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Tuning of Surface Charge of Functionalized
Poly(Carboxybetaine) Brushes Can Significantly Improve
Label-Free Biosensing in Complex Media
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Katefina Mezuldnikovd, Markéta Tomandlovd, Katefina Mrkvovd, Markéta Vrabcovd,
Alexandr Dejneka, Jakub Dostdlek, and Hana Vaisocherovd-Lisalovd™

Poly(carboxybetaine) brushes are excellent antifouling platforms allowing facile
functionalization with biorecognition elements via carbodiimide/N-hydroxysuccin-
imide (EDC/NHS) chemistry. However, residual active NHS esters and the loss of
zwitterionic balance after the conjugation may impair initially excellent antifouling
properties. This problem has so far been addressed either by using spontaneous
hydrolysis or deactivation of residual NHS esters by the reaction with a small
amino compound bearing hydroxyl or carboxyl groups. In contrast to this approach,
and instead of using a single deactivator, here the use of tailored mixtures of deacti-
vating agents containing carboxyl groups and sulfo or sulfate groups with perma-
nent negative charge that allow to tune surface charge balance is investigated. The
approach is applied to poly(carboxybetaine acrylamide) (pCBAA) and copolymer

of carboxybetaine methacrylamide with N-(2-hydroxypropyl) methacrylamide
[P(CBMAA-co-HPMAA)]. The fouling from undiluted blood plasma or crude minced

resistant to nonspecific adsorption (fouling)
from complex real-world media.l"®
Besides the resistance to fouling, the plat-
form should be easily functionalized, i.e.,
conjugated with molecules having specific
biological activity, usually a high affinity
for specific targets.>'%l Applications that
require such functionalized antifouling
platforms span from rapid detection of
chemical and biological species, coatings of
nanoparticles used in drug delivery, mem-
branes for separation and cleaning technol-
ogies, to scaffolds for tissue engineering.
Poly(carboxybetaine) (pCB) brushes are
outstanding antifouling platforms allowing
facile functionalization with biorecog-

meat is suppressed by one order of magnitude compared to commonly used
deactivation protocols, while the label-free surface plasmon resonance detection of
E.coli O157:H7 in crude minced meat shows the limit of detection improved by two
orders of magnitude (3.2 x 10* CFU mL™" in a direct detection assay format). The
reported approach may be applied to other zwitterionic platforms which suffer from

impaired antifouling properties after the platform modifications.

1. Introduction

Advances in the fields of bioanalysis, biomedicine or food
safety call for efficient functional biointerface platforms that are
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nition elements (BREs) via EDC/NHS
(carbodiimide/N-hydroxysuccinimide)
chemistry.%l Their extraordinary prop-
erties stem from their high hydrophilicity
and overall electroneutrality, which makes
them resistant to hydrophobic as well as
electrostatic adsorption from contacted
media. However, their net electric charge
is pH dependent. The positive charge of
quaternary ammonium group is permanent but pKa of pCB car-
boxyl group is somewhere between 2 and 4.172021 The measure-
ments of zeta potential of the surface bound poly(carboxybetaine
methacrylamide) (pCBMAA),?2 indicated that its isoelectric
point (pI) is around 8.5 and thus it is positively charged at
lower pH values. The net positive charge of functionalized pCB
brushes is further enhanced due to the consumption of betaine
carboxyl groups following BRE conjugation reaction (Figure 1).
It should be taken into consideration that conjugated BRE may
also induce charge shifts and thus an effective optimization of
the platform surface charge balance is of importance.l'®l

The overall reaction scheme for the BRE conjugation via
EDC/NHS is shown in Figure 1. The carboxyl group of pCB is
converted to active NHS ester which readily reacts with amino
group of BRE to create stable amide bond. However, not all
NHS esters buried inside pCB brushes are able to react with
bulky BREs that cannot penetrate below the surface, but can
react nonspecifically with other smaller amino compounds pre-
sent in complex biological media. Therefore, all residual NHS
esters must be eliminated (deactivated) as otherwise they could
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Figure 1. The general course of BRE conjugation to carboxy-functional platform via EDC/NHS coupling.

significantly impair initially excellent antifouling properties of
pCBs and lead to false results if the platform is used for ana-
lytical purposes.!®!

It has been supposed that unreacted NHS esters (and
O-acylisourea) rapidly hydrolyze in slightly alkaline solutions
and all carboxyl groups can be fully recovered.’>?4 This was
evidenced even if NHS esters were confined on top of a planar
platform such as carboxyl terminated oligo(ethylene glycol) self-
assembled monolayers.'”) However, a significant decrease in
the rate of active ester hydrolysis at surfaces caused by in-plane
confinement effects was reported.?’!

This problem has so far been addressed by deactivating
residual NHS esters by reaction with a small amino compound
(deactivator) bearing carboxyl group. (In this paper the terms
“deactivation” and “deactivator” are further used to denote
the elimination of active NHS esters and not the deactivation
of BRE.) In our previous paper,'! we discussed the effect of
deactivation of NHS esters in various pCB platforms with gly-
cine and 2-(2-aminoethoxy)acetic acid (AEAA). However, such
approach does not fully compensate for the loss of negative
charge resulting from the consumption of betaine carboxyl
groups by the conjugation reaction. We demonstrated the
residual net positive charge persisting deactivation with these
agents by monitoring the interaction with polyanion dextran
sulfate.

In contrast to previous approaches using a single deacti-
vator with carboxyl group, in the present paper we investigated
the use of tailored mixtures combining multiple deactiva-
tors bearing carboxyl groups and deactivators carrying sulfate
or sulfo groups. While the ionization of carboxyl groups, and
so the charge, is dependent on the pH of microenvironment,
sulfate and sulfo groups are almost completely ionized over
a wide pH range. It is supposed that the addition of a small
amount of deactivator with permanent negative charge can help
to better tune and optimize the surface charge balance.
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The reported deactivation approach was applied to
poly(carboxybetaine acrylamide) (pCBAA), and random
copolymer  of  carboxybetaine  methacrylamide  with
N-(2-hydroxypropyl) methacrylamide [p(CBMAA-co-HPMAA)]
that have been shown previously to provide a great combination
of antifouling and functionalizable capabilities.>2¢l The tested
deactivators included AEAA and glycine as reference,®?) and
the mixtures containing 2-aminoethyl hydrogen sulfate (D1) or
aminomethanesulfonic acid (D2) with glycine. The ratios of gly-
cine and D1 or D2 were varied to determine the optimal compo-
sition for a given application.

The surface plasmon resonance (SPR) was employed to
assess the impact of the deactivation procedures on the resist-
ance to fouling from undiluted human blood plasma, com-
monly accepted as a standard for resistance comparisons,!l and
from crude minced meat that is relevant for the detection of
pathogens in food.[?®! The optimized deactivation procedures of
PCBAA functionalized with antibody were utilized in the label-
free SPR detection of Escherichia coli O157:H7 (E.coli) in the
crude minced meat samples.

2. Results and Discussion

The influence of investigated deactivation procedures on
fouling is demonstrated on two pCB brushes: pCBAA and
P(CBMAA-co-HPMAA). The choice of the two polymers is based
on previous investigations which have shown that while pCBAA
is slightly better resistant to fouling than pCBMAA, it cannot be
randomly copolymerized with HPMAA by surface-initiated atom
transfer radical polymerization (SI-ATRP).1%2¢l We have sug-
gested and demonstrated that p(CBMAA-co-HPMAA) exhibits an
excellent resistance to fouling which is due to the combination
of the two resistant monomer units of which only one under-
goes functionalization reaction. Changing the ratio of the two
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Table 1. The abbreviations used for the components of deactivation
agents and their mixtures.

Deactivation solution Abbreviation

1M 2-(2-aminoethoxy)acetic acid AEAA; A
1M glycine G

0.8 M 2-aminoethyl hydrogen sulfate D1

0.8 M aminomethanesulfonic acid D2

960 mM G + 32 mM D1 96G:4D1
900 MM G + 80 mM D1 90G:10D1
500 mM G + 400 mM D1 50G:50D1
960 mM G + 32 mM D2 96G:4D2
900 MM G + 80 mM D2 90G:10D2
500 mM G + 400 mM D2 50G:50D2

units makes it possible to control the number of functionalizable
groups in the polymer brush and thus to optimize the extent of
chemical modification to a minimum level indispensable for
binding a required amount of BRE. The ratio of CBMMA to
HPMAA 15/85 mol% was found to be advantageous for certain
biosensing applications because of the optimum balance of the
fouling resistance and functionalization capacity.*2¢!

In SPR experiments, the pCB-brushes were functionalized
with anti-E.coli O157:H7 antibody. Its surface mass density on
the pCBAA brush (350 £ 50 ng cm™2) was higher than on the
pP(CBMAA-co-HPMAA) copolymer brush (81 £ 35 ng cm™)
due to the higher amount of carboxyl groups available for the
immobilization on the pCBAA brush.

After the anti-E.coli antibody immobilization, the brushes
were incubated with deactivation solutions of glycine, or AEAA,
or mixtures of glycine with D1 or D2. To find an optimum com-
position, we tested various mixtures overviewed in Table 1. The
reaction scheme is illustrated in Figure 2.

2.1. Fourier Transform Infrared Reflection-Absorption
Spectroscopy (FT-IRRAS) Spectra

Basic features of FT-IRRAS spectra of pCB brushes have already
been discussed in our previous paper!” and therefore herein
we focused mainly on new aspects. The spectra are presented
in Supporting Information.

Carboxybetaine
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The spectra of pCBAA, pCBMAA and p(CBMAA-co-
HPMAA) show a weak but discernible absorption band at about
1730 cm™ indicating the presence of some protonated carboxyl
groups (Figure S2, Supporting Information) This is likely due
to charge interactions between the chains of closely packed
brushes, so that some carboxyl groups may not find a quater-
nary ammonium counterpart and remain in a protonated form.
In our experience, this may vary depending on polymeriza-
tion conditions. The band does not disappear after re-swelling
during repeated hydration and drying, which suggests that the
arrangement of pCB chains in the brush has been fixed during
polymerization and the subsequent drying/hydration does not
lead to significant rearrangement (spectra not shown). The
EDC/NHS activation, i.e., the consumption of carboxyl groups,
is most notably reflected in the decrease in intensity of the
bands of ionized carboxyl groups at 1608 cm™ and 1366 cm™.
The kinetics of activation assessed from the decrease of inten-
sity of the band 1608 cm™ is illustrated for pCBAA in Figure 3.
For example, it indicates that under the given conditions =27%
of pCBAA carboxyl groups should be activated after 30 min. The
dependence for pPCBMAA is nearly the same. However, in our
experience the course of activation may greatly depend on the
thickness of pCB brush and the quality of EDC and NHS used.
It is to be noted that it is desirable to achieve only such degree
of activation that is optimal for binding the required amount of
BRE and not the maximum activation because superfluous not
deactivated residual NHS esters could increase fouling.

The reactions of activated carboxybetaines with D1 and D2
can be well monitored thanks to the absorption bands of sulfate
groups at 1253 cm™, 1229 cm™ and 1010 cm™ and the bands of
sulfo groups at 1203 cm™ and 1028 cm™. The spectra of pCBAA
activated with EDC/NHS and deactivated by the reaction with
D1 or D2 are shown in Figures S3 and S4, Supporting Informa-
tion, respectively. A striking feature is the additional decrease
in the intensity of the ionized carboxyl groups (1608 cm™,
1366 cm™) suggesting that once D1 or D2 is attached, sulfate
or sulfo groups can displace certain fraction of betaine carboxyl
groups from their interaction with quaternary ammonium
cation. The same finding applies to pCBMAA and its copol-
ymer p(CBMAA-co-HPMAA) (spectra not shown).

In the spectra of pCBs brushes deactivated with glycine or
AEAA or with mixtures of glycine and D1 or D2 the attachment
of glycine or AEAA cannot be well monitored, because their
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Figure 2. The reaction scheme of pCB deactivation with glycine, AEAA, D1 and D2.

Adv. Mater. Interfaces 2022, 2201210

2201210 (3 of 7)

© 2022 Wiley-VCH GmbH

85UB01 T SUOLUIOD dA1IE1D) 9|qedljdde ayy Aq peusenob aJe ssoiLe VO '8sn Jo S9Nl Joj Akeid1TauIuQ AB]1/W UO (SUONIPUOD-PUe-SWIRIALI0D 3| 1M ATl 1joul jUo//:Sdny) SUONIPUOD pue swie | 8y} 88s *[zz0z/TT/LT] uo Ariqiiaulluo As|im ‘(-uleande) agnopesy Aq 0TZT02Z0Z IWPe/Z00T OT/I0p/uioo" A8 | im Alelqijeuluoy/:sdny Wwoj papeo|umod ‘0 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

®71 @ pCBAA

0] O PpCBMAA

o0

{
o] .
ST

- K

.

—Q—

Activation (%)

T T T T T T
0 50 100 150 200
Time (min)

Figure 3. The time dependence of the degree of pCBAA (circle) and
pCBMAA (cross) activation by EDC/NHS assessed from the decrease
in intensity of the band 1608 cm™. (The band intensity of unmodified
brushes was taken as the point of zero activation).

groups, i.e., carboxyl and amide groups, are already present
in large excess in the initial structure of pCBs. However, the
attachment of D1 or D2 was evidenced as described above.

2.2. Effect of Deactivation Agents on Fouling Resistance
of pCBAA and p(CBMAA-co-HPMAA) Brushes

The fouling from model complex samples of bodily fluids
(pooled undiluted human blood plasma) and food derived
matrices (minced meat sample) was evaluated from SPR sen-
sorgrams (Figure 4) as the difference between SPR signal base-
line before and after 10 min of the sample injection over the
chip surface. The contact time of 10 min was chosen as it is
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Figure 4. Typical SPR sensorgram of pCBAA functionalized with anti-E.
coli antibody, after deactivation (here with 96G:4D)1 and exposed to com-
plex sample (here undiluted blood plasma).
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within the range of commonly used values for fouling assess-
ment and comparison.

A summary of the fouling from blood plasma and
minced meat on pCBAA and from blood plasma on
P(CBMAA-co-HPMAA) is shown in Figure 5.

Both pCBs functionalized with anti-E.coli antibody were either
hydrolyzed in borate buffer (pH 8.0, 30 min) or reacted with one
of the agents marked on the x axis. Besides glycine and AEAA,
the mixtures with varying ratios of glycine to D1 or D2 were
tested. Figure 5 shows apparent trends of the fouling depend-
ence on the treatment: hydrolysis is the least effective and signifi-
cantly outperformed by individual glycine and AEAA. The using
of both mixtures of glycine with D1 or D2 further suppressed the
fouling more efficiently than the above treatments with distinc-
tive minima of the fouling at the low content of D1 (96G:4D1)
or D2 (90G:10D2) while higher contents of D1 or D2 resulted in
deterioration of antifouling properties again. This is clearly seen
in the upper part of Figure 5 showing the fouling on pCBAA.
The trends did not indicate a principal difference between D1
and D2 mixed agents. The fouling on p(CBMAA-co-HPMAA)
after hydrolysis and treatment with glycine and AEAA was sig-
nificantly lower than on pCBAA and thus the effect of the treat-
ment with the mixed agents was less distinctive. Such behavior
is due to the fact that the prevailing component HPMAA
(85 mol%) does not undergo EDC/NHS activation. The copolymer
contains much lower amount of carboxyl groups available for

I Undiluted plasma

60 |
pCBAA [ | Minced meat
50 |
i D1supplemented; D2 supplemented
mixtures mixtures

G 404
1S
o
(o)
£ 304
(o))
=
3 20
w
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o
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o : i
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Figure 5. SPR measurements of fouling from undiluted blood plasma
and minced meat on anti-E.coli antibody functionalized pCBAA and
from undiluted blood plasma on anti-E.coli antibody functionalized
p(CBMAA-co-HPMAA) deactivated by hydrolysis or using different deac-
tivation agents.
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functionalization than pCBAA (it binds 4.3 times less antibody)
and so an apparent deterioration/improvement of the fouling
due to the functionalization and the following treatment is less
apparent. Figure 5 further shows comparisons of the fouling
on pCBAA from blood plasma and the minced meat sample. It
documents differences between the two types of media with the
generally lower fouling from meat but the response to the post
functionalization treatment exhibits similar trend. The fouling
on pCBAA from blood plasma was suppressed from 29 ng cm™
for glycine to 3.8 ng cm™ for 96G:4D1 and the fouling from meat
was suppressed from 9.7 ng cm™ to 2.4 ng cm~2 for 90G:10D2.
These results confirm the effectivity of the application of deacti-
vating agents with added permanent negative charge.

It needs to be strongly emphasized that for the assessment
of fouling we have not used any additional washing step using
a higher ionic strength solution. Such procedure is commonly
used to release deposits kept by electrostatic interactions. How-
ever, this procedure, if used for biosensing applications, may
also release analytes and thus lead to false results. This must be
taken into account when assessing the fouling and comparing
our data with some data published elsewhere.

2.3. Enhancing Biorecognition Capability of Optimally
Deactivated pCBAA Brush

The potential of the selected deactivation protocols in affinity
biosensor applications was further investigated using the func-
tionalized and deactivated pCBAA brushes for the label-free
SPR detection of E.coli O157:H7 in minced meat samples (we
remind here that the term “deactivation” as used in this paper
refers solely to the converting of residual active NHS esters
and never to the deactivation of BRE.) This foodborne bacterial
pathogen and the medium were chosen as a model system due
to their importance for food safety applications and the chance
to compare the data with the results published earlier.?628 The
pCBAA brush was functionalized by covalent attachment of
anti-E.coli O157:H7 antibody with the surface mass density of
350 £ 50 ng cm™ and subsequently deactivated by one of the
three deactivation agents described above: 96G:4D1, 90G:10D2
and AEAA. The deactivation with glycine and by hydrolysis was
used as the reference to already published results and standard
procedures.[1%%7]

Figure 6 shows calibration curves for the label-free E.coli
detection using the above deactivation procedures. Table 2 sum-
marizes fouling from negative control (blank meat sample with
no added E.coli) and the limits of detection (LODs) determined
according to standard “30” approaches (see also Supporting
information).[2%:30]

Table 2 shows similar trends in LOD of the detection assay
and the fouling from the negative control. The LOD and fouling
from the negative control using glycine, 96G:4D1, or hydrolysis
deactivations were comparable, LOD = 10° CFU mL™ and the
fouling level 9-13 ng cm™2) (Table 2). The optimal deactivation
method (90G:10D2) improved LOD up to two orders of magni-
tude (LOD =10° CFU mL™) by reducing the fouling 5 to 6 times.
The detection assays differed only in the method of deactiva-
tion used, resulting in the different fouling resistance of the
detection platform.
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Figure 6. Calibration curves of the primary detection of E.coli O157:H7 in
minced meat using functionalized pCBAA brush deactivated by different
deactivation agents. Both axes are shown in logarithmic scale.

These results further highlight the impact of the procedures
used for deactivation of residual NHS esters in functionalized
pCB platforms. Even though the fouling from the complex sam-
ples was reasonably low for most of the deactivation methods
tested, further reduction in the fouling proved to be effective in
significantly improving LOD.

Typically, detectable concentrations and LODs for E.coli
0157:H7 detection achieved by label-free direct optical or non-
optical biosensors are in the order of 10> to 10° CFU mL™ in
buffer solutions.}3% As shown in Table 2, functionalized
PCBAA brush optimally deactivated achieves comparable LOD
values in a complex crude food sample, without any additional
sample preconditioning or extra after-detection washing steps,
in the reasonably short time (=20 min).

3. Conclusions

A novel efficient approach is reported for recovering antifouling
properties of zwitterionic pCB brushes after their functionali-
zation with biorecognition elements via EDC/NHS chemistry.
The deactivation of residual active esters by reaction with tai-
lored composition of mixed multiple agents bearing amino
groups with carboxyl and sulfate or sulfo groups carrying per-
manent negative charge makes it possible to tune the charge

Table 2. LODs for the label-free detection of E.coli O157:H7 in the
minced meat sample, estimated for different deactivation agents.

Deactivation  Fouling from negative control [ng cm™] LOD [CFU mL™]
Hydrolysis 13.4+1.9 3.7x10°
Glycine 10.8£2.5 3.7x10°
96G:4D1 9.0+26 3.4%10°
AEAA 48+28 2.9x10*
90G:10D2 24+0.9 3.2x10°
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layout of the resulting biointerface. This functionality is of
utmost importance for suppressing the fouling from complex
biological media and thus it significantly advances the perfor-
mance of label-free biosensing in such media.

4. Experimental Section

Reagents: All aqueous solutions were prepared using ultrapure
water (18.0 MQ cm, Milli-Q system, Merck). Stock chemicals for the
preparation of phosphate-buffered saline (PBS, 0.01 M phosphate,
0.138 M sodium chloride, 0.0027 M potassium chloride, pH 7.4 at
25 °C), borate buffer (10 mM sodium borate, pH 8.0 at 25 °C), glycine,
2-aminoethyl hydrogen sulfate, aminomethanesulfonic acid were
from Sigma-Aldrich, Czech Republic. 2-(2-aminoethoxy)acetic acid
(AEAA) was from VWR International, Czech Republic. Carboxybetaine
acrylamide, carboxybetaine methacrylamide, and N-(2-hydroxypropyl)
methacrylamide monomers were from Specific Polymers, France.
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (Me4Cyclam, 98%),
CuCl (299.995%), CuCl, (99.999%), methanol (299.9%) and ethanol
(99,9%) were from Sigma-Aldrich. Tetrahydrofuran (THF, >99.9%)
was from Penta, Czech Republic. N-hydroxysuccinimide (NHS) and
N-ethyl-N’-(3-diethylaminopropyl)carbodiimide = (EDC)  were from
AP Czech, Czech Republic. Anti-E.coli O157:H7 antibody (anti-E.coli)
and heat killed E.coli were from KPL Inc., USA. The procedure for the
preparation of the minced meat sample (pH 6.8) is described in the
Supporting Information. Human blood plasma (pooled, mixed gender,
pH 7.9) in sodium citrate was purchased from VWR International, Czech
Republic.

Preparation of Polymer Brushes on SPR Chips: pCBAA (wet
thicknesses 100 = 15 nm), pCBMAA (wet thicknesses 70 = 15 nm)
and p(CBMAA-co-HPMAA) (wet thicknesses 80 + 20 nm) polymer
brushes on SPR chips (BK7 glass coated with 5 nm titanium and
50 nm gold layers) were prepared by SI-ATRP according to the
procedure described elsewhere.l*)l The random copolymer p(CBMAA-
co-HPMAA) contained 15 mol% CBMAA and 85 mol% HPMAA.
The successful polymerization was checked by FT-IRRAS and
spectroscopic ellipsometry. A detailed procedure is described in
Supporting Information.

Characterisation of Polymer Brushes by Spectroscopic Ellipsometry: The
wet thickness of pCB brushes was characterised using spectroscopic
ellipsometry measurements in water environment. A spectroscopic
ellipsometer VASE, J.A.Woollam, Lincoln, USA was employed in the
spectral range of 3.4 — 1.5 eV with step of 0.008 eV and a 70° incidence
angle. Data were taken using a custom made cell!l and analyzed using
WVASE32 software. Single oscillator model (Lorentz oscillator) was
employed for data analysis.

Preparation of Deactivation Solutions: AEAA was dissolved in water
(1 M, pH set to 7), aliquoted, and stored at —20 °C till used. The
solution of glycine (1 M, pH set to 7) was prepared fresh every week
and stored at 6 °C till used. 2-aminoethyl hydrogen sulfate (D1) and
aminomethanesulfonic acid (D2) were dissolved in water (both 0.8 M,
pH set to 8,5) and stored at 6 °C till used. The following Table 1 shows
composition of the deactivation solutions and the abbreviations used for
their names.

Preparation of Minced Meat Sample: A beef hamburger-meat was
delivered by a local fast-food restaurant. A slice was homogenized with
water (1:9) for 2 min using a Masticator (IUL Instruments, BioTech,
Czech Republic) following a previously published procedure.?l The
homogenized sample was centrifuged for 2 min at 1200 rpm. The
supernatant above the sediment was collected and frozen until used.

Activation/Deactivation Procedure: The activation of pCBs with EDC/
NHS and deactivation of NHS esters with various deactivation agents
was performed in the same way as described in Surface plasmon
resonance measurements.

FT-IRRAS: FT-IRRAS spectra of pCB brushes on SPR chips were
measured using a Thermo Scientific Nicolet iS50 FTIR Spectrometer
equipped with a Thermo Scientific Smart SAGA Accessory. The spectra
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were collected with 200 scans at 4 cm™ resolution and 80° reflection
angle. The samples for the measurement of infrared spectra were
prepared in the same way as for SPR.

SPR Measurements: SPR experiments were performed using the
angular multiparametric SPR with a 4-channel microfluidic system
(BioNavis Ltd, Finland) and the LED source emitting at 670 nm. The
SPR sensor response change measured in angular units was converted
into the surface mass density using the relation of 0.001° corresponding
to 0.85 ng cm™2.

SPR experiments to investigate the fouling resistance of functionalized
pCB brushes i) and to establish biorecognition calibration curves ii)
were performed as follows: SPR chips were washed with ultrapure water,
dried with a stream of air, and mounted into the SPR system. After a
few minutes of washing the surface with water to establish a baseline in
the SPR response, the aqueous solution of 0.5 M EDC and 0.1 M NHS
was injected for 30 min (12 uL min™), followed by injections of water
for 2 min, 50 ug mL™" of anti-E.coli antibody in borate buffer (10 mM
borate buffer, pH 8.0, 15 uL min™) for 20 min, and water for 2 minutes
to reach baseline again. The residual NHS esters were deactivated by
reaction with deactivation solution flowed at a flow rate of 12 uL min™
over the surface for 30 min. Subsequently, ultrapure water (2 min,
30 uL min™") and PBS (pH 7.4, 10 min, 30 uL min~") were flowed over
the sensor surface to establish a baseline in the SPR signal. Deactivation
by hydrolysis was performed in the same way by contacting with borate
buffer (10 mM, pH 8) without any deactivator.

Then, in i) experiments, the undiluted human blood plasma (annealed
to 50 °C and cooled down to room temperature, pH 7.9) or the minced
meat sample (pH 6.9) were injected for 10 min (30 uL min™"). The
fouling was evaluated from the difference between the PBS baselines
established 10 min after the sample injection and before the sample
injection.

In ii), the minced meat sample was spiked with heat-killed E.coli
(10* =107 CFU mL™) and flowed over the functionalized and deactivated
surface (10 min, 30 uL min™"). The analyte signal was evaluated in the
same way as the fouling.

Statistical Analysis: The SPR data analysis was performed using
software OriginPro 2016. All the data presented in this study were
assessed as a mean * standard deviation of at least 3 independent
measurements (typically 5). The LOD values were determined according
to standard “30” approach, in which o is a standard deviation of the
negative control (complex sample with no analyte of interest) measured
on different chips. The data of the calibration curve were fitted by the
logistic fit.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

I.V. and M.H. contributed equally to this work. This work was
supported by Praemium Lumina quaeruntur of the Czech Academy
of Sciences (LQ100101902) and by the Czech Science Foundation
(contract # 21-19779S). The authors would like to thank Adéla Stopka
and Daniel Spacek for the help with the graphic design. In addition,
J.D. acknowledges support from the ESIF and MEYS (Project “FZU
researchers, technical and administrative staff mobility” — CZ.02.2.69/
0.0/ 0.0/18_053/0016627).

Conflict of Interest

The authors declare no conflict of interest.

© 2022 Wiley-VCH GmbH

85UB01 7 SUOWILIOD 3AIEaID 3|l |dde 3y} Ag peusenoh are Sepoiie YO ‘88N J0 S3IN 1o} Akeiq18U1IUO AB]IM UO (SUORIPUOD-PUE-SWBYLI0D™A8 | M Ale.q 1 BUIIUO//SANY) SUORIPUOD PUe SWis L 84} 88S *[2202/TT/LT] Uo Afiqi auljuo A8|IM ‘(‘ouleAnde ) aqnopesy Ad 0TZT0ZZ0Z IWPe/Z00T OT/I0p/W00 A8 | Aleiq 1 UIIUO//SdNY WO} papeo|umoq ‘0 ‘0SEL96TE



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords

antifouling  zwitterionic polymer brushes, biosensors, EDC/NHS
chemistry, N-hydroxysuccinimide (NHS) active ester deactivation,
poly(carboxybetaine) functionalization

Received: May 31, 2022
Revised: July 11, 2022
Published online:

[1] H. Vaisocherova, E. Brynda, |. Homola, Anal. Bioanal. Chem. 2015,
407, 3927.

[2] J. Liu, S. Qu, Z. Suo, W. Yang, Natl. Sci. Rev. 2020, 8, nwaa254.

[3] S. Srey, I. K. Jahid, S.-D. Ha, Food Control 2013, 31, 572.

[4] G. D. Bixler, B. Bhushan, Philos. Trans. R. Soc., A 2012, 370, 2381.

[5] P.-H. Lin, B.-R. Li, Analyst 2020, 145, 1110.

[6] C. Jiang, G. Wang, R. Hein, N. Liu, X. Luo, J. J. Davis, Chem. Rev.
2020, 1720, 3852.

[7] C. Blaszykowski, S. Sheikh, M. Thompson, Biomater. Sci. 2015, 3, 1335.

[8] N. Liu, N. Hui, J. ). Davis, X. Luo, ACS Sens. 2018, 3, 1210.

[9] F. Wang, H. Zhang, B. Yu, S. Wang, Y. Shen, H. Cong, Prog. Org.
Coat. 2020, 147, 105860.

[10] C. Zhao, L.-Y. Li, M.-M. Guo, ). Zheng, Chem. Pap. 2012, 66, 323.

[11] I. Visov4, B. Smolkovd, M. Uzhytchak, M. Vrabcovd, D. E. Chafai,
M. Houska, M. Pastucha, P. Sklddal, Z. Farka, A. Dejneka,
H. Vaisocherové-Lisalova, Biomolecules 2020, 10, 1146.

[12] S. Chen, Z. Cao, S. Jiang, Biomaterials 2009, 30, 5892.

[13] W. Nie, Q. Wang, L. Zou, Y. Zheng, X. Liu, X. Yang, K. Wang,
Anal. Chem. 2018, 90, 1258.

[14] M. Ratel, A. Provencher-Girard, S. S. Zhao, |. Breault-Turcot,
J. Labrecque-Carbonneau, M. Branca, |. N. Pelletier, A. R. Schmitzer,
J.-F. Masson, Anal. Chem. 2013, 85, 5770.

[15] L. Mj, S. Jiang, Angew. Chem., Int. Ed. 2014, 53, 1746.

[16] I. Visovd, M. Houska, H. Vaisocherova-Lisalovd, Analyst 2022, 147,
2597.

[17] J. B. Schlenoff, Langmuir 2014, 30, 9625.

[18] S. Jiang, Z. Cao, Adv. Mater. 2010, 22, 920.

[19] H. Lisalovd, E. Brynda, M. Houska, I. ViSovd, K. Mrkvovs,
X. C. Song, E. Gedeonovd, F. Surman, T. Riedel, O. Pop-Georgievski,
J. Homola, Anal. Chem. 2017, 89, 3524.

[20] V. A. lzumrudov, N. I. Domashenko, M. V. Zhiryakova,
O. V. Davydova, J. Phys. Chem. B 2005, 109, 17391.

Adv. Mater. Interfaces 2022, 2201210

2201210 (7 of 7)

INTERFACES

www.advmatinterfaces.de

[21] A. Laschewsky, Polymers 2014, 6, 1544.

[22] S. Abraham, A. So, L. D. Unsworth, Biomacromolecules 2011, 12,
3567.

[23] G. W. Cline, S. B. Hanna, J. Org. Chem. 1988, 53, 3583.

[24] C. Y. Lim, N. A. Owens, R. D. Wampler, Y. Ying, J. H. Granger,
M. D. Porter, M. Takahashi, K. Shimazu, Langmuir 2014, 30, 12868.

[25] H. Schénherr, C. Feng, A. Shovsky, Langmuir 2003, 19, 10843.

[26] H. Vaisocherové-Lisalova, F. Surman, I. Visov4, M. Vala, T. §pringer,
M. L. Ermini, H. Sipova, P. Sedivak, M. Houska, T. Riedel,
O. Pop-Georgievski, E. Brynda, J. Homola, Anal. Chem. 2016, 88, 10533.

[27] H. Lisalovd, E. Brynda, I. Visovd, M. Houska, F. Surman,
K. Mrkvovd, X. Chadtovd, |. Homola, W0O2017215683A1: Method of
preparation of a substrate containing carboxybetaine groups and
bound bioactive substances which is resistant against undesirable
deposition from biological media, 2017.

[28] J. Tuttle, T. Gomez, M. P. Doyle, J. G. Wells, T. Zhao, R. V. Tauxe,
P. M. Griffin, Epidemiol. Infect. 1999, 122, 185.

[29] J. Uhrovéik, Talanta 2014, 119, 178.

[30] M. Thompson, L. R. S. Ellison, R. Wood, Pure Appl. Chem. 2002, 74,
835.

[31] H. ). Shin, W. K. Lim, Prep. Biochem. Biotechnol. 2018, 48, 498.

[32] N. Tawil, E. Sacher, R. Mandeville, M. Meunier, Biosens. Bioelectron.
2012, 37, 24.

[33] F. C. Dudak, I. H. Boyaci, Biotechnol. J. 2009, 4, 1003.

[34] N. Elgiddawy, S. W. Ren, A. Yassar, A. Louis-Joseph,
H. Sauriat-Dorizon, W. M. A. El Rouby, A. O. El-Gendy, A. A. Farghali,
H. Korri-Youssoufi, ACS Appl. Mater. Interfaces 2020, 12, 39979.

[35] L. Lamanna, F. Rizzi, V. R. Bhethanabotla, M. De Vittorio, Biosens.
Bioelectron. 2020, 163, 10.

[36] Y. Y. Huang, Z. Y. Wu, G. Y. Zhao, W. C. Dou, J. Electron. Mater.
2019, 48, 7960.

[37] B.van Grinsven, K. Eersels, O. Akkermans, S. Ellermann, A. Kordek,
M. Peeters, O. Deschaume, C. Bartic, H. Dilién, E. Steen Redeker,
P. Wagner, T. J. Cleij, ACS Sens. 2016, 1, 1140.

[38] E. Steen Redeker, K. Eersels, O. Akkermans, |. Royakkers, S. Dyson,
K. Nurekeyeva, B. Ferrando, P. Cornelis, M. Peeters, P. Wagner,
H. Dilién, B. van Grinsven, T. ). Cleij, ACS Infect. Dis. 2017, 3, 388.

[39] A. D. Taylor, J. Ladd, Q. Yu, S. Chen, J. Homola, S. Jiang, Biosens.
Bioelectron. 2006, 22, 752.

[40] 1. Visovd, B. Smolkova, M. Uzhytchak, M. Vrabcovd, Y. Zhigunova,
M. Houska, F. Surman, A. de los Santos Pereira, O. Lunoy,
A. Dejneka, H. Vaisocherova-Lisalova, Macromol. Biosci. 2020, 20,
1900351.

[41] 1. ViSova, M. Vrabcovd, M. Forinovd, Y. Zhigunovd, V. Mironov,
M. Houska, E. Bittrich, K.-J. Eichhorn, H. Hashim, P. Schovének,
A. Dejneka, H. Vaisocherové-Lisalova, Langmuir 2020, 36, 8485.

[42] W. H. Andrews, C. R. Wilson, P. L. Poelma, A. Romero, R. A. Rude,
A. P. Duran, F. D. McClure, D. E. Gentile, Appl. Environ. Microbiol.
1978, 35, 89.

© 2022 Wiley-VCH GmbH

85UB01 7 SUOWILIOD 3AIEaID 3|l |dde 3y} Ag peusenoh are Sepoiie YO ‘88N J0 S3IN 1o} Akeiq18U1IUO AB]IM UO (SUORIPUOD-PUE-SWBYLI0D™A8 | M Ale.q 1 BUIIUO//SANY) SUORIPUOD PUe SWis L 84} 88S *[2202/TT/LT] Uo Afiqi auljuo A8|IM ‘(‘ouleAnde ) aqnopesy Ad 0TZT0ZZ0Z IWPe/Z00T OT/I0p/W00 A8 | Aleiq 1 UIIUO//SdNY WO} papeo|umoq ‘0 ‘0SEL96TE



