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We introduce a bioinspired materials system that is capable of effectively coating surfaces, while conco-
mitantly allowing metal ions to be reversibly bound. Specifically, we prepare a nitrogen-ligand carrying L-
3,4-dihydroxyphenylalanine (.-DOPA) derivate, which can readily crosslink in aqueous systems with
effective adhesion onto silicon wafers as well as stone wool fibers. Critically, the introduced system allows
for reversible binding of the metal species (such as zinc cations) from aqueous solution. The reversibly
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binding surfaces are carefully assessed towards their metal ion binding efficiency — in contrast to non-
ligand carrying coatings or uncoated surfaces — via surface sensitive analytical methods such as X-ray
photoelectron spectroscopy, making them highly attractive candidates for applications in urban storm
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Introduction

Inspired by maritime organisms - especially marine mussels -
molecules containing catechol units have been investigated
and applied in different research fields where strong adhesion
behavior to variable substrates is required."” The ability of
marine mussels to withstand the dynamic ocean environment
while adhering to virtually any surface has become a source of
inspiration for the development of surface-based applications
where the coating layer controls the material’s properties. The
adhesion system of marine mussels is based on mussel foot
proteins and collagen proteins, which are present in the byssal
thread.” These proteins contain different percentages of 1-3,4-
dihydroxyphenylalanine (.-DOPA), which is discussed as the
key compound enabling the wet adhesion of the mussels.’
Examples of applications for catechol-containing molecules
feature biomedical devices,! biofilm prevention,6 and bone
tissue engineering.” Exploring the selective complexation of
metal ions has become of more interest lately especially in
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research fields such as wastewater treatment to remove high
concentrations of metals in the environment.® Currently, there
are two common approaches to water treatment in urban
areas: natural treatments such as bioretention systems and
smaller modular treatment systems like gross pollutant traps.
Exploring alternative water treatment systems that can be
incorporated into urban environments is critical to ensuring
healthy urban waterways. Previously, the removal of heavy
metals from wastewater has been based on technologies such
as chemical precipitation,® adsorption,'® ion exchange,"* and
electrochemical processes.’” These conventional methods,
however, have exhibited a series of shortcomings, including
the generation of toxic by-products, high energy consumption,
biofouling, and high cost."® Therefore, alternative technologies
have to be explored, one option being soft matter materials
with metal complexing abilities. For a potential water treat-
ment application however, the ability of the materials system
to adhere to the surface in aqueous environments while pro-
viding active treatment properties is essential. In addition to
utilizing selective metal complexation for water treatment
applications, in the past, metal complexation has - for
example - been explored in supramolecular crosslinked self-
assembled polymers.'® The incorporation of a ligand into the
1-DOPA structure presents an avenue to achieve both the
adherent functionality based on the self-polymerization of
L-DOPA as well as metal complexation enabled by the ligand.
Specifically, the use of a tridentate chelating ligand such as ter-
pyridine appears highly attractive, as it is able to coordinate
heavy metal ions as shown in its application in supramolecular
and coordination chemistry.'

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://rsc.li/rscapplpolym
http://orcid.org/0000-0001-8817-3958
http://orcid.org/0000-0002-2257-5038
http://orcid.org/0000-0002-4657-9359
http://orcid.org/0000-0002-6745-0570
https://doi.org/10.1039/d4lp00010b
https://doi.org/10.1039/d4lp00010b
https://doi.org/10.1039/d4lp00010b
http://crossmark.crossref.org/dialog/?doi=10.1039/d4lp00010b&domain=pdf&date_stamp=2024-05-20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00010b
https://pubs.rsc.org/en/journals/journal/LP
https://pubs.rsc.org/en/journals/journal/LP?issueid=LP002003

Open Access Article. Published on 15 March 2024. Downloaded on 3/17/2026 7:31:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Polymers

/“(v)’\ Surface attachment
NHBoc .'

' : Metal?* (e.g. Zn?*)

3CL3L

Removal / Washing off

View Article Online

Paper

= st

Removal / Washing off
a

Pieail

Metal coordination

Metal coordination

Scheme 1 General overview of the surface attachment of modified L-DOPA carrying terpyridine (compound 7) and the reversible binding of the
metal species, enabled by a terpyridine ligand and EDTA solution. The detailed synthetic route to the modified L-DOPA system is provided in

Scheme 2.

Herein, we report the ability to provide strongly adhesive
metal binding materials systems by introducing a terpyridine
moiety into a bioinspired L-DOPA binding system to achieve an
adherent coating with metal complexation properties as illus-
trated in Scheme 1. Moreover, we demonstrate the reversibility
of the system through utilizing an ethylenediaminetetraacetic
acid (EDTA) solution as a complexing agent to remove the
metals on the 1-DOPA coated surface. Importantly, we explore
2D and 3D fiber surfaces to investigate the applicability of the
noted coating by employing surface investigation tools such as
X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS).

Results and discussion

Synthesis of bioinspired coating for structural access of 2D
structures

To explore L-DOPA as a universally adherent coating for metal

adsorption, we employ a systematic stepwise strategy
0 9
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(Scheme 2). As noted, L-DOPA can readily self-polymerize, and
our team previously reported an approach to protect and func-
tionalize 1-DOPA.'® Specifically, the catechol and the amine
functionalities are protected by employing tert-butyldimethyl-
silyl (TBDMS) ether and tert-butyloxycarbonyl (Boc), respect-
ively (2). The carboxylic acid subsequently provides a handle to
ligate various moieties, as exemplified herein with a Steglich
esterification (3/6). Before surface coating, the TBDMS groups
are removed via fluoride-mediated cleavage (4/7).
Subsequently, the oxidative polymerization of the modified
1-DOPA is performed in a Tris-HCI buffer solution as the oxi-
dizing agent. Initially, we functionalized 1-DOPA with a
bromine moiety that is readily traceable via analytical tech-
niques (e.g., XPS, ToF-SIMS) on surfaces, enabling us to investi-
gate its surface adhesion abilities on various substrates. The
Br-modified-DOPA was synthesized via the Steglich esterifica-
tion of 11-bromo-1-undecanol, employing 1-ethyl-3-(3-di-
methylaminopropyl) carbodiimide (EDC) as a coupling agent
(3), proceeded by protecting the catechol and the amine func-
tionalities with TBDMS and Boc protective groups, respectively.
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Scheme 2 Synthetic pathway to modified L-DOPA containing a bromine (yellow, compounds 3 and 4) or terpyridine (blue, compounds 6 and 7)
moiety. Refer to the ESIT for the detailed description of the synthetic procedures (section 3) and the associated molecular characterization data (sec-

tions 4 and 5).
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Subsequently, we coated silicon wafers with the Br-modified
L-DOPA (4) due to the ease with which silicon wafers can be
surface analyzed, before moving to the more complex fiber
systems. Surface chemical compositions were investigated via
XPS and ToF-SIMS. Wide scan XPS spectra unambiguously evi-
dence the presence of Br on the Si surfaces with peaks at 181
eV and 69 eV, corresponding to Br 3p and Br 3d, respectively
(Fig. 1A). XPS high resolution analysis of C 1s reveals three
main components associated with C-C/C-H at 285.0 eV, C-O
and C-N at 286.3 eV, O—C-0 at 288.3 eV and C-Br at 289.2 eV
(Fig. 1B)."” The doublet peaks in the corresponding Br 3d high
resolution spectrum (Fig. 1C) further confirm the presence of
Br-modified .-DOPA (4) on the Si surface. In addition, we ana-
lyzed the Br-modified surfaces via ToF-SIMS, further confirm-
ing the surface functionalization with Br (Br isotopes peaks at
79 and 81 m/z) (Fig. S31, ESI{).'®

Once the successful surface modification with Br-modified
L-DOPA (4) on silicon wafers was confirmed, we examined the
ability of a metal-chelating ligand carrying .-DOPA to bind
metal ions once coated onto a silicon wafer. Specifically, we
selected a terpyridine ligand, due to its high propensity of
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Fig. 1 (A) Wide scan XPS spectra of silicon surfaces coated with Br-
modified L-DOPA. Refer to the section 7 (ESI{) for a detailed description
of the surface modification procedure. Corresponding C 1s (B) and Br 3d
(C) high resolution spectra.
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Fig. 2 (A) 600 MHz *H-NMR spectrum in DMSO-dg of the terpyridine
carrying L-DOPA entity (7) (Scheme 2) as well as (B) the associated high-
resolution ESI-MS spectrum. Refer to the sections 4 and 5 (ESI}) for
further characterization data.

binding specific metal ions.'® The synthesis was carried out in
a similar fashion to the bromine marker synthesis, where a
Steglich esterification was employed to couple the ligand onto
the protected 1-DOPA (Scheme 2). Fig. 2 depicts the 'H-NMR
spectrum and the associated electrospray ionization (ESI) mass
spectrum of the terpyridine carrying .-DOPA.

In a preliminary study, we determined the ability of the
binding system to coordinate metal ions via UV/Vis spec-
troscopy in solution. Specifically, the protected version
(Scheme 2) of the ligand-modified .-DOPA (7) was dissolved in
chloroform and Zn(tf),, NiCl,, PbF,, FeCl;, and CuSO, dis-
solved in a chloroform/methanol (1:1) mixture were added
(refer to the section 7 for the exact procedure and concen-
trations, ESIt). The obtained UV/Vis spectra (Fig. S20, ESIf)
demonstrates that upon addition of a metal ion, binding to
the terpyridine ligand occurs, indicated by a second absorp-
tion band arising at around 310-340 nm - depending on the
metal ion - which demonstrates the successful coordination of
the metal.**

We subsequently investigated the ligand-modified 1-DOPA
(7) system’s ability to bind metal ions when coated onto Si-
wafers. The Si-surface coating procedure was identical to that
followed for the Br-modified 1-DOPA (4) system (refer to the
section 7, ESIT). Atomic Force Microscopy (AFM) was employed
for investigating the thickness of the ligand-modified .-DOPA
layer on the Si surface. To assess the film thickness, a portion
of the coated surface was scratched using a scalpel. The
average thickness was determined to be approximately 40.6 +
1.1 nm (Fig. S22, ESI{). We note that the thickness exhibited
non-uniformity across the surface, possibly attributed to the
drying process.

The preparation of metal-ion containing solutions (Zn>*,
Ni**, Pb*", Fe*" and Cu®*) and the subsequent surface immer-
sion procedures can be found in section 7 (ESIf). Control
experiments were conducted with blank Si-wafers and Si-
wafers that had been coated with non-ligand containing
1-DOPA. All planar surfaces were subsequently analyzed via
XPS and ToF-SIMS.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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XPS wide scan spectra of a terpyridine functionalized and a
ligand-free 1-DOPA functionalized surface exposed to Zn** are
depicted in Fig. 3A and B, respectively. Note that all XPS data
discussed below were recorded after the surfaces had under-
gone identical washing procedures (refer to section 7, ESI}).
The presence of Zn>" is confirmed by the Zn 2p doublet peaks
at 1021 eV.>! The absence of the same peak at 1021 eV in the
1-DOPA-only coated control surface suggests that the -DOPA
surface is unable to coordinate Zn** (Fig. 3B).

Similarly, XPS wide scan spectra, depicted in Fig. S24
(ESIT), demonstrate (A) the successful coordination of Cu®",
indicated by the presence of Cu 2p peak at 931 eV, (B) the
coordination of Ni** by the Ni 2p peak at 855 eV, (C) the
coordination of Fe** by the Fe 2p peak at 710 eV, and (D)
the coordination of Pb*", indicated by the presence of Pb 4d
doublet peak at 413 eV. Moreover, we performed experiments
with mixed metal solutions containing any of the previously
mentioned metals in pairs. Interestingly, a trend in the metal
binding affinity of the ligand-modified .-DOPA was observed
(refer to section 11, ESIf). In summary, our results indicate
that the metal coordination affinity progresses from Fe** >
Pb>* > Cu® > Zn®>" > Ni*". The observed trend in metal ion
coordination aligns with results for metal binding in solution,
and can be attributed to the different ionic radii and steric
interactions.”” After the successful proof of concept, we
focused exclusively on the Zn** ions for the remainder of the
study as an exemplary case.

In a subsequent critical step, we explored the ability of the
ligand-modified .-DOPA (7) coated Si surfaces to remove the
bound metal ions using ethylenediaminetetraacetic acid
(EDTA) as an extracting ligand in free-solution. Thus, Si sur-
faces coated with ligand modified .-DOPA (7) coordinated with
metal ions were immersed in an EDTA solution (refer to the
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Fig. 3 (A) XPS wide scan spectra of Si-surfaces coated with ligand-

modified L-DOPA, exposed to Zn?*; (B) corresponding XPS wide scan
spectra of Si-surfaces coated with ligand-free L-DOPA (control
experiment).
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section 7, ESIf) and subsequently analyzed by XPS. We
mapped the time dependent removal of the metal ions from
the surface as depicted in Fig. 4.

Since these experiments were carried out fully indepen-
dently of each other, we normalized the Zn 2p atomic ratio to
Si 2p atomic ratio. After a 1-minute exposure to EDTA, a sharp
decrease in the Zn content on the Si surface is observed.

After 10 minutes of exposure to EDTA, all the metal was suc-
cessfully removed from the Si surface. Subsequently, we
explored the surface’s reusability by subjecting the ligand-
modified -DOPA-coated Si surface previously exposed to EDTA
for 10 minutes, to a Zn** solution. Fig. 4 demonstrates that the
surface can effectively re-coordinate Zn ions following the suc-
cessful removal of the metal via EDTA. Since the EDTA solu-
tion is basic (pH close to 10), control experiments were carried
out at pH 10 (without EDTA).

XPS analyses (refer to the Fig. S28, ESIf) reveal that the
metal ion is still coordinated to the ligand, therefore eviden-
cing that the pH does not affect the removal of the metals.

3D surfaces

We subsequently moved to explore the ability of our functional
coating system on 3D surfaces such as stonewool fibers.
Stonewool is recognized for its ability to retain water over
extended periods and gradually release it back into the
environment, which has been proven by its incorporation in
real world applications.?® Focussing on enhancing this system
further towards metal removal capacities will improve its appli-
cability in active storm water treatment. Here, we assess the
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Fig. 4 Time-dependent evolution of the amount of surface bound Zn?*
on the surface of ligand-modified L-DOPA coated Si-wafers exposed to
EDTA solution, evidencing the removal of the metal ions from the
surface, and ability to re-coordinate to the ligand-modified L-DOPA, fol-
lowed by XPS of the Zn 2p signal. The inset displays the time-dependent
evolution of the amount of surface bound Zn?** on the surface of
ligand-modified L.-DOPA coated Si-wafers exposed to EDTA solution,
evidencing the removal of the metal ions from the surface. Error bars
show + a standard deviation by averaging 3 spots on same sample. For a
detailed description of the analysis of XPS high resolution spectra and
calculations, refer to section 9 of the (Fig. S26, Table S1, ESI).
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feasibility of utilizing - ultimately ligand modified .-DOPA (7)
- to coat fibers for the purpose of removing metals salts, focus-
ing on Zn*"*. The fibers were coated and subsequently exposed
to metal salts in a similar fashion to the Si surfaces (refer to
section 7 in the ESIt) and analyzed by both XPS and ToF-SIMS.
Similarly, we initially employed the Br-modified .-DOPA (4)
molecule to evidence that our approach is universally able to
coat the fibers. Fig. 5 displays both XPS and ToF-SIMS data,
evidencing the presence of the Br-modification on the fibers
as indicated by the presence of a peak at 289.2 eV.'” Further,
the uniform coating was confirmed by ToF-SIMS imaging a
single fiber using the Br ion signals.

The XPS wide scan spectra of fibers coated with ligand-
modified 1-DOPA exposed to Zn>" as well as the corresponding
pristine fibers exposed to Zn** are presented in Fig. 6A and B,
respectively. The identification of the Zn presence is supported
by the observation of doublet peaks at 1021 eV.>! Notably, the
absence of this peak at 1021 eV in the pristine fibers indicates
that the pristine fibers alone do not possess the ability to coor-
dinate with Zn>* (Fig. 6B). Furthermore, Fig. 6C and D depict
the ToF-SIMS images of fibers coated with ligand-modified
1-DOPA coordinating Zn>", thus providing additional confir-
mation of the presence of Zn on the fiber surfaces. The images
reveal that Zn coordination occurs uniformly across the fiber
surfaces. However, variations in intensity are attributed to the
non-uniform size and shape of the fibers (Fig. S21 shows the
SEM image of fibers with various thickness, ESIT). A control
experiment was carried out to confirm that the ligand free
1-DOPA coated fibers are unable to coordinate Zn>* (refer to
the Fig. S27, ESIt). In addition, the fibers were exposed to
metal-ion containing solutions (Ni**, Pb*", Fe’* and Cu®") and
XPS analyses further confirm the coordination of the metal to
the ligand-modified .-DOPA coated fibers (Fig. S30, ESIT).

Moreover, to investigate the reversibility of the metal coordi-
nation on the fibers, a complexing agent - specifically EDTA -
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Fig. 5 Wide scan XPS spectra of (A) a fiber coated with Br-modified
L-DOPA (refer to the section 7 (ESI}) for a detailed description of the
surface modification procedure) and inset showing the ToF-SIMS image
of a single fiber. The yellow colour represents the Br-fragment. (B) XPS
spectrum of a pristine fiber.
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Fig. 6 (A) XPS wide scan spectra of fibers coated with ligand-modified
L-DOPA (7), exposed to Zn?* solution; (B) corresponding XPS wide scan
spectra of pristine fibers exposed to Zn?* solution; (C) and (D) display
the ToF-SIMS spatially resolved mapping of Zn?*. The images clearly
demonstrate the presence of coordinated metal on the fibers. Intensity
variations seen on the fibers are due to the non-uniform size of the
fibers.

was utilized to remove the fiber coordinated Zn>*. The wide
scan XPS spectra revealed the initial coordination (Fig. 7A), as
reported above, indicated with a doublet arising at 1021 eV.
After immersion of the Zn** coordinated fibers in the EDTA
solution for 10 minutes, the XPS spectrum (Fig. 7B) reveals the
near absence of the Zn doublet at 1021 eV, thus demonstrating
the successful removal of the Zn>* metal ions from the fibers.
The fibers were re-immersed in the Zn>* solution to explore
their reversibility. Fig. 7C depicts the XPS wide scan spectrum
of the re-coordination experiment. The re-arising peak at 1021
eV indicates the successful re-coordination of the Zn>" metal
ions on the fibers, proving the reversibility of the metal ion
binding, demonstrating the applicability of the coating on the
3D surfaces for the same applications as we have shown for
the Si wafers (2D surfaces).
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Fig. 7 XPS spectra of (A) Zn?* coordinated to ligand-modified L.-DOPA
coated fibers, (B) Zn?* coordinated fibers exposed to EDTA for 10 min,
and (C) re-coordination of Zn?* to the ligand-modified L-DOPA coated
fibers, after exposing to EDTA for 10 minutes.
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Conclusions

Metal ions are a major contributor of wastewater pollutants,
and the selective complexing of metal ions for wastewater
treatment is one of the most promising routes to water
treatment. We introduce a bioinspired material capable of
efficiently coating surfaces, while concomitantly allowing
metal ions (e.g.,, Zn®*", Cu®>*, Pb*, Fe*", and Ni*") to be
reversibly bonded, as exemplified with Zn>*. Specifically, we
prepared 1-DOPA derivates which can readily crosslink in
aqueous systems with effective adhesion onto silicon wafers
as well as stone wool fibers. Critically, the .-DOPA can be
functionalized with markers (e.g., bromine) to assist on-
surface characterization or a ligand (e.g., terpyridine) able
to capture metal ions. The coated surfaces were carefully
assessed towards their metal ion binding efficiency - in
contrast to non-ligand carrying coatings or uncoated sur-
faces - via surface sensitive analytical methods including
Time of Flight Secondary Ion Mass Spectrometry and X-ray
Photoelectron Spectroscopy. Furthermore, we investigated
the reversibility of the binding for material recovery using a
chelating agent (i.e., EDTA). XPS analyses confirmed the
removal of metal ions from the surfaces, with the ability to
recapture them. Demonstrated on both 2D flat surfaces
(i.e., silicon wafers) and 3D textured stone wool fibers, this
bioinspired coating approach holds great promise as a uni-
versal metal-binding surface coating. In addition, the sim-
plicity of the coating procedure may readily be translated
into a flow coating process, enabling the efficient coverage
of large areas. The versatility and effectiveness of our
approach, combined with its ability for reversible metal
binding, make our coating highly attractive candidates for
real world applications, such as the removal of pollutants
from water.
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