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Multivalent interactions play a leading role in biological processes such as the inhibition of inflammation or
virus internalization. The multivalent interactions show enhanced strength and better selectivity compared
to monovalent interactions, but they are much less understood due to their complexity. Here, we detect
molecular interactions in the range of a few piconewtons to several nanonewtons and correlate them with
the formation and subsequent breaking of one or several bonds and assign these bonds. This becomes
possible by performing atomic force microcopy (AFM)-based single molecule force spectroscopy of a multi-
functional polymer covalently attached to an AFM cantilever tip on a substrate bound polymer layer of the
multifunctional polymer. Varying the pH value and the crosslinking state of the polymer layer, we find that
bonds of intermediate strength (non-covalent), like coordination bonds, give the highest multivalent bond
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strength, even outperforming strong (covalent) bonds. At the same time, covalent bonds enhance the
polymer layer density, increasing in particular the number of non-covalent bonds. In summary, we can show
that the key for the design of stable and durable polymer coatings is to provide a variety of multivalent inter-
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Introduction

In nature, the concept of multivalency mediates strong
adhesion, in particular for interactions between receptors and
ligands, viruses and host cells, or between two cell surfaces.
Multivalent bonds are primarily found when a number of co-
valently linked ligands of certain or various types bind in par-
allel to an ensemble of acceptors. Due to their high force and
selectivity, multivalent bonds have significant advantages in
molecular recognition and adhesion. Multivalent bonds may
be of identical or different types and strength. However, char-
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actions and to keep the number of non-covalent interactions at a high level.

acterizing individual constituents of multivalent bonds is still
challenging because a wide range of forces and interaction
lengths are involved."

One important amino acid used in nature to form multi-
valent bonds is the catecholic 3,4-dihydroxy-L-phenylalanine
(DOPA). 1t is for example used by blue mussels, which can
bind in wet and salty conditions to inorganic as well as
organic surfaces.” Catechols can reversibly be oxidized to form
quinones, which is highly electrophilic and can irreversibly
crosslink with other catechol moieties.>* Crosslinking can
occur via Michael addition of the free amine with the quinone
group, via Schiff Base formation of the amine with the carbo-
nyl group of the quinone or via quinone-quinone coupling.>®
The oxidation of catechol to semi-quinone and finally to
quinone is a crucial step for crosslinking of adhesives based
on catechol rich compounds. This evidence can be used to syn-
thesize and tailor mussel-inspired and catechol-based poly-
mers with strong adhesion to surfaces in order to obtain uni-
versal/substrate-independent coatings with self-healing or anti-
fouling properties under mild conditions.”°

Here we used an amphiphilic, catechol-based and multi-
functional block copolymer Br/N;-PG-b/r-P(Cat-Ph-A) (Fig. 1a),
which has been used before to create well-defined polymer
monolayers.'>'? This multifunctional molecule comprises
sites for secondary modification and combines the concepts
known from blood protein adsorption with those known from

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Tools and experiments to quantify multivalent bond strength. (a) Scheme of a multivalent N3-PGy19-b-P(Cats-Phs-A;) molecule, showing a
polyglycol (PG) block and catechol (Cat), phenyl (Ph) and amine (A) groups. (b) Scheme of a PG;19-b-P(Cats-Phs-A;) molecular force sensor on non-
crosslinked (left) and crosslinked (right) N3-PGy10-b-P(Cats-Phs-A,) layers on TiO,. (c) Approach curves for a PGyyo-b-P(Cats-Phs-A;) molecular
force sensor on a N3-PGj19-b-P(Cats-Phs-A,) brush-like monolayer on TiO, in H,O revealing a breakthrough event in the range of 100 to 400 pN
(indicated by an arrow). (d) Characterization of the retract force-extension curves (offset by 2000 pN) on the N3-PGyio-b-P(Cats-Phs-A;) layer,
showing (from top to bottom) detachment events (marked by yellow arrows): concave stretch, convex stretch, double convex stretch, multiple
stretches, plateau of constant force and multiple plateaus of constant force. The adhesion peak (marked by green arrows) at the beginning of the
force-extension curves was not taken into account for evaluation, because it results from unspecific interaction of the whole AFM cantilever tip with

the underlying sample.

mussel adhesion. An azide terminal group allows to perform a
copper free type of the Huisgen reaction, which takes advan-
tage of strain-promoted alkyne azide cycloaddition (SPAAC)
using dibenzocyclooctine (DBCO) forming 1,2,3-triazoles.">™*°
These reaction products are non-toxic, i.e., biocompatible, as
well as efficient and practicable under mild conditions."”
Furthermore, the multifunctional molecule offers crosslinking
via Schiff base formation or Michael addition.

However, the molecular understanding of the interplay
between the different and multivalent types of interactions in
such a coating, making it so unique, is still lacking because of
the variety of different bonds. A better molecular understand-
ing is crucial for a rational design of future polymer coatings.

Single molecule force spectroscopy (SMFS) with an Atomic
Force Microscope (AFM) is a powerful method for studying the
interactions between single molecules and surfaces or
interfaces."*" The formation of isolated bonds like, e.g., S—
Au,”” Si-O** and Si-C>* has been studied in detail by SMFS.
Many experiments with a big diversity of catechol-based mole-
cules demonstrated the strength of catechols and quinones on
different substrates and in different pH and buffer conditions.
There, detachment forces varied between approx. 50 and 1000
pN.?>?*73% Additionally, SMFS on systems comprising multi-
valent interactions have been performed for different biologi-
cal systems, obtaining detachment forces of up to 1000

This journal is © The Royal Society of Chemistry 2022

pN.**"*> However, the individual contributions to the overall
force could not be resolved.

Here, we used covalent attachment of a N3-PG-b-P(Cat-Ph-A)
copolymer probe molecule to an AFM cantilever tip to study
the multivalent interactions on the molecular level by SMFS.
We used polymer layers consisting of the same N3-PG-b-P(Cat-
Ph-A) copolymer under different conditions and assign detach-
ment forces to specific types of interaction. This allowed us to
directly monitor the respective interactions, namely their multi-
valent bond strength and rupture force with piconewton resolu-
tion. Furthermore, we could show that the formation and
rupture of strong (covalent) bonds cannot outperform the pres-
ence of interactions of low and intermediate strength (non-
covalent). Altogether, this teaches us how to optimize the design
of future multifunctional coatings using different types of mole-
cular interactions and multivalency as a concept for creating
robust coatings for various applications, especially in the field
of chemistry, physics, material science and biomedicine.

Materials and methods
RCA cleaning

The glassware and tweezers were immersed in a RCA solution
(Radio Corporation of America) having a volume ratio of

Nanoscale, 2022, 14, 3768-3776 | 3769
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5:1:1 of H,O (Purelab Chorus 1, Elga LabWater, Celle,
Germany, 18.2 MQ cm), NH; solution (Roth, Karlsruhe,
Germany, 28.0-30.0%), H,O, (Sigma-Aldrich, St Louis, MO,
USA, >30%) at 70 °C for 40 min. Afterwards, they were rinsed
three times with H,O, dried and stored at 120 °C.

Substrates

Ti-wafers, named TiO, in the following, were prepared by
using 3 inches N/Phosphor doped Si wafers with a thickness of
380 um, a 100 orientation and a resistance of 7.5 Q cm (4P219/
90, Silchem, Germany). A 50 nm thick Ti-layer was applied by a
sputter process using a high-vacuum coater (Leica EM ACE600,
Leica Microsystems GmbH, Wetzlar, Germany). The thickness
was controlled during the sputter process (current 100 mA, Ar
pressure 0.01 mbar, working distance 50 mm, tilt angle 20°) by
a quartz crystal thickness measurement.

Polymer

N3-PGj19-b-P(Cats-Phs-A,) with a molecular weight of 12 kDa is
an amphiphilic block copolymer used in this work (Fig. 1a).
The polyglycol (PG) acts as a hydrophilic domain. Poly (allyl
glycidyl ether) is functionalized by amine groups (A, 2 units),
catechol groups (Cat, 5 units) and phenyl groups (Ph, 5 units).
An azide group serves as a functional site for secondary modi-
fication. The contour length (43 nm) of the polymer was calcu-
lated by multiplying the number of polyethylene glycol (PEG)
and PG groups N by the length [ of one PEG or PG-repeat unit
(0.356 nm).**** Together with the triethoxysilane-PEG-DBCO
(silane-PEG-DBCO, NANOCS, Boston, MA, USA) linker having a
length of about 41 nm, the final PG,;,-b-P(Cats-Phs-A,) mole-
cular force sensor used in the SMFS experiments has a total
contour length of about 84 nm.

Substrate and polymer layer preparation

The TiO,-wafers were cleaned ultrasonically for 5 min first
with H,O followed by MeOH. Afterwards, the TiO,-wafers were
cleaned with an oxygen plasma (15% power, 0.1 mbar, 20 min,
Diener Electronics, Germany). To prepare polymer layers, the
cleaned slides were incubated for 2 h in a solution of N3-PGy4,-
b-P(Cats-Phs-A,) (1 mg mL™") in a pH 6 3-(N-morpholino)pro-
panesulfonic acid (MOPS, 0.1 M, Applichem GmbH,
Darmstadt, Germany) buffer at 22 °C.'* The pH was adjusted
by using a pH meter (LLG pH meter 7, Meckenheim, Germany)
and solutions of NaOH (1.0 M) for the pH 8.6 buffer and HCI
(1.0 M) for the pH 6.0 buffer. Afterwards, the slides were
rinsed with H,0O, followed by MeOH and finally dried by a N,
stream. To induce the crosslinking reaction, the slides were
stored for 1 h in a solution of K,S,0g (10 mg mL™") in pH 8.6
MOPS (0.1 M) buffer at 22 °C."" After that, the slides were
rinsed with H,O, followed by MeOH and finally dried by a N,
stream. For control experiments with SiO,, SiO,-wafers were
cleaned in ethanol for 5 min at 22 °C using a sonicator
(Elmasonic S15, Elma, Singen, Germany).
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AFM cantilever tip functionalization

The following processes have been optimized to ensure a
proper passivation of the cantilever tip surface with 5 kDa
silane-PEG and the attachment of PGy,,-b-P(Cats-Phs-A;) to
finally obtain detachment events in the SMFS experiment.

PG;4o-b-P(Cats-Ph;-A,) molecular force sensor

For functionalization of cantilever tips with N;-PG,,-b-P(Cat;-
Ph;s-A,) which is schemed in Fig. S1,} Si3N, MLCT-BIO-DC can-
tilevers (Bruker AFM probes, Camarillo, CA, USA) were used.
First, the cantilevers were activated with oxygen plasma
(Diener Electronics, Germany) to gain hydroxyl groups on the
surface of the cantilever tips. The MLCT-BIO-DC probes were
treated for 2 min with 40% power at a pressure of 0.1 mbar. As
a next step, a 5 kDa silane-PEG-DBCO (NANOCS, Boston, MA,
USA) linker was bound to the cantilever tip. Due to the sensi-
tivity of DBCO towards light, the following steps were per-
formed in the dark. The cantilevers were incubated in a solu-
tion of silane-PEG-DBCO (PEG-DBCO) in toluene (1.25 mg
mL~', 2 h) at 22 °C. Then, the PEGylated cantilevers were
rinsed in toluene, EtOH, H,0 and were finally incubated in a
solution of N3-PG1-b-P(Cats-Phs-A,) in a 1:1 solution of PBS
buffer (Dulbecco’s Phosphate Buffered Saline, pH 7.2, Sigma-
Aldrich, USA) and DMSO (1.25 mg mL™", 24 h) at 22 °C to
induce the copper-free click chemistry of the azide group of
N3-PGy40-b-P(Cats-Phs-A;) and DBCO. After final rinsing, the
cantilevers were stored in HEPES (Sigma-Aldrich, St Louis,
MO, USA) buffer (pH 7.0, 50 mM NacCl) at 4 °C until use in the
AFM experiment. For each functionalization, control cantile-
vers (carrying the 5 kDa silane-PEG-DBCO only) were addition-
ally prepared by the same procedure incubating the cantilevers
in the pure solvent (DMSO) instead of N3-PGy;o-b-P(Cats-Phs-
A).

AFM-based force spectroscopy

All SMFS experiments were performed with a Cypher ES
(Asylum Research, an Oxford Instruments company, Santa
Barbara, CA, USA). Before each SMFS experiment, the inverse
optical lever sensitivity (InvOLS) was determined by fitting a
linear function to the repulsive region of a force-extension
curve. In order to reduce errors, the determination of the
InvOLS was performed by using an average of at least five indi-
vidual InvOLS values. The spring constant of the cantilever
was determined by the thermal noise method.*®

PGj10-b-P(Cats-Phs-A;) on the N;-PGyqo-b-P(Cats-Phs-A;)
layer on TiO, took place in ultrapure H,0, MOPS buffer pH 6.0
(0.1 M) and MOPS buffer pH 8.6 (0.1 M). PGy4-b-P(Cats-Phs-
A;) and silane-PEG-DBCO were probed on SiO, in ultrapure
water.

SMFS parameters were defined as follows: force distance,
1 pm; velocity, 1 pm s™'; contact force, 50 to 3000 pN; sampling
rate, 5 kHz; contact time towards the surface, 0-10 s and temp-
erature, 25 °C. To reduce the influence of local sample vari-
ations, force-extension curves were recorded in a grid-like
manner with 10-10 points covering 20-20 pm? (force maps). At

This journal is © The Royal Society of Chemistry 2022
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least two force maps were obtained per cantilever. Prior to a
series of measurements, at least one control cantilever (same
procedure but the incubation took place in pure solvent
instead of the target molecule) was measured on different
surface spots to verify a contamination-free functionalization.
Once the control cantilevers (silane-PEG-DBCO on SiO,)
showed an absence of stretching events or plateaus of constant
force, the PG;;o-b-P(Cats-Phs-A,) functionalized cantilevers
were measured, respectively. For data evaluation, a self-pro-
grammed evaluation software based on Igor Pro (Wavemetrics,
Portland, OR, USA) was used. For the analysis of detachment
forces, all detachment events such as stretches and plateaus
were taken into account, except the adhesion peak at the
beginning of the force-extension curves (Fig. 1d), resulting
from unspecific interactions of the whole AFM cantilever tip
and the surface.

OriginPro 2019 (OriginLab, Northampton, MA, USA) was
used for data presentation and to test the significance. The
latter was performed by an unpaired two-tailed Mann-Whitney
U test was performed with for the force values. The null
hypothesis in the Mann-Whitney U test is that X and Y are two
random selected values from two populations, the probability
of Y being greater than X is equal to the probability of X being
greater than Y. The level of significance was set to 0.05.

AFM-based scratching

The thickness of the Nj-PGjy;,-b-P(Cats-Phs-A,) polymer layer
was determined by AFM scratching experiments on a Cypher
ES (Asylum Research, an Oxford Instruments company, Santa
Barbara, CA, USA) using AC240TS cantilevers (Olympus,
Japan). AFM imaging of those polymer layers was performed
in pH 6.0 MOPS buffer (0.1 M) at a temperature of 25 °C. The
first image of each sample was taken in the intermittent-
contact mode with a scan size of 15-15 pm?. Then, the surface
was scratched in contact mode with a scan size of 1-1 um?* and
an applied force (trigger force) of 648 nN. The imaging mode
was switched back again to intermittent-contact mode for
further imaging. All images were taken at a scan rate of 2 Hz.
The depth of the hole, created by the cantilever tip in contact
mode, was used to determine the presence and thickness of
the polymer layer on the respective substrate.

Results

Characterization of multivalent interactions by SMFS

We used a PGy4,-b-P(Cats-Ph;-A,) molecule (Fig. 1a) covalently
bound to the AFM cantilever tip (Fig. 1b and S1}) as a mole-
cular force sensor. The molecular force sensor was measured
on N;-PG,4-b-P(Cats-Ph;-A,) layers on TiO, (Fig. 1b) to under-
stand bond formation and rupture. The presence and thick-
ness of this layers on TiO, have been tested by contact angle
and AFM imaging experiments (Fig. S2 and S37).

The covalent attachment of one single polymer to a cantile-
ver is crucial for single molecule force experiments. It enables
a high reproducibility when performing force spectroscopy

This journal is © The Royal Society of Chemistry 2022
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with a certain polymer on a specific cantilever tip. In our case,
the successful attachment of one single polymer has been veri-
fied by measuring the PG,,-b-P(Cats-Phs-A;) molecular force
sensor on SiO, showing single molecule detachment events
(Fig. S4f). Control measurements with silane-PEG-DBCO
(5 kDa) show that these detachment events are indeed caused
by the PGy;0-b-P(Cats-Phs-A,) and not by unspecific adhesion
between AFM cantilever tip and the SiO, surface (Fig. S51).

Finally, a variation of the contact force and contact time
(Fig. S6 and S77) revealed that a contact force of 500 pN and a
contact time of 1 s was ideal to obtain reproducible indenta-
tion into the layer (breakthrough) and detachment events as
depicted in Fig. 1c and d.

The variety of the possible interactions between the PGy;,-
b-P(Cats-Phs-A;) molecular force sensor and the N3-PGyq-b-P
(Cats-Phs-A,) layer is reflected by the obtained force-extension
traces. We classified them into concave stretch, convex stretch,
double (multiple) convex stretches, single plateau of constant
force and multiple plateaus of constant force (Fig. 1d).

In order to assign the detachment events to specific inter-
actions, we performed SMFS measurements under different
conditions. First in MOPS buffer at pH 6.0 (0.1 M). Then, the
buffer was exchanged to MOPS buffer pH 8.6 (0.1 M) for the
next SMFS experiments. Second, a crosslinked N3-PGjqo-b-P
(Cats-Phs-A,) layer was prepared using the oxidant (K,S,0g) in
MOPS buffer pH 8.6 (0.1 M) according to the protocol of Yu
et al.'* Then, the crosslinked polymer layer was taken for SMFS
experiments in MOPS buffer pH 8.6 (0.1 M).

Fig. 2a illustrates a representative force-extension curve
(condition: pH 8.6) that comprises several detachment events.
Further force-extension curves of that type are shown in
Fig. S8t (condition: pH 8.6 crosslinked). Fig. 2b represents the
different measured detachment forces, resulting mostly from
convex stretches (see Table S1f for a quantification). The
median and average forces increased from pH 6.0 to pH 8.6
crosslinked. An unpaired two-tailed Mann-Whitney U test
(with a level of significance of 0.05, see Materials and
Methods) showed that the difference between pH 6.0 and pH
8.6 and between pH 8.6 crosslinked and the other two con-
ditions (pH 6.0 and pH 8.6) was significant, respectively. In
general, the forces of PGyo-b-P(Cats-Phs-A;) on N3-PGyq4-b-P
(Cats-Phs-A,) exceed the forces on SiO, (Fig. S4t) by a factor of
more than 10, demonstrating the strength of multivalent
interactions.

Assignment of different interactions of the multivalent system

Fig. 2c shows the possible types of interactions between the
PGj10-b-P(Cats-Ph;s-A,) molecular force sensor and the Nj-
PG, 10-b-P(Cats-Ph;-A,) layer. These can be van der Waals (vdW)
interaction (depicted in purple), hydrogen bonds** (depicted
in green) between hydrogen atoms of the catechol (5 groups)
and oxygen of TiO,,*®*” n-r stacking (depicted in red) between
the aromatic rings of the catechols (5 groups), phenyls
(5 groups) and DBCO (Fig. 2c, left).*"*® Coordination bonds
(depicted in blue) can be formed between oxygen atoms of
quinone groups (5 groups) and Ti atoms (Fig. 2c, middle).

Nanoscale, 2022, 14, 3768-3776 | 3771
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Fig. 2 Dependence of multivalent interactions on pH value and crosslinking. (a) An exemplary force-extension curve for a PGy10-b-P(Cats-Phs-A;)
molecular force sensor on a non-crosslinked Nz-PGj10-b-P(Cats-Phs-A,) layer on TiO, (condition: pH 8.6). The first peak at zero extension was due
to unspecific adhesion of the whole AFM cantilever tip and the polymer layer and has been omitted for evaluation. (b) The force distributions given
by box plots are shown for pH 6.0, pH 8.6 and pH 8.6 crosslinked, revealing an increase of the median force with increasing pH and crosslinking of
the polymer layer. The whiskers correspond to the lower quartile Q1 — 1.5-interquartile range (minimum) and the upper quartile Q3 + 1.5-interquar-
tile range (maximum) or the last value within that range, respectively. 119 detachment events were obtained for pH 6.0, 171 for pH 8.6 and 110 for
pH 8.6 crosslinked. For pH 6.0, the median value corresponds to 396 pN, the lower quartile Q1 and the upper quartile Q3 have values of 228 pN and
638 pN, respectively. For pH 8.6, the median value corresponds to 495 pN, the lower quartile Q1 and the upper quartile Q3 have values of 343 pN
and 719 pN, respectively. For pH 8.6 crosslinked, the median has a value of 707 pN, the lower quartile Q1 and the upper quartile Q3 correspond to
391 pN and 1406 pN, respectively. The average detachment force corresponds to (491 + 373) pN for pH 6.0, (598 + 389) pN for pH 8.6 and (903 +

655) pN for pH 8.6 crosslinked. The errors correspond to the standard deviation. (c) Scheme of the different types of possible interactions.

Finally, strong interaction between amines (2 groups) and
quinone groups (5 groups), accounting for the formation of a
covalent N=C (Schiff base reaction) or NH-C (Michael
addition) bond with a subsequent rupture event (Fig. 2c, right)
are also possible.

In principle, the detachment events in the force-extension
curves could directly be assigned to the respective interactions,
but the multitude of possible interactions makes this difficult.
Therefore, we also evaluated the frequency of the detachment
forces and their positions. Fig. 3a shows a summary of the
results, which guided us in assigning the different inter-
actions. We subdivided the distribution of the forces into three
different regions (R1, R2 and R3). Forces in region 1 (R1, up to
500 pN) probably originate from low force interactions like
vdW interaction (in purple, Fig. 2¢). But also n—n stacking (in
red, Fig. 2c), hydrogen bonds (in green, Fig. 2¢) and coordi-
nation bonds (depicted in blue) will already contribute here.
This is based on literature values for the single bond types:
forces of vdW interactions, range between 21 to 100 pN.**™°
The forces of hydrogen bonds range from a few to several tens
of pN depending on the exact geometry of the molecules and
direction of force application.’"** Altogether, 232 hydrogen
bonds (PEG backbone and OH side groups) could be formed at
maximum, which then would exceed 500 pN by far (see

3772 | Nanoscale, 2022,14, 3768-3776

regions 2 and 3). Additionally, phenyl and catechol groups
could contribute via n—x stacking where the forces are reported
to be between 2 and 8 pN for DNA base pair unstacking and
approx. 70 to 80 pN for strong donor-acceptor m-interactions
in H,0, respectively.”>>* In our multivalent system, there are
12 possibilities for n—x stacking (5-phenyl, 5-catechol, 2-phenyl
from DBCO) leading to forces in the range of several 100 pN.
In case of cooperative effects (non-linear increase of force with
number of bonds) a further increase of the observed force is
possible.>®™ Finally, the interaction between a single catechol
and TiO, is 300 to 1000 pN, according to the literature.”>>%?>°
For more basic pH values (e.g.,, pH = 8.6), more and more
quinone groups are formed,*®>® which interact with TiO, via
coordination bonds with forces of 50 to 300 pN.>>?%*°
Therefore, also a catechol-TiO, bond can be found in region 1,
although rarely.

In force region 2 (R2, 500 to 1500 pN), previous studies
showed that multiple bonds between catechol and TiO, are
likely to be formed and show forces of above 500 pN, depend-
ing on the polymer architecture and the time in contact
between the polymer and the underlying surface.>”?*?>
Therefore, catechol, quinone, amine and phenyl groups might
mostly contribute to the forces in that region. In other words,
several catechol groups of the PG;4-b-P(Cats-Phs-A,) molecular

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Classification of multivalent interactions. (a) Heat maps of detachment events for the PGy19-b-P(Cats-Phs-A,) molecular force sensor on the
non-crosslinked and crosslinked N3-PGy30-b-P(Cats-Phs-A,) layers on TiO, under the different preparation conditions of the polymer layer, as given
in Fig. 2b. The frequency of the detachment events as well as the heat maps of the detachment force vs. the detachment position are shown. There
the density corresponds to the probability of the detected force and position values. The detachment forces are subdivided into different regions R1,
R2 and R3 (see main text for details). (b) Scheme of non-crosslinked and crosslinked (in yellow) polymer layers for incorporation of the molecular

force sensor into the polymer film.

force sensor could interact simultaneously with the TiO,
surface and the N3-PGjq-b-P(Cats-Phs-A,) layer on TiO,. Once
several of the five catechol/quinone groups of the molecular
force sensor form coordination bonds with TiO,, they could
even deliver forces above 1000 pN. Thus, force region 2 most
likely originates from multivalent interaction of catechols/qui-
nones and TiO, in addition to interactions from R1. In particu-
lar, a multitude of hydrogen bonds resulting from the PEG
backbone and OH side groups likely contribute significantly to
the forces observed in the region R2.

Finally, force region 3 (R3), corresponding to the third
populations in the histograms, shows forces higher than 1500
pN. This force region (R3) is only significantly populated in
the case of the crosslinked polymer layer. There, the detach-
ment events could either result from the breakage of several
non-covalent bonds, such as given above, in a possibly coop-
erative fashion, or due to covalent bonds.

Fig. 3b shows the schematic comparison between the non-
crosslinked (Fig. 3b, left) and crosslinked (Fig. 3b, right)
polymer layer."* In particular, crosslinking of the N3-PGy¢-b-P
(Cats-Phs-A;) layer could enhance the density of chains''
(which is consistent with the measured decrease in layer thick-
ness, see Fig. S31). Thus, the PGy,-b-P(Cats-Phs-A,) molecular
force sensor can interact with more neighboring chains of the
polymer layer possibly leading to more multivalent inter-
actions and more covalent bonds. The higher density of the
crosslinked polymer layer might support the formation of up
to five catechol/quinone coordination bonds in a cooperative
way and also lead to forces higher than 1500 pN.

Furthermore, with increasing pH, quinone groups are
increasingly formed both, in the molecular force sensor and

This journal is © The Royal Society of Chemistry 2022

the polymer layer on TiO,. Quinone groups have a higher reac-
tivity and are prone to attacks by nucleophiles and
therefore, the formation of a covalent N=C (Schiff base reac-
tion) or NH-C (Michael addition) bond with a subsequent
rupture is likely.®® Finally, by contacting the PGyq,-b-P(Cats-
Phs-A,) molecular force sensor and the N3-PG;4y-b-P(Cats-Phs-
A,) layer, a high pressure of approx. 0.4 MPa is applied (taking
an indentation force of 500 pN and a nominal tip radius of
20 nm). This is sufficient to form pressure induced covalent
bonds.®

Also, the highest forces (R3) had the highest position values
(Fig. 3a, right). Thus, the highest interactions resulted from
the very end of the polymer, namely the quinone and amine
groups which are possibly involved in the formation of
covalent bonds. In theory, the maximum number of covalent
bonds per PGy;-b-P(Cats-Phs-A;) polymer amounts to 7
(2'NH,, 5-catechol, which could also form coordination
bonds). This would lead to a maximum force of more than 7
nN, when just assuming additivity of the respective interaction
without cooperative effects. This has not been observed here
and underlines that the simultaneous formation of multiple
covalent bonds between molecular force sensor and polymer
layer within seconds is unlikely.

Additionally, the increase of possible bonding positions of
the molecular force sensor to the polymer layer may cause a
misalignment between pulling direction and bond rupture
direction. As discussed by Schoeler et al.,°* this misalignment
could also lead to a higher bond rupture force.

The difference between pH 8.6 and pH 8.6 crosslinked is
the crosslinking of the polymer layer, resulting in a higher
density. Therefore, most likely, more bonds of any kind are

Nanoscale, 2022, 14, 3768-3776 | 3773
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formed, resulting in the observed increase of molecular
rupture events in R3, likely in a cooperative manner.

Discussion

Multivalent bond strength and high density as key factor for
stable and durable coatings

After identifying and quantifying all the different interactions
that we could possibly observe, we can draw a conclusion on
the question which type of interaction is mostly responsible
for the robustness of a N3-PGy14-b-P(Cats-Phs-A,) layer on TiO,.
To that aim, we determine a new quantity, namely the multi-
valent bond strength, which is the product of the force and its
relative frequency of occurrence. Fig. 4 shows the highest level
of multivalent bond strength for region R2 for every condition.
Therefore, the region R2, which does not contain covalent
bonds, contributes mostly to the stability and durability of the
coating. The multivalent bond strength of non-covalent inter-
actions, in particular hydrogen and coordination bonds, on
average outperformed the bond strength possibly assigned to
covalent bonds, because many more non-covalent interactions
were formed. The dominance of these non-covalent inter-
actions can be even enhanced, once the respective interactions
act in a cooperative manner.

A quantification of the energy (area under the force exten-
sion curve) for multivalent bonds further supports the finding
that interactions of intermediate strength (R2) are most advan-
tageous for stable coatings. For the interaction of the single
PGy,0-b-P(Cats-Phs-A,) molecule and the N3-PGy,,-b-P(Cats-Ph;-
A,) layer on TiO,, we found an average detachment energy of
(608 + 569) kgT at pH 6.0, (676 + 414) kgT at pH 8.6 and (814 +
868) kgT at pH 8.6 crosslinked. These values were higher than
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Fig. 4 Multivalent bond strength as basis for the design of polymer
coatings. We have quantified the multivalent bond strength, which is the
product of the force and the relative frequency of its occurrence, for the
PGi10-b-P(Cats-Phs-A;) molecular force sensor on the Nz-PGjyig-b-P
(Cats-Phs-A;) layer on TiO,, as given in Fig. 3a. Bonds of intermediate
strength showed the highest contribution to the overall strength of the
interaction, even in the case of possible covalent bond formation. The
lines are a guide to the eye.
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the energy necessary to break a covalent bond.*® In addition,
the number of detachment events found in a single force-
extension trace reached up to 11 upon crosslinking of the N;-
PGj10-b-P(Cats-Phs-A,) layer (Fig. S91). Furthermore, the
average energy per detachment event increases with the
number of detachment events per curve n. In particular, this
increase is strong for n > 4 for pH 8.6 crosslinked (Fig. S107).
This result underlines the increased presence of cooperative
non-covalent bonds and also covalent bonds for the cross-
linked polymer layer.

Finally, the robustness of a coating comprising a complex
multifunctional molecule such as Nj3;-PGyqo-b-P(Cats-Phs-A,)
towards environmental changes is a result of the different
interactions present. Once the catechol interaction with TiO,
decreases with increasing pH value, the possibility of cross-
linking of quinone groups to form covalent bonds with amine
moieties increases, enhancing the density of the polymer layer,
which in turn increases the number of possibly cooperative
non-covalent bonds. Thus, in this system, the formation of
one type of bond compensates the reduction of another type of
bond again demonstrating the power of the interplay between
various bond types in a multivalent system.

Conclusion

Multivalent bonds are important in a wide range of biological
systems for, e.g., virus-cell interactions, antigen-antibody
interactions or cell-cell signalling. Here, we have performed
AFM-based SMFS for the molecular investigation of catecholic,
multivalent and heterofunctional polymer layers in order to
identify the multivalent bond strengths and their interplay for
technical applications. We were able to quantify the force
range of a variety of interactions. The formation of vdW inter-
actions, hydrogen bonds, n—r stacking and coordination bonds
could be assigned to detachment events with forces of several
10 to 500 pN. A simultaneous occurrence of these non-covalent
interactions leads to forces of up to 1500 pN. In addition,
forces greater than 1500 pN could be attributed to the for-
mation of non-covalent bonds in a cooperative way as well as
covalent bonds. The formation of these bonds, which result in
highest forces, is enhanced by crosslinking of the polymer
layer beforehand. Crosslinking leads to a denser layer, which
favours a higher number of multivalent interactions per
polymer and area.

Surprisingly, the multivalent bond strength was not highest
for covalent bonds but for non-covalent bonds, like hydrogen
and coordination bonds, because more bonds of these types
could be formed and possibly act in a cooperative manner.

Thus, the combination of non-covalent and covalent inter-
actions, ie., the multivalency of the presented system, explain
the interaction strength obtained by SMFS experiments.
Interactions of intermediate strength (non-covalent) take a pro-
minent role among the molecular interactions, even outper-
forming strong interactions (covalent bonds) under many
environmental conditions. In robust and durable coatings,

This journal is © The Royal Society of Chemistry 2022
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non-covalent bonds could therefore serve as sacrificial bonds
that can be reformed upon breakage enhancing the longevity
of polymer-based coatings. Our findings underline the need of
complex molecules for coatings for future applications under
varying conditions and provide quantitative values for their
design.
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