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Fuel cells used for transport applications hold polymer membranes as a

key element. Their efficiency can be significantly increased if structured ion
channels are implemented at the molecular level into the proton-conducting
membrane. New functional molecules with selective affinity for ionomers are
needed to obtain such a membrane design. This study presents a method to
screen for selective peptide binders to perfluorinated sulfonic acid ionomers,
e.g., Nafion using ultra-high density peptide arrays with a spot size of up to
30 pum. First, the ionomer dispersion is incubated with the peptide chip con-
taining 56014 randomly chosen 6-mer peptides. Afterward, the peptide chip
is washed. The peptide WIWHCW with the helix structure is identified as a
selective binder to Nafion. The invariant amino acids responsible for binding
are also determined using a peptide chip approach. The specific binding
pocket of WIWHCW is formed by histidine and tryptophan. Its dissociation

constant to the ionomer is measured at =140 pM.

1. Introduction

Polymer electrolyte membrane fuel cells (PEM-FC) offer a
promising approach for a wide range of applications, including

long-distance and heavy-duty vehicle
propulsion and decentralized stationary
energy systems, to achieve ambitious
energy transition goals.! The heart of the
PEM-FC is the so-called catalyst-coated
membrane (CCM), in which energy-
converting reactions occur. The CCM
comprises a polymer membrane coated
with a catalyst layer on both sides. The
interface between the catalyst layer and
the membrane is particularly important
for the performance and durability of the
fuel cell® The perfluorinated sulfonic
acid polymer membrane Nafion (a trade-
mark polymer from DuPont) is the most
widely used membrane material in state-
of-the-art fuel cells.!

Various possibilities are being investi-
gated to improve the performance of the
fuel cell by modifying the membrane/
catalyst interface: composite membranes made by infiltrating
Nafion in polytetrafluoroethylene fibrous substrates,®l carbon
nanofibers as catalyst supports with subsequent optimiza-
tion of the ionomer content,™ special 3D shapes of catalysts
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mostly from platinum alloys to enable uniform distribution
of ionomers.®! Recently, new concepts have been proposed to
improve the mass transfer of the membrane electrode assembly
(MEA) by structuring ion channels at the molecular level.l®) In
particular, it has been shown that a membrane with proton-
transport channels oriented perpendicular to the membrane/
electrode surface enables efficient proton conduction even at
an extremely low relative humidity.”) However, to exploit the
great potential of such a structural approach, new functional
molecules are needed that selectively can bind to the Nafion
ionomer. Peptides could be promising templates for this task.
Bioconjugates are not new in the field of energy storage and
conversion materials. For instance, Ki Tae Nam et al. integrated
the binding peptide motif into the coat proteins of bacterio-
phages to assemble nanowires from metal oxides as negative
electrode materials for Li-ion batteries.[®) We propose a method
to screen for peptide binders to an ionomer according to the
lock-and-key principle.’! Such binding, well known for anti-
bodies, is accompanied by a stable ligand orientation to the
trapping molecule. This kind of binding is especially useful
because the ionomer does not need to be chemically modi-
fied. Peptides from amino acids with different functional side
groups can have many additional functionalities for developing
proton-transport-oriented membranes. Tailored peptides form
stable nanotubes!'” or nanospheres,'!l have chemical stability at
temperatures of >90 °C if embedded in polymers,'?l determine
the film pattern after solvent evaporation,¥ and join Nafion
with the gold electrode through the side group of lysine and a
cysteine residue.[

Previously, peptides up to 12 amino acids in length have
been reported to adhere to metal and metal oxide surfaces
selectively™ as well as semiconductors.'®! These peptides were
screened using combinatorial phage-display libraries to develop
novel heterojunctions for electronic devices and lithium-ion
batteries.[®l

However, the use of phage display,"”! as well as other recom-
binant display techniques such as ribosome display!®l or cDNA
display,"! makes it difficult to search for specific hydrophobic
binders. Sequences with hydrophobic amino acids possess
propagation disadvantages due to their stickiness to surfaces
and are not considered in the following panning rounds.?’!

Nafion is a copolymer consisting of a hydrophobic tetrafluor-
oethylene main chain and, in addition, perfluoroalkyl ether side
chains that end with a hydrophilic sulfonyl group.”!l Due to
this chemical structure, hydrophobic bonds play a significant
role in interacting with Nafion. A strong adhesion of Nafion on
hydrophobic surfaces was reported, in which the fluorocarbon
backbone was responsible for the strong binding, and the sul-
fonic acid groups of the ionomer were oriented outward.??! In
contrast to recombinant screening methods, ultra-high density
peptide arrays have been successfully used to screen for hydro-
phobic peptides as off-target specific binders to therapeutic
antibodies.?’]

In this work, we use ultra-high density peptide arrays to
screen for optimal selective peptide binders for an ionomer
dissolved in solution, perform a substitutional analysis of the
found sequences, evaluate their dissociation constants, and
study the deposition of the selected hydrophobic peptide on the
Nafion membrane.

(17]
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2. Results and Discussion
2.1. Peptide Library and Screening for Peptide Binders

A peptide library containing 56014 randomly selected 6-mer
peptides was used for the initial screening. Each peptide was
represented by a triplet. These initial and other substitution
peptide libraries (Figure 1) were synthesized on ultra-high den-
sity peptide microarrays (axxelera UG, Karlsruhe, Germany).
The entire initial library fits on a conventional microscope slide
75 mm x 25 mm. The spot size and the distance between the
spots were 30 um. The peptides were randomly distributed over
the spots to exclude the influence of local effects on the meas-
uring pixel interactions with ionomer dispersion. Nafion dis-
persion (B2020CS, Fuel Cell Store, Pinon Drive, TX, USA) with
ionomer concentration of 0,22 mmol Ml was diluted 1:10 in
ethanol and incubated with the peptide library at 140 rpm and
room temperature for 12 h. After incubation with the Nafion
dispersion, the peptide chip was scanned on a confocal fluores-
cent scanner Innoscan 1100 AL (Innopsys, Carbonne, France).
The ionomer molecules on peptide spots were detected via exci-
tation of Nafion autofluorescence at a wavelength of 532 nm.
The scans were performed with a resolution of 2 um. Photo-
metric parameters for each sequence on the peptide chip were
determined using Mapix software (Innopsys, Carbonne, France)
based on a fluorescence scan.

For further analysis, a single WIWHCW peptide was selected,
all three copies of which showed homogenous intensity and
appeared in the first 50 spots with the maximum fluorescence
intensity. Other peptide binder candidates did not exhibit such
performance. According to the protein database UniProt,?*
this peptide was previously identified in several lower animals,
particularly in the nematode Wuchereria bancrofti, as part of
the  phosphoglucomutase/phosphomannomutase  domain-
containing protein J9F1DO.

2.2. Substitution Peptide Library and Dilution Experiments

The substitution library included peptides representing sub-
stitutions for the sequence WIWHCW. Substitutions for
WIWHCW consisted of replacing each amino acid in the
sequence WIWHCW with other amino acids. Each peptide of
the new library was represented by six copies.

This substitutional library fits in one of the wells of the incu-
bation tray shown in Figure la. The same substitutional library
was synthesized in all eight wells within the area marked with
a red dotted line. The Nafion dispersion was stepwise diluted
in ethanol: 1:2, 1:4, 1.8, 1:16, 1:32, 1:64, 1:128, and 1:256. Each
diluted sample was incubated with the substitutional peptide
library at 140 rpm and room temperature for 12 h. As in the pre-
vious experiment, an Innoscan 1100 AL confocal fluorescence
scanner was used to identify the fluorescence signals from the
spots (Figure 1b,c).

Figure 1d shows profiles of the ionomer films on different
peptide spots measured with a vertical scanning interferometer
(Bruker, Karlsruhe, Germany). The thickness of Nafion film
on the spot does not exceed 2.0 nm. Previously, it was shown
that the thickness of ligands accumulated on peptide spots

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Alignment of the eight identical peptide libraries for substitution analysis and measurement of dissociation constants. a) Photo of a pep-
tide chip in the incubation tray. The eight wells in the middle (dashed red line) were used to incubate the Nafion ionomer at eight concentrations to
determine the dissociation constant. b and c) A fragment of fluorescence images of peptide libraries after incubation and its magnification. d) Profiles
of the ionomer film accumulated on six peptide spots with different affinity to Nafion measured with a vertical scanning interferometer (three of the
spots had no Nafion adhesion). The ionomer thickness on the peptide spot with the highest affinity (upper left corner) is <2 nm). The surface rough-

ness of the peptide chip is =1.5 nm.

measured with a vertical scanning interferometer corresponds
to the thickness obtained with an atomic force microscope.!?’!
The local inhomogeneity of the optical profiles within one spot
corresponded to the surface roughness of the polymer layer on
which the peptides were synthesized.

Figure 2 shows the substitution array for the WIWHCW pep-
tide. It demonstrates the significant role of histidine (H, His),
replacing that with other amino acids significantly reduced the
binding strength to the ionomer. Also, the replacement of tryp-
tophan (W, Trp) in the sequence next to histidine reduces the
strength of the fluorescent signal. At the same time, replacing
cysteine (C, Cys) and isoleucine (I, Ile) with other amino
acids does not significantly affect the interaction between the
ionomer and the peptide.

To more clearly represent this result, we used the 3D struc-
ture of WIWHCW (Figure 3). WIWHCW forms a helix, and
tryptophan residues in combination with histidine geometri-
cally form a binding pocket (AlphaFold identifier AF-J9F1DO-
F1, model confidence: very high (pLDDT >90)).12%1 Hence, the
importance of histidine is visible since, without it, the pocket
would remain open (Figure 3b). Replacing other amino acids
from WIWHCW with histidine, except for tryptophan at the
N-terminus, leads to an increase in the fluorescent signal, i.e.,
stronger binding between the ionomer and the peptide. In the
initial random library, histidine is present with a probability of
5/20 in a single sequence, i.e., in >13000 peptides. But it is pre-
cisely this combination with tryptophan that ensures stronger
binding of the ionomer.
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Figure 2. Substitutional analysis of the selective binder WIWHCW. Each pixel represents a peptide sequence where one of the amino acids from the
WIWHCW is substituted against the other 14 shown on the horizontal axis. Blue circles indicate the location of the initial WIWHCW on the chip. The
amino acid His is essential for selective binding. The intensity of the signal is given in arbitrary units.
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Figure 3. Structure of the selective binding pocket of WIWHCW. a) Helix
structure of the peptide WIWHCW. b) Schematic presentation of the
selective binding geometry as a gripping hand with Trp (W) and His (H)
side chains as fingers.

The helix structure of the peptide indicates the importance
of the geometric proximity of Trp and His for the selective
binding of the ionomer. The interaction of the amino acids Trp
and His (whose side chains are imidazole and indole, respec-
tively) performs several important biochemical functions. The
protonation of His37 and concomitant cation-7 interaction with
Trp4l is a key step in activating the M2 ion channel from the
influenza virus.””! The proton transfer was observed across the
NH—N hydrogen bond between the indole and imidazole side

The electrical properties of the peptide as a template do not play
an important role. However, the potential proton conductivity
of WIWHCW could be related to specific binding mechanisms
between the peptide and Nafion.

We plotted the intensity of the fluorescent signal for ten sub-
stitutional peptide variants of WIWHCW with the highest fluo-
rescence intensities (black dots with error bars, see Figure 4).
To estimate the equilibrium dissociation constant Kp, these sig-
nals were approximated by saturation curves (red solid curves)
according to the formula:1?’)

N

Kp+N @

Iobs = Isat

where I, is the maximum fluorescent signal at saturation, and
N is the concentration of the analyte (ionomer in our case) in
the solution. The corresponding values of the dissociation con-
stants are presented in the inlets of Figure 4. The dissociation
constants of the strongest peptide binders are of the same order
of magnitude and are in the range of hundred micromolar
(Kp = 140 pM, SR = 0.37 for WIWHCW). Thus, the selective
binding of the peptide binders to Nafion is significantly weaker
than the average affinity of antibodies to antigens (=10 nM)
but is in the range of most protein-protein interactions in the

chains of Trp and His dimers embedded in helium droplets.?8l  cell.3
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Figure 4. Fluorescence intensity (Int.) of the peptide spots for ten different peptides versus the different Nafion ionomer concentrations in ethanol. The
signals (black dots with standard deviations) were fitted with the saturation curve (red line) according to the formula (1). An equilibrium dissociation

constant KD of 140 uM (SR = 0.37) was obtained for the peptide WIWHCW.
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Fitting saturation curves for fluorescent signals was not
very effective, given that values of the approximation para-
meter SR varied from 0.26 to 0.76 (inlet in Figure 4). This
indicates that there were additional effects in the saturation
region that statistical error cannot explain. Studies of antibody
aggregation on peptide spots have already reported variations
in fluorescent signals on saturation curves.?”l The variations
of the saturated signals were associated with a mutual interac-
tion of the dye molecules with an increase in their concentra-
tion on the spots.

Nafion has a fluorescence spectrum depending on the sol-
vent.?!l However, the mechanisms of such autofluorescence
are complex and not fully elucidated. From the point of view
of improving detection, other label-free methods are also pos-
sible, for example, the more time-consuming but more reli-
able Time-of-Flight Secondary Ion Mass Spectrometry SIMS
(ToF SIMS imaging) that is very sensitive to the organic mole-
cule fragments with fluorine or sulfur®? (both present in
Nafion). The profiles of the ionomer films accumulated on the
peptide spots were measured using label-free vertical scan-
ning interferometry (Figure 1d). The significant variation in
the Nafion profile within the peptide spots could be related to
the variation in the polymer layer on which the peptides were
synthesized.

2.3. NMR Validation of Nafion-Peptide Binding

The binding of Cy5-WIWHCW to Nafion creates a bound com-
plex with a longer correlation time than the unbound peptide—
leading to faster relaxation and line broadening in nuclear
magnetic resonance.®® This effect is shown in Figure 5, where
we have titrated a peptide solution with a 1/4 vol/vol solution
of Nafion PFSA D2020CS/methanol-d4. Upon the addition of
Nafion, substantial line broadening is visible in the aromatic

(a) (b) (c)

\__.._ 15 uL

—— 10 uL

A TS — T

R — 5.0uL

— 245 UL

—da, A T —— 0.0uL
—maAila_ __JM —h M
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7:5 710 3.232 3.I34 3.'36 0t6 014

Chemical Shift (ppm)

Figure 5. Titration of Cy5-WIWHCW with a 1/4 vol/vol Nafion/Methanol-
d4 solution. Panels (a), (b), and (c) show the aromatic region of the 1H
spectrum near 7 ppm, the residual solvent signal at 3.34 ppm, and methyl
signals of isoleucine near 0.5 ppm, respectively. Adding the 1/4 vol/vol
Nafion/Methanol-d4 solution leads to significant broadening in the aro-
matic and methyl regions of the peptide spectrum. The broadening of
the solvent signal in panel (b) is insignificant by comparison. Note that
panels (a) and (c) span a chemical shift range of the order of 0.4 ppm,
whereas panel (b) spans a ten times smaller range. Spectra are offset
vertically for clarity.
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region (panel a) and the methyl region (panel c). The two dou-
blets near 0.5 ppm are attributed to the methyl groups of Ile,
although isoleucine is not an invariant amino acid in selective
binding to the ionomer (Figure 2). One indeed expects all pep-
tide signals to broaden due to the overall change of the peptide’s
correlation time upon binding to Nafion. The downfield dou-
blet (indicated with an asterisk) shows stronger line-broadening
than the upfield one, which we attribute to the different rota-
tional correlation times of the two methyl groups.

Note that paramagnetic impurities may also cause line-
broadening. However, the residual solvent signal of mono-
protonated methyl groups in CD30OD, shown in Figure 5b)
shows only very weak broadening (note the different chemical
shift ranges of panels a) and ¢) on the one hand, and b) on the
other). Paramagnetic impurities are also unlikely to cause dif-
ferential line broadening as we observe here.

It is possible to observe the complex formation using
F NMR. However, the F signals of Nafion are very broad due
to the size dispersion of the Nafion polymer and the substantial
chemical shift anisotropy of °F.134

2.4. Peptide Interactions with Nafion Membrane

Nafion N212 membrane (Fuel Cell Store, Pinon Drive, TX,
USA) was placed on a glass microscope slide and fixed in the
incubation tray shown in Figure 1a instead of the peptide chip.
This enabled the incubation of different peptides in tray wells
and the comparison of their adhesion on the film surface. The
adhesion of AWIWHCW peptide and HA epitope AYPYDVPDY
(PSL GmbH, Heidelberg, Germany) was studied. HA epitope
was used as a control peptide since no ionomer adhesion was
observed in Nafion dispersion experiments. Fluorescent dye
Cy5 was attached to the peptides through the N-terminal of the
amino acid alanine (A) to characterize peptide adhesion opti-
cally. Both peptides were dissolved with a 12,5 ug mL™! concen-
tration in a 50:50 methanol-water solution and incubated in tray
wells. We limited the incubation time to 15 min since a long
time leads to significant swelling of the Nafion film. After incu-
bation, the solutions with peptides were washed off with dis-
tilled water. The intensities of the fluorescent signals I, of the
adherent peptides normalized to the autofluorescence intensity
I; of the Nafion membrane are shown in Figure 6. Even with a
limited incubation time, at which saturation was not reached,
a difference in fluorescent intensity was observed between the
selective binder and the control peptide. An I,/I; ratio greater
than one for the control peptide could be caused by weak
adhesion of the fluorescent dye Cy5 to the Nafion membrane.
Thus, a significant contribution of the dye to the binding of the
WIWHCW peptide to the membrane can be excluded.

The availability of functional groups on the surface of the
Nafion membrane is determined by its morphology, which is
still a matter of study.®> In the case of adhesion of a selective
peptide from a solution (50:50 methanol-water solution in our
case, Figure 6), which activates the mechanisms of membrane
swelling, the availability of all functional groups of the ionomer
on the surface should have increased.

While screening for selective binders was performed with
covalently bound peptides in the presence of the ionomer
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Figure 6. Normalized fluorescence intensity of Nafion membrane after
incubating with Cy5-labeled peptides: control HA epitope YPYDVPDY and
the selective peptide binder WIWHCW. The intensity was normalized for
the autofluorescence of the Nafion membrane.

solution, in this case, on the contrary, selective binding was
observed between the Nafion membrane and the peptide solu-
tion. This result indicates that the template with immobilized
peptides can also selectively bind to the Nafion membrane.

3. Conclusion

We have demonstrated a novel use case for the ultra-high den-
sity peptide array: The screening for selective peptide binders
to technical polymers using Nafion as an example. A family of
selective binders with dissociation constants in the range from
100 to 200 uM was found.

Although we were able to find a selective binder and
its variations, the screening was carried out with a rela-
tively small peptide library (56014 different 6-mer peptides,
<0.09%) compared to the full combinatorics of 20 canon-
ical amino acids for a sequence with six residues (64 mil-
lion peptides). To search for potentially stronger binders, it
is possible to significantly expand the peptide library if the
screening is carried out with a dozen similar peptide arrays
(each peptide chip has the format of a standard microscope
slide) and their full capacity of a maximum of 200000 spots
per peptide array is used. Alternatively, selective affinity
can be increased by limiting the entropy of the peptide, for
example, by its cyclizing via two cysteine thiol groups and
diverse clips.’® Permutation analysis showed that the Ile
position was irrelevant for the specific binding of WIWHCW
to Nafion and could be replaced by a second Cys to provide
an additional disulfide bridge.
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The proposed method allows high-speed screening for selec-
tive binders to technical polymers and high-speed validation of
screening results. So, for example, in one well of the 16-well
tray, up to 6000 spots can be synthesized, i.e., carrying out Kp
measurements in parallel for 6000 potential binders, which sig-
nificantly overperforms all known state-of-the-art techniques
for measuring equilibrium binding kinetics on the surface.

Substitution analysis demonstrated a significant role of His
in the binding of the ionomer. Adding additional histidine in
sequence in the presence of three or two tryptophans increases
the binding strength between the peptide and the ionomer.

NMR measurements confirmed the ionomer binding
through significant broadening in the aromatic and methyl
regions of the peptide spectrum.

A short stable helix can be used to design the ionomer nano-
structures via virus-templated synthesis at the peptide level
mentioned in the introduction. Given the variety of viral struc-
tures with alpha helices on the surface, selective peptide binders
to technical polymers may have great potential for designing
novel virus-templated materials from the given polymers.

4. Experimental Section

Nafion PFSA Polymer Dispersion: (D2020CS, DuPont Fuel Cells,
Wilmington, DE) Components, wt.%: perfluorosulfonic acid/TFE
copolymer 20-22, 1-propanol 42-50, water 30-38, ethanol <5, mixed
ethers, and other VOCs <2. Total Acid Capacity, H+ polymer basis was
1.03-1.12 meq g™

Incubation of Peptide Chips with Nafion Dispersion and Anti-HA-
Antibodies: First, the peptide chip (stored at argon) was incubated with
PBS-T (PBS containing 0.05% Tween 20 (Sigma Aldrich, St. LouisCity,
USA)) for 10 min to regenerate peptide spots. Then, in the case of Nafion
dispersion, the peptide chip was incubated with Nafion dispersion
diluted as indicated in the results section for 12 h in the dark at room
temperature. After that, unbound ionomer molecules were removed by
washing the peptide chip with ethanol 3 times for 1 min.

In the case of incubation with anti-HA antibodies (Creative-
Diagnostics, NY, USA), the chip was first blocked by Rockland buffer
(MB-070, Rockland Immunochemicals, USA) for 10 min. and then
washed with PBS-T 3 times for 1 min. The antibodies were incubated in
a PBS-T solution at 1 ug mL™ concentration for 1 h in the dark at room
temperature. Unbound antibodies were removed by washing the peptide
chip with PBS-T 3 times for 1 min.

All incubations were conducted under agitation using an orbital
shaker with a rotation speed of 140 rpm. The peptide chips were dried
using a compressed air gun.

Image Acquisition: Fluorescence scans of peptide chips were
performed with Innoscan 1100 AL (Innopsys, Carbonne, France) with
an excitation wavelength of 532 nm (filter set 582 nm/75 nm) with a
resolution of 2 um, speed of 35 um s7', and a PMT gain of ten.

Spot topology in Figure 1d,e was imaged by the Contour GT-K by
Bruker using Vertical Scanning Interferometry in VXI mode for higher
z-resolution at ambient conditions.

Photometric measurements in Figure 6 were performed with Nikon
Eclipse Ti-E Inverted Optical Microscope and NIS Elements AR 5.30.04
analysis program (Nikon Plan Fluor 10x/0.75 Ph2 DLL objective, gain:
47,1, exposure time 100 ms). The fluorescence intensity was compared
with the free software Image), which allowed for the calculation of
mean grey values and their standard deviations over the selected area.
The standard deviations in Figure 6 resulted as the sum of standard
deviations of corresponding values for fluorescence intensities
measured. The standard deviation for the control Ip/If ratio was 0.059,
and, for the selective peptide, 0.065, respectively. In Figure 6, they are
rounded up to 0.06.
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NMR Measurements: '"H NMR spectra were recorded with a 400 MHz
spectrometer (Bruker, Karlsruhe, Germany). A 600 micromolar solution
of the peptide in methanol-d4 was filled into a 5 mm NMR tube, and
the first spectrum was recorded. Then, to ensure thorough mixing, the
solution was removed from the NMR tube, mixed with 2.5 uL of the
Nafion/Methanol-d4 solution, and filled back into the NMR tube, and the
second spectrum was recorded. This procedure was repeated four times.
For the fifth addition, the Nafion/methanol-d* solution volume was
increased to 5 uL. Each spectrum is an average of 32 scans. All spectra
were referenced to the residual methanol CHD, signal at 3.34 ppm. The
data were processed with the home-written package.

Statistical Analysis of Signals from the Dilution Experiment: Each well
of the incubation tray contained the same library. Eight wells were used,
which were incubated with different polymer concentrations. Each
peptide in a separate well was represented by six copies. In Figure 2,
the values were taken from a well with a polymer concentration of
0.11 mmol mL™. The values on the graph resulted from a median for six
copies normalized to the background.

Figure 3 contains ten graphs. Each graph consists of eight points
with a corresponding standard deviation. The eight points and the
corresponding standard deviation were derived from six copies of the
corresponding incubation well. The curve fitting was done using the
curve_fit function from the scipy Python library.
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