivity of polymeric al-
kylamine N-oxides in previous studies, this work aims to explore 
the antibacterial and stealth properties of these compounds. The 
study addresses three key questions: (1) Does the redox activity 
of polymeric N-oxides cause antibacterial activity? (2) What is 
the influence of their charge state on antibacterial activity? and 
(3) how does oxidant contamination affect their antibacterial 
activity?

2   |   Results and Discussion

Poly[(4-vinylbenzyl)-N,N-dimethylamine N-oxide] (poly(VB-
NOx)) was selected as a model compound for this study. Unlike 

FIGURE 1    |    Chemical structure drawings of heteroaromatic and alkylamine N-oxides. The compounds are categorized as biologically active or 
inert according to literature data.
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other polymeric N-oxides, such as polymethacrylate derivatives, 
poly(VBNOx) lacks β-hydrogen atoms or potentially reactive 
functionalities and is therefore not prone to elimination reac-
tions or hydrolytic cleavage. It does not have any additional 
functional groups contributing to the charge of the polymer 
[23, 25, 26]. These structural features make it an ideal candidate 
for isolating the impact of the N-oxide moiety on antibacterial 
activity. In addition, poly(VBNOx) can be grafted easily from 
PE, and the resulting brush layers have been evaluated for their 
antifouling properties before [23].

The polymer was synthesized according to a known protocol in 
solution (Figure 2A). Briefly, poly(VBDMA) was prepared by po-
lymerization of (4-vinylbenzyl)-N,N-dimethylamine (VBDMA), 
followed by oxidation with hydrogen peroxide to give poly(VB-
NOx) [27]. The oxidation of poly(VBDMA) to poly(VBNOx) was 
followed by NMR (Figure  S1). The characteristic shift of the 
methylene and methyl groups adjacent to nitrogen allows the 
differentiation of poly(VBDMA) and poly(VBNOx). The anal-
ysis revealed that the oxidative conversion is almost complete 
after 48 h, and only a minor amount of residual amino groups 
(< 2%) can be detected in the final oxidation product. A simi-
lar protocol was used for the synthesis of poly(VBNOx) brushes 
grafted from PE and polyamide 6 (PA) (Figure 2B). After plasma 
activation of the plastic surface, poly(VBDMA) brushes were 
prepared by free radical polymerization of VBDMA, followed by 
oxidation with hydrogen peroxide to give PE-poly(VBNOx) and 
PA-poly(VBNOx).

The redox activity of several drugs containing N-oxide groups 
is the reason for their biological activity. These drugs are ac-
tivated under reductive conditions in vivo, leading to the gen-
eration of reactive oxygen species (ROS) [28]. ROS formation 
might thus also be the reason for the previously observed anti-
bacterial effects of polymeric N-oxides. To determine whether 
the N-oxide groups in poly(VBNOx) contribute to ROS gen-
eration, a quantitative assay using the radical trapping agent 
1,3-diphenylisobenzofuran (DPBF) was performed. DPBF reacts 
with various ROS species and allows their quantitative analysis 

by monitoring the decrease in absorption at 410 nm [29]. Briefly, 
poly(VBNOx) (c = 8.3 m) was incubated with DPBF (c = 75 μm) 
for 24 h in the dark at 37°C. In contrast to previous experiments 
with similar ROS-trapping reagents [23], no significant ROS for-
mation was detected under these conditions (Figure 3A,B).

An EPR spectroscopic evaluation of an aqueous poly(VBNOx) 
solution with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) re-
vealed also no signals, and confirmed the absence of radical 
species. As a highly sensitive detection method, spin-trap EPR 
spectroscopy can identify even low levels of ROS and indirectly 
detect short-lived radicals [30]. In contrast to earlier studies 
on poly(VBNOx) and similar polymers with N-oxide groups 
[31, 32], no radical species were detected at 37°C in MeOH. The 
formation of ROS is therefore most likely not the reason for anti-
bacterial effects of polymeric N-oxides. However, an enzymatic 
(bio-reductive) activation of poly(VBNOx) in the presence of mi-
croorganisms cannot be excluded at this stage.

Many N-oxides are prepared by the oxidation of tertiary amines 
[23, 33]. These reactions are often slow, which can lead to the 
presence of unreacted amino groups in the resulting polymers. 
Protonation at physiological pH thus leads to the formation of 
positively charged structures with potential antimicrobial prop-
erties in solution and also upon contact of microorganisms with 
polymers on surfaces (contact biocidal activity) [34]. Almost 
complete oxidation of the polymer in solution (> 98%) was 
confirmed via NMR spectroscopy (vide supra and Figure  S1). 
However, for surface-grafted polymer brushes, the efficacy of 
oxidation might be decreased due to increased steric hindrance 
and limited reagent accessibility.

In light of these considerations, the oxidation of poly(VBDMA) 
brushes on a PE surface was examined. PE-poly(VBDMA) was 
prepared according to the method of Burmeister et al. and sub-
sequently oxidized with hydrogen peroxide for 3 days to obtain 
PE-poly(VBNOx) [23]. The resulting material has been charac-
terized by goniometry, x-ray photoelectron spectroscopy, time-
of-flight secondary ion mass spectrometry, and IR spectroscopy 

FIGURE 2    |    (A) Free radical polymerization of (4-vinylbenzyl)-N,N-dimethylamine (VBDMA) with azobisisobutyronitrile (AIBN) for the prepara-
tion of poly(VBDMA), (B) Free radical graft polymerization of VBDMA from plasma-activated polyethylene (PE) and polyamide 6 (PA) for the prepa-
ration of PE-poly(VBDMA) and PA-poly(VBDMA), followed by oxidation with hydrogen peroxide to yield PE-poly(VBNOx) and PA-poly(VBNOx).
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(Figure S2, Table S1). However, it is difficult to derive precise 
estimates of the oxidation efficacy from these analyses.

To evaluate the impact of incomplete oxidation on surface prop-
erties, pH-dependent zeta potential measurements were con-
ducted with PE-poly(VBDMA) and PE-poly(VBNOx). These 
measurements provide insight into the pH-dependent surface 
charge of these materials, which is critical for contact activity 
and thus potential antibacterial properties [35, 36]. The zeta po-
tential of pristine PE, PE-poly(VBDMA), and PE-poly(VBNOx) 
was measured over a pH range of 3.9 to 9.4 (Figure  3C). The 
isoelectric points (IEPs) of the samples were determined as 
follows: PE at pH 5.4, PE-poly(VBDMA) at pH 7.8, and PE-
poly(VBNOx) at pH 7.0. PE-poly(VBDMA) has a positive zeta 
potential at pH values below ~8. Antibacterial properties via 
a contact-active mechanism can therefore be expected for this 
material and have been confirmed by microbiological assays as 
shown later (Figure  5A). PE-poly(VBNOx) has a significantly 
lower zeta potential and is almost neutral at physiological pH, in-
dicating that the oxidation step has converted most of the amino 
groups. This aligns well with the quantification of N-oxide and 
tertiary amino groups in the brush layers measured via adsorp-
tion of anionic dyes (Figure 3D). The colorimetric measurement 
was performed according to a literature procedure [27]. It re-
vealed an oxidation efficacy of about 90% for PE-poly(VBNOx) 
(Figure S3). Given the low number of residual tertiary amines 
and the observed neutral surface zeta potential, an antibacterial 
effect of PE-poly(VBNOx) caused by contact activity is unlikely.

One of the most effective methods for the synthesis of poly(N-
oxides) is the oxidation of tertiary amines with hydrogen 

peroxide. This post-grafting oxidation offers some notable 
benefits. It avoids the use of monomers with an N-oxide group 
for the graft-polymerization. These lead to charge repulsion 
and the formation of thinner and less homogeneous brush 
layers. In addition, the use of monomers with amine groups 
circumvents side reactions of N-oxide groups, such as heat-
induced rearrangements in free radical polymerizations or 
deoxygenation, which can occur in Cu0-mediated SI-ATRP 
protocols [37, 38]. Hydrogen peroxide is particularly attrac-
tive for post-grafting oxidation because it is cost-efficient and 
excess reagent can be easily decomposed into the non-toxic 
byproducts oxygen and water. However, hydrogen peroxide is 
known to bind strongly to N-oxides and it has been reported 
that excess hydrogen peroxide can be hard to remove from the 
reaction products [39]. The problem is particularly relevant for 
the synthesis of surface-bound polymer brushes. A large ex-
cess of hydrogen peroxide is typically used and N-oxide-bound 
hydrogen peroxide is hard to remove due to the limited solvent 
accessibility within the polymer brush layer. Generally, hy-
drogen peroxide can be eliminated either by quenching with 
reductive agents (e.g., thiosulfate, sulfite) or by accelerating its 
decomposition into oxygen and water using metals (e.g., MnO2, 
Pt, Pd/C) [2]. However, the use of reductive agents for hydro-
gen peroxide quenching is not ideal because it can also lead to 
substantial reduction of N-oxide groups. Also, solid reagents 
like Pt or Pd/C cannot penetrate into the brush layer and are 
thus inefficient in quenching hydrogen peroxide. MnO2 can-
not be used either for the quenching of hydrogen peroxide, 
because polymeric N-oxides can form stable complexes with 
Mn(II) [40]. The cleanest, albeit time-consuming, method to 
remove hydrogen peroxide from brush layers is thus extensive 

FIGURE 3    |    (A) DPBF absorption spectra from 350 to 550 nm of c(DPBF)start = 75 μm in EtOH/MeOH (1:1) at t = 0 min and t = 24 h for the evalu-
ation of potential ROS formation with addition of poly(VBNOx) with c(N-oxide) = 8.3 m in triplicate, (B) control without poly(VBNOx) in triplicate. 
(C) Zeta potential of pristine PE, PE-poly(VBDMA) and PE-poly(VBNOx) at different pH. The pH was adjusted by titration with aqueous 0.05 m 
HCl. KCl was used as the supporting electrolyte, at a conductivity of 14 μS·m−1. Error bars represent standard deviations from measurements in both 
flow directions (n = 2) at each pH value. (D) Interaction of grafted polymeric N-oxides with acid fuchsin at pH = 3 for the determination of solvent-
accessible positive charges.
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FIGURE 4    |    (A) Release assay for the quantification of residual hydrogen peroxide from PE-poly(VBNOx) and PA-poly(VBNOx) prepared by the 
post-modification method. The release is measured by the oxidation of N,N′-diethyl-p-phenylenediamine (DPD) mediated by horseradish peroxidase 
(HRP). The formation of DPD+• can be detected at 551 nm. (B) Release of hydrogen peroxide from polyamide 6 (PA, gray line) and PA-poly(VBNOx) 
(blue line) into water over 24 h. (C) Release of hydrogen peroxide from polyethylene (PE, gray line) and PE-poly(VBNOx) (blue line) into water over 
7 days. The washing solution was changed after 48 h. (D) Enlarged figure of long-term release of hydrogen peroxide from PE-poly(VBNOx) into water 
from 2 to 7 days. The graph illustrates the continued, albeit slower, hydrogen peroxide release over time after the first large burst of peroxide release.
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washing with water. Incomplete removal of hydrogen perox-
ide from brush layers might lead to misinterpretation of bio-
logical assays due to the delayed release of residual hydrogen 
peroxide into the solution. Hydrogen peroxide is a biocide [41] 
and its release might therefore lead to antibacterial properties 
that are not inherently due to the poly(N-oxide) material. To 
address this concern, the release of hydrogen peroxide from 
PE-poly(VBNOx) was studied with a sensitive assay involv-
ing the oxidation of N,N′-diethyl-p-phenylenediamine (DPD) 
mediated by horseradish peroxidase (HRP) and compared to 
equally hydrogen peroxide-treated pristine PE as a reference 
(Figure 4).

PE-poly(VBNOx) was prepared according to the method de-
picted in Figure 2, and the test specimens were washed three 
times with water under shaking for 10 s. The resulting samples 
of PE-poly(VBNOx) were suspended in 3 mL water for 48 h 
under shaking at room temperature. After 48 h, the test speci-
mens were transferred to a fresh 3 mL of water to evaluate the 
long-term release over a further 5 days (Figure 4C). During the 
entire 7 days release period, 10 μL of the release solution was re-
moved at each sampling time point. The amount of hydrogen 
peroxide released from the brush layer was quantified using 
the HRP/DPD assay. The spectrophotometric readout of the 
assay is based on the reaction of hydrogen peroxide with DPD 
in the presence of HRP, leading to the pinkish colored DPD+•, 
which can be quantified by measuring the UV absorbance at 
551 nm (Figure  S4) [42]. The assay reveals the slow release of 
large quantities of hydrogen peroxide from the PE-poly(VBNOx) 
test specimens, while equally treated PE shows no release after 
the hydrogen peroxide incubation and the brief washing pro-
cess. Even after 2 days and the exchange of water, substantial 
amounts of hydrogen peroxide were released from the modified 
surface into the media.

After 2 h, a hydrogen peroxide concentration of 27 mm was de-
tected in the release solution from 1 cm2 of PE-poly(VBNOx) 
(Figure  4C). Two hours are also a typical incubation time 
for the evaluation of antibacterial properties of surfaces ac-
cording to standard antimicrobial assays (e.g., ASTM E2149-
13a) [43]. Considering the MIC of hydrogen peroxide for S. 
aureus (0.27–0.66 mm) and for E. coli (1.33–2.66 mm) [41], 
the concentration of released hydrogen peroxide exceeds the 
MICs by ~2 orders of magnitude. After prolonged washing, 
the total amount of hydrogen peroxide released from 1 cm2 
of PE-poly(VBNOx) corresponds to approximately 140 μmol, 
based on a maximum detected concentration of 47 mm in 3 mL 
water. The amount of accessible N-oxide groups on these test 
specimens is about 17 nmol·cm−2 as determined via the col-
orimetric assay mentioned above (Figure  3D). This number 
underestimates most likely the number of N-oxides accessible 
for hydrogen peroxide (because the dye used is significantly 
larger then hydrogen peroxide). However, it suggests that each 
N-oxide group can bind several molecules hydrogen peroxide 
in the brush layer. It is notable that after washing with fresh 
water for periods longer than 48 h low, but still significant 
amounts of hydrogen peroxide were released, which still ex-
ceed the MIC for S. aureus (Figure 4D).

For the evaluation of the impact of the base material on hydro-
gen peroxide adsorption, PA-poly(VBNOx) test specimens were 

prepared by the same grafting method and analyzed with IR, 
goniometry, and a fluorescein dye assay (Figure S5, Table S1). 
Hydrogen peroxide-treated PA and PA-poly(VBNOx) were then 
suspended in 3 mL water for 24 h (Figure 4B). PA-poly(VBNOx) 
gave similar results compared to PE-poly(VBNOx), with a final 
release concentration of hydrogen peroxide of 59 mm after 24 h. 
In contrast to PE, however, the use of PA also leads to significant 
adsorption of hydrogen peroxide into the more polar unmodi-
fied base material. The capacity of poly(N-oxide) brush layers to 
bind and gradually release hydrogen peroxide over several days 
might thus be a plausible explanation for previously observed 
antimicrobial activities or redox activities of these materials 
[23, 24, 32].

The antibacterial properties of N-oxide brush polymers were 
evaluated by testing PE-poly(VBNOx) test specimens submit-
ted to washing with water for 2 (PE-poly(VBNOx)_2d) and 
8 days (PE-poly(VBNOx)_8d). Pristine PE was used as a nega-
tive control and PE-poly(VBDMA) as a polycationic and thus 
contact-active material. The stability of PE-poly(VBDMA) and 
PE-poly(VBNOx) against prolonged treatment with water was 
demonstrated in previous studies and has been confirmed here 
for each sample via IR spectroscopy and goniometry (Figure S6). 
Gram-negative E. coli (ATCC25922) was used as a test micro-
organism following ASTM E2149-13a (Figure  5A). Sterilized 
material samples (size of 1 cm2) were incubated with bacterial 
suspensions (105 CFU·mL−1 in saline) at 37°C for 2 h. After incu-
bation, the suspensions were serially diluted (104–102 CFU·mL−1) 
and plated onto Columbia agar for colony counting after 17 h of 
incubation at 37°C.

The assay confirmed the contact-activity of PE-poly(VBDMA), 
which led to complete elimination of bacteria. PE-
poly(VBNOx)_8d had no antibacterial activity against E. coli 
leading to colony counts comparable to the growth control (Ctrl) 
and PE. In contrast, PE-poly(VBNOx)_2d had a significant yet 
lower antibacterial activity than PE-poly(VBDMA). The anti-
bacterial activity of PE-poly(VBNOx)_2d can be attributed to 
hydrogen peroxide release from the N-oxide-brush layer. The 
biocide release was confirmed with an agar diffusion test (DIN 
EN ISO 20645). While PE-poly(VBNOx)_8d showed no inhibi-
tion zone, the hydrogen peroxide-releasing PE-poly(VBNOx)_2d 
led to a clear inhibition zone (Figure 5B). These findings indicate 
that the observed antibacterial effects are due to a contact-active 
mechanism for PE-poly(VBDMA) and a release of residual 
amounts of hydrogen peroxide from PE-poly(VBNOx)_2d.

Complete removal of residual hydrogen peroxide is thus essen-
tial for accurate evaluation of the intrinsic antibacterial proper-
ties of poly(N-oxide)-modified surfaces. On the other hand, the 
observed ability of polymeric N-oxides for uptake and gradual 
release of hydrogen peroxide over several days is also a feature 
of these materials for biomedical applications. Polymeric alkyl-
amine N-oxide modified surfaces naturally possess low-fouling 
properties, reduce bacterial adhesion and biofilm formation 
[8]. However, they usually lack inherent antibacterial activ-
ity. By utilizing the reversible binding and release of hydrogen 
peroxide, these surfaces can be temporarily activated for dis-
infection, effectively combining antibacterial action with their 
low-fouling characteristics for enhanced functionality in critical 
environments.
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3   |   Conclusion

Poly(N-oxides) have excellent blood compatibility, are non-
immunogenic, and have antifouling properties due to high 
surface hydration. Many biomedical applications of these ma-
terials are based on the assumption that the N-oxide groups 
are unreactive and biologically inert. However, several N-
oxides of low molecular weight have rather high chemical 
reactivity. Also, for polymeric N-oxides, both stealth effects 
and antimicrobial activity have been described. Given the 
inconclusive results on the bioactivity of polymeric N-oxides 
in previous studies, this work explores the antibacterial and 
stealth properties of PE-poly(VBNOx) and similar deriva-
tives. No formation of reactive radical species was observed 
by EPR-spectroscopy and a colorimetric assay with DPBF. The 
redox reactivity of the polymeric N-oxides tested does there-
fore not lead to antibacterial properties of the material. This 
study focuses on PE-poly(VBNOx) and similar derivatives, but 
the same chemical inertness can also be expected for many 
other polymeric N-oxides with alkylamine N-oxide groups. In 
addition, an evaluation of the surface zeta potential revealed 
that PE-poly(VBNOx) has a neutral surface potential at physi-
ological pH. A contact-active antibacterial mechanism of poly-
meric N-oxides is thus also unlikely.

Polymeric N-oxides have therefore no intrinsic antibacte-
rial properties against planktonic bacteria. Instead, the an-
tibacterial effect observed with these materials in our own 
previous studies and those of other authors was most likely 
caused by the release of hydrogen peroxide, a direct conse-
quence of a commonly employed synthetic protocol using 
post-polymerization oxidation of tertiary amines to N-oxides 
using hydrogen peroxide. Excess hydrogen peroxide is bound 
strongly to N-oxide groups and thus hard to remove from poly-
meric N-oxides. This leads to a delayed release of hydrogen 
peroxide into water over several days, effectively eliminating 
bacteria such as S. aureus and E. coli.

This study has limitations because it addresses the activity of 
PE-poly(VBNOx) against planktonic cultures of bacteria only. 
The protonation of N-oxide groups in more acidic environments 
found in biofilms [44] might lead to antibacterial properties 
caused by contact activity.

The delayed hydrogen peroxide release of polymeric N-oxides 
does not only compromise microbiological assays but is also a 
functional feature for some biomedical applications. However, it 
must be carefully considered when evaluating the inherent bio-
activity (antibacterial or cytotoxicity) of poly(N-oxide)-modified 
surfaces. Neglecting the presence of residual hydrogen per-
oxide may result in an inaccurate assessment of the intrinsic 
antibacterial properties or the redox reactivity of these mate-
rials. However, it should be noted that the release of hydrogen 
peroxide from polymeric N-oxides depends on the material 
investigated. For water-soluble polymers it is expected to be sig-
nificantly faster than from grafted polymers on solid supports. 
Furthermore, factors such as chain length and the degree of 
cross-linking could have an influence.

For applications where inert properties of poly(N-oxides) are 
required (e.g., polymers for drug delivery) [9], the complete 

removal of residual hydrogen peroxide is essential. This can be 
achieved by thorough washing with water over several days. 
The absence of hydrogen peroxide should be confirmed via hy-
drogen peroxide test strips.

Overall, this study highlights the dual nature of poly(N-oxide)-
modified surfaces: as materials capable of controlled antibacte-
rial action through hydrogen peroxide uptake and release and as 
inert low-fouling materials when properly purified. These find-
ings provide valuable guidance for the design and evaluation of 
poly(N-oxide)-based materials in pharmaceutical, biomedical, 
and polymer applications.

4   |   Experimental Section

4.1   |   Chemicals and Materials

PE foils (0.75 mm thickness) were purchased from Goodfellow 
and PA foils (0.50 mm thickness) from Reichelt Chemietechnik 
GmbH + Co. Acid fuchsin disodium salt, azobisisobutyroni-
trile (AIBN, 98%), cetyltrimethylammonium chloride (CTAC) 
(96%), dimethylamine solution (33 vol% in EtOH), DMPO, aque-
ous hydrogen peroxide solution (30 vol%), HRP (> 250 units/mg 
solid), NaH2PO4, Na2HPO4, and 4-vinylbenzyl chloride (90%) 
were obtained from Sigma-Aldrich. DPBF and fluorescein di-
sodium salt were purchased from Thermo Fisher Scientific, 
and DPD sulfate was acquired from BLDpharm. VBDMA [45], 
poly(VBDMA) [27] and poly(VBNOx) [27] were prepared ac-
cording to literature procedures. All reagents were used with-
out further purification. S. aureus (strain ATCC29213) and E. 
coli (strain ATCC29522) were obtained from American Type 
Culture Collection.

4.2   |   Contact Angle Measurement

Contact angle measurements were performed using an OCA 
20 goniometer (DataPhysics, Filderstadt, Germany) equipped 
with dual automated dispensing units, a high-speed CCD cam-
era system, a motorized stage, and halogen lighting for static 
and dynamic analyses. Advancing contact angles were deter-
mined using the static sessile drop method with deionized water 
(V = 5 μL). Contact angles were calculated using the instru-
ment's integrated OCA software.

4.3   |   NMR Spectroscopy

The measurements were conducted in 5 mm outer diameter 
sample tubes using a Bruker Avance III HD 400 MHz NMR 
spectrometer (AV400, Bruker, Ettlingen, Germany). The re-
sulting 1H-NMR spectra were processed using MestReNova 
x64 software, with the signals referenced to the solvent signal 
of MeOD.

4.4   |   IR Spectroscopy

IR spectra were recorded using an attenuated total reflectance 
Fourier Transform IR system (ATR-FTIR), model IRAffinity-1S 
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from Shimadzu (Kyoto, Japan), equipped with a “Quest” ATR 
accessory from Specac (London, England). The spectral range 
was set from 4000 to 450 cm−1, with a resolution of 0.5 cm−1 in 
absorbance mode. The obtained spectra were processed with 
OriginPro 10 (2025) software.

4.5   |   EPR Spectroscopy

EPR spectroscopy was conducted using a Magnettech Mini
scope MS400 X-band benchtop spectrometer (9.30–9.55 GHz). 
Samples were measured in 4 mm quartz glass EPR tubes at 77 K 
after incubation of poly(VBNOx) (6.3 mg) with DMPO (100 mm 
in MeOH) as a spin trap to detect short-lived radicals at 37°C. 
Data analysis was performed using ESR-MPlot and Analyze 
software.

4.6   |   Zeta Potential Measurements

Zeta potential measurements of pristine PE, PE-poly(VBDMA), 
and PE-poly(VBNOx) were conducted using a SurPASS 1 elec-
trokinetic analyzer (Anton Paar, Graz, Austria) in an adjust-
able gap cell, where two rectangular samples (1 cm × 2 cm) 
were positioned opposite each other with a 100–120 μm dis-
tance. The starting conductivity was set to 14–17 μS·m−1 using 
KCl as the supporting electrolyte. The pH was gradually ad-
justed from 9.4 to 3.9 through titration with 0.05 m HCl in a 
KOH solution. To ensure accurate measurements and pre-
vent interference from dissolved gasses, the solution was de-
gassed by purging with N2 throughout the entire setup and 
measurement process. The zeta potential was calculated from 
the streaming potential using the Helmholtz–Smoluchowski 
equation.

4.7   |   X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements were carried out using a KRATOS AXIS 
Ultra DLD system (Kratos Analytical, Manchester, UK) 
equipped with a monochromatic Al Kα source operating at 
15 kV and 225 W. Survey spectra were acquired with a pass 
energy of 160 eV, while high-resolution region spectra were re-
corded at 20 eV. The analysis area was 700 × 300 μm2. Charge 
neutralization was applied to all PE-based samples to compen-
sate for surface charging. Data evaluation and validation were 
performed using CASA-XPS software (version 2.3.24). Spectra 
were calibrated by setting the C1s peak to 284.5 eV. Prior to de-
convolution, background subtraction (using either Shirley or U2 
Tougaard methods) was applied to the region spectra.

4.8   |   Time-of-Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS) and Scanning Probe 
Microscopy (SPM)

Analyses were performed using an M6 Plus instrument 
(IONTOF GmbH, Münster, Germany), equipped with an inte-
grated scanning probe microscope (SPM) inside the main vac-
uum chamber, enabling direct correlation of topographic and 
mass spectrometric data.

ToF-SIMS measurements employed 60 keV Bi3
2+ primary ions 

(I = 0.05 pA, 200 μs cycle time) using the Nanoprobe 50 in high-
current bunched mode with a 700 μm beam-defining aperture. 
Depth profiling was conducted in non-interlaced mode using a 
5 keV Ar2000

+ sputter beam (I = 1.328 nA). Charge compensation 
was achieved with low-energy electrons during a 1 s pause be-
tween cycles.

The analysis area was 70 × 70 μm2 (128 × 128 pixels), centered 
within a 200 × 200 μm2 sputter crater. Profiling was terminated 
at the interface between the coating and the substrate. SPM im-
ages of the analysis area were recorded before and after SIMS 
measurements in intermittent mode at 2048 × 128 pixel resolu-
tion, along with x and y line scans (600 μm length each).

Data were evaluated using SurfaceLab 7.3 (IONTOF GmbH). 
Negative ion mode spectra were acquired, achieving a mass res-
olution of m/Δm > 7500 (FWHM) at m/z = 65.04 (C5H5

−).

4.9   |   Preparation of Poly(VBDMA) Brushes on PE 
(PE-Poly(VBDMA)) and PA (PA-Poly(VBDMA))

The polymerization was performed using an adapted protocol 
from Burmeister et al. [23].

PE foils (1 cm2, 0.75 mm thickness) and PA foils (1 cm2, 0.50 mm 
thickness) were cleaned by ultrasonication in EtOH (5 mL) for 
10 min, followed by drying at 50°C prior to use.

Plasma activation was carried out using an atmospheric 
air plasma system from Plasmatreat GmbH (Steinhagen, 
Germany). The non-equilibrium plasma discharge was gen-
erated at atmospheric pressure using a FG5001 generator op-
erating at a working frequency of 21 kHz. Plasma treatment 
was applied via a rotating jet nozzle (RD1004) equipped with 
a stainless-steel tip (No. 22826), providing an expanded treat-
ment width of approximately 22 mm. Plasma treatment of the 
foils was performed at a distance of 6 mm between the plasma 
jet nozzle and the surface. The speed of the plasma jet noz-
zle was set at 110 mm·s−1. After plasma exposure, samples 
were stored under ambient conditions for 8 min before further 
processing.

A solution of VBDMA (1.00 g, 50 wt%) and AIBN (25 mg) 
in EtOAc was degassed by Ar-purging for 10 min. Plasma-
activated foils were then added to the solution, followed by 
an additional 15 min of Ar-purging. Polymerization was 
carried out at 80°C for 4 h. After the reaction, the foils were 
washed twice with EtOAc (5 mL) and once with EtOH (5 mL), 
each for 10 min using ultrasonication, and then dried at room 
temperature.

4.10   |   Preparation of Poly(VBNOx) Brushes on PE 
(PE-Poly(VBNOx)) and PA (PA-Poly(VBNOx))

Poly(VBDMA) brushes grafted from PE (PE-poly(VBDMA)) 
and PA (PA-poly(VBDMA)) were oxidized by shaking in hydro-
gen peroxide (30 wt%, 3 mL) for 3 days. For complete removal of 
hydrogen peroxide, the foils were briefly washed with water (3 
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× 2 mL, 10 s shaking per wash cycle), followed by extended shak-
ing in water (3 mL) for 8 days.

4.11   |   DPBF Assay

DPBF (2.7 mg) was dissolved in EtOH (10 mL) and subsequently 
diluted to c = 0.041 mg/mL with EtOH. Poly(VBNOx) (6 mg) 
was dissolved in MeOH (2 mL). For the control samples (n = 3), 
MeOH (0.6 mL) was mixed with DPBF solution (0.6 mL, n(D-
PBF)start = 0.090 μmol). In parallel, test samples (n = 3) were pre-
pared by adding DPBF solution (0.6 mL) to the poly(VBDMA) 
solution (0.6 mL, n(N-oxide) = 10 mmol). All samples were incu-
bated at 37°C and kept in the dark throughout the experiment. 
UV–vis spectra were recorded in the range of 350–550 nm at 
t = 0 min and t = 24 h.

4.12   |   Hydrogen Peroxide Release Assay

Poly(VBNOx)-modified surfaces (1 cm2) were briefly rinsed 
with water (3 × 2 mL; 10 s of shaking per wash cycle) following 
preparation with hydrogen peroxide. The surfaces were then in-
cubated in water (3 mL) at room temperature under shaking at 
500 rpm for 48 h. Aliquots (10 μL) were collected at the following 
time points: t = 0 min, 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 
24 h, and 26 h.

After the initial 48 h period, the surfaces were transferred to 
fresh water (3 mL) and incubated under the same conditions 
(500 rpm, room temperature) for an additional 5 days. Prior to 
analysis, all collected samples were appropriately diluted to en-
sure hydrogen peroxide concentrations fell within the linear de-
tection range (0.78–25 μm) of the DPD assay.

4.13   |   DPD Assay

DPD (10 mg) was dissolved in water (0.9 mL) and 1 m H2SO4 
(0.1 mL) to prepare the DPD stock solution. HRP (1 mg) was 
dissolved in water (1 mL) to prepare the HRP stock solution. 
The PBS buffer was prepared by mixing an aqueous solution 
of Na2HPO4 (1 m, 10 mL) and an aqueous solution of NaH2PO4 
(1 m, 90 mL). For each DPD assay, a reaction mixture was pre-
pared by combining water (3 mL), PBS buffer (0.3 mL), DPD 
solution (30 μL), HRP solution (30 μL), and hydrogen peroxide 
sample solution (30 μL). The mixture was shaken for 2 min prior 
to measuring the UV–vis absorption at 551 nm. A calibration 
curve was generated using hydrogen peroxide concentrations 
ranging from 0.78 to 25 μm.

4.14   |   Acid Fuchsin Dye Assay

The dye assay was performed using a modified literature 
protocol [27]. PE-poly(VBNOx) (1 cm2) was treated with acid 
fuchsin solution (1.0 wt%, 2 mL, pH = 3) under shaking at 
100 rpm for 30 min at room temperature. To remove resid-
ual dye, the foils were subsequently immersed in aqueous 
HCl solution (pH = 3) for 10 min. For dye desorption, the foils 
were treated with aqueous CTAC solution (0.1 wt%, 5 mL) 

and shaken at 100 rpm for 1 h. After desorption, the pH of the 
solution was adjusted to pH = 3 using 1 m aqueous HCl, and 
the UV–vis absorption was measured at 556 nm. The absor-
bance of a solution obtained from a pristine PE foil, processed 
in the same manner, was subtracted as the blank value. The 
concentration of solvent-accessible N-oxides was calculated 
using the extinction coefficient (ε) of acid fuchsin in CTAC of 
38,125 m−1·cm−1.

4.15   |   Fluorescein Dye Assay

The dye assay was performed using a modified literature proto-
col [46]. PA-poly(VBNOx) (1 cm2) foils were incubated in 5 mL 
of a 1 wt% fluorescein solution at room temperature for 30 min 
under gentle shaking. After staining, the foils were rinsed with 
water and further cleaned in 10 mL of water for 10 min. Dye de-
sorption was carried out by immersing the stained foils in 5 mL 
of a 0.1 wt% CTAC solution (1:9 PBS buffer pH = 8 and water) 
for 30 min under shaking. The desorbed dye was quantified by 
UV–vis spectroscopy at 501 nm using an extinction coefficient 
of 77,000 L·mol−1·cm−1. The absorbance of a solution obtained 
from a pristine PA foil, processed in the same manner, was sub-
tracted as the blank value.

4.16   |   Determination of Antibacterial Activity 
ASTM E2149-13a

The antimicrobial activity of the modified samples was evalu-
ated following a procedure adapted from ASTM assay E2149-
13a [43]. All test samples were sterilized with iPrOH and then 
dried under laminar airflow prior to testing. Bacterial strains 
S. aureus (ATCC29213) and E. coli (ATCC25922) were cultured 
overnight on Columbia agar. The overnight cultures were har-
vested, suspended, and diluted in sterile saline solution (0.9%) 
to maintain a cell density of 1.5 × 108 cells/mL (OD = 0.5), and 
further diluted to a final concentration of 105 colony-forming 
units per milliliter (CFU/mL). PE surfaces (1 cm2) were placed 
in sterile tubes and covered with 2.0 mL of the respective bac-
terial suspension (105 CFU/mL). The samples were incubated 
at 37°C for 2 h in ambient air. After incubation, the solutions, 
along with three subsequent dilutions (100 μL of 105, 104, 103, 
and 102 CFU/mL), were cultured on Columbia agar plates 
and incubated at 37°C for 17 h. Colony counts were then per-
formed to determine the number of colony-forming units per 
milliliter (CFU/mL), with values above 200 CFU considered 
“too numerous to count.” Each experiment was conducted in 
triplicate.

4.17   |   Agar Diffusion Plate Test DIN EN ISO 20645

The leaching of antibacterial components from PE-poly(VBNOx) 
was evaluated using the agar diffusion assay in accordance with 
DIN EN ISO 20645:2002-02. Briefly, a Columbia agar plate was 
inoculated with 200 μL of bacterial suspension containing S. 
aureus (ATCC29213) at a concentration of 1.5 × 108 CFU/mL. 
Test specimens (1 cm2) were placed with the modified surface 
onto the inoculated agar plate and incubated at 37°C for 20 h. 
After incubation, the plates were examined for the presence of 
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an inhibition zone surrounding the samples, indicating antibac-
terial activity.
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