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Abstract: Multifunctional ortho-quinones are required
for the formation of thiol-catechol-connectivities (TCC)
but can be delicate to handle. We present the electro-
chemical oxidation of the dipeptide DiIDOPA, achieving
up to 92% conversion efficiency of the catechols to
ortho-quinones. Graphite and stainless steel could be
employed as cost-efficient electrodes. The electrochem-
ical activation yields quinone-solutions, which are free
of undesired reactive compounds and eliminates the
challenging step of isolating the reactive quinones. The
DiDOPA quinones were employed in polyaddition
reactions with multi-thiols, forming oligomers that
functioned as transient enzyme stabilizers (TES). These
TCC-TES-additives improved the thermal stability and

the activity of tyrosinase in heat stress assays. )

The chemical industry is developing alternative pathways
for common synthesis strategies to reduce energy consump-
tion, install sustainable chemistry, and rethink resource

management.“] In this context, electrochemical and biocata-
lytic process strategies are often referred to as options to
replace conventional chemical reactions, even at an industri-
al scale.”) However, this requires efficient reactions based
on affordable resources.’) For example, for most trans-
formations to selectively catalyze the desired reactions,
electrosynthesis requires sustainable electrical energy, and
inexpensive and non-consuming electrodes.'**** Similar
prerequisites apply to biocatalytic reactions, where enzymes
need to be available at adequate scale with robust activity to
match technical processes. Among other factors, heat stress-
induced denaturation, which triggers agglomeration and loss
of enzyme activity, is a common challenges in
biocatalysis.”*”! Engineering robust enzymes includes ap-
proaches like sequence evolution to improve structural
stability, as well as synthetic enzyme modification, which
primarily shields the enzyme from irreversible contacts that
induces agglomeration.l’! Such a modification can be intro-
duced either covalently to the protein periphery or non-
covalently e.g. by soft hydrophobic interactions, hydrogen
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bonds, polyion-complexes or even specific peptidic
contacts.”

Catechols and chemical derivatives are common motifs
in a wide range of important natural small molecules as well
as oligo- or polymers, ranging from dopamine to lignin, and
acting for instance as signal transmitters, antioxidants,
compatibilizers or adhesion promoters.’! For materials
science, the non-canonical amino acid L-dihydroxyphenyla-
lanine (DOPA, Y*) has been of interest for decades as a
potent interaction motif, which is found in e.g. mussel foot
proteins and is the key residue for under-water adhesion.”’
DOPA is generated in vivo from tyrosine by monophenol
oxidases.”*!” The adhesive strength of the catechol motif in
DOPA has inspired a rich field of mussel-glue mimetic
peptides and polymers, leading to adhesives with remark-
able properties.!'!

Recently, a thiol-quinone Michael-type polyaddition
mechanism has been established that leads to cysteinyldopa-
inspired TCCs.['"!”] These act as covalent linkers within the
polymer chain and as points of potent non-covalent inter-
actions. Chemically debondable pressure sensitive TCC-
adhesives (PSA) could be realized using biscatechol A
(BCA) or the dipeptide DiDOPA as TCC-building
blocks.['”! The DiDOPA-PSA showed improved potential
for debonding applications in comparison to the BCA-
variant, losing 99 % of its bonding strength upon oxidation.
However, the more complex chemical structure of DiIDOPA
also rendered the development process more demanding. A
prerequisite for TCC-polyaddition is the availability of
multi-quinones, some of which like bisquinone A (BQA)
can be readily isolated.F*!!12t8]1 However, DiDOPA
quinone (BY*Q) undergoes unwanted side reactions during
isolation, requiring an activation strategy for DiIDOPA in
solution, where BY*Q is stable.

Chemical activation using oxidation agents like sodium
periodate (NalO,) or iodoxybenzoic acid (IBX)" seem to
be straightforward. However, the required presence of the
oxidation agent makes purification of BY*Q a resource
intensive step that hampers scalability. The presence of the
oxidation agents after activation leads to undesired side
reactions such as disulfide formation in subsequent TCC-
polyaddition reactions.['*"

An alternative activation strategy is the use of enzymes
like tyrosinase, which oxidizes tyrosine to DOPA and
DOPA quinone in subsequent steps.'") While this is a valid
strategy for monofunctional phenols and catechols,'™ as
well as peptides,'**'?*<" the conversion efficiency of multi-
functional monomers is rather low. Furthermore, the
simultaneous presence of quinones and catechols in water
can lead to crosslinking and decay of the quinones.'>!¢!

Here, we explore electrosynthesis as an alternative
pathway for the activation of multifunctional catechols
represented by DiDOPA (Figure 1).'"? By electrochemical
oxidation of DiIDOPA to BY*Q, a solution containing only
the reactive bisquinone is provided, which subsequently can
be reacted with multi-thiols to form TCC-polymers. The
strategy makes further purification steps obsolete, since
organic solvents can be employed, which are stabilizing the
bisquinone intermediates and support the TCC-formation
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reaction. First, the oxidative activation was optimized with
low concentrations in batch-type cells to determine the best
reaction conditions. Subsequently, these results were trans-
lated to flow cells and further optimized for higher
throughput. The optimized conditions were used to create
solutions containing BY*Q to react with various multi-thiols
yielding a set of DiDOPA-TCC-oligomers (DY*-TCC).
Based on the strong interaction capabilities of the DY*-
TCC-segments, poly(ethylene glycol) (PEG)-based, water
soluble TCC-oligomers were employed as transient enzyme
stabilizers (TES) to protect the enzyme tyrosinase from heat
stress. The TCC-TESs prevent thermal decay of the enzyme
and increase their melting temperature by approx. 10°C.

The electrochemical activation of DiDOPA to BY*Q
and the subsequent thiol addition to form the TCC product
were optimized by a series of experiments to identify the
ideal combination of conditions for reaching a high con-
version efficiency. Ethanethiol (EtSH) reacts as a model
monothiol rapidly and selectively with quinones yielding
(EtSH),-DY*-TCC compounds, with n=1 denoting a single
addition and n =2 representing the desired two-fold addition
product. The product mixture was analyzed by using liquid
chromatography coupled with electrospray ionization mass
spectrometry (LC-MS). The elugrams reveal the apparent
conversion efficiency, which represents the fraction of
catechol-groups converted to TCCs in relation to the total
number of catechols (cf. Section?2 in Supporting Informa-
tion—SI).

Depending on the conversion efficiency of the catechol
activation process, the LC-MS elugrams contain fractions of
unreacted DiDOPA, the single addition product with one
ethanethiol and the two-fold addition product (EtSH),-
DY*-TCC for full conversion (Figure S1). Overall, the TCC-
formation between the quinone and the thiol is favored.
Therefore, the ratio of the three species is indicative of the
Faradaic efficiency of the electrochemical activation of the
catechols in DiDOPA. The activation proceeds via the
oxidation of both catechols independently, as they are
chemically decoupled via the peptide backbone. Therefore,
activation of just one catechol is possible, which is a
common challenge for activation strategies of multifunc-
tional monomers.'*¥ Alternative reaction pathways such as
oxidative disulfide formation or oxidation transfer to TCC-
catechols might reduce the electrochemically oxidized
quinone back to the catechol form (Figure S2)."! Conse-
quently, those side reactions can diminish the overall
conversion efficiency of catechol to TCC via the quinone.
However, in the model reaction with a monothiol, a three-
fold addition product was not detected in the LC-MS
elugrams (Figure S3-S5). Therefore, it appears that the
oxidation transfer pathway does not occur to a significant
extent under the given reaction conditions.

First, DIDOPA was oxidized in small concentrations
(5§ mM) in batch-type cells varying different parameters like
the solvent, the electrolyte, the anode and cathode material,
as well as additives. The results are summarized in the
Supporting Information (Section 2.1). All steps were opti-
mized building upon each other, starting with platinum
electrodes to identify the solvent and the supporting electro-
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Figure 1. Electrosynthesis of TCC-oligomers via electrochemical oxidation of the biscatechol DiDOPA (DY%*) to the corresponding bisquinone
(BY*Q) with subsequent polyaddition via TCC-formation with multi-thiols. Due to the strong interaction motifs in DiDOPA, these oligomers can
act as transient enzyme stabilizers to protect enzymes like tyrosinase from heat stress. The hydrogen evolution reaction (HER) is exploited as the

cathodic half-cell reaction.

lyte. Therein, acetonitrile (MeCN) and tetrabutylammonium
tetrafluoroborate (Bu,NBF,) were found to be the best
choices for the electrolyte improving the conversion effi-
ciency to 78 %, already (Table S1-S2). Subsequently, the
anode and cathode were optimized, improving the conver-
sion efficiency further to 84 % with isostatic graphite (Gr) as
the anode and stainless steel (SS) as the cathode (Gr]| |SS,
Table S3). Apart from the DiDOPA-oxidation at the anode,
the half-cell reaction at the cathode also needs to be
considered to avoid side reactions like solvent decomposi-
tion. This was achieved by promoting the hydrogen
evolution reaction (HER).?! Overall, Gr||SS consistently
led to the best results in the batch-type cells, peaking at
92 % conversion efficiency for the activation and subsequent
TCC-formation of DiDOPA, when used in MeCN with
Bu,NBF, and 10 vol.% water as an additive (Table S4).

To increase the reaction scale, a flow cell setup (2x6 cm?
active surface per electrode) was employed. The initial
screening rounds in this setup consistently yielded best
results for the Gr||SS electrode combination, which was
used for all follow-up studies. Conveniently, Gr| |SS is also
most promising for scale-up as these electrodes combine
robustness with cost efficiency. Typically, a constant current
of 5 mA/cm? (60 mA) was applied leading to a terminal cell
voltage in the range of 2.7-3.5V. The electrochemical
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activation is meant to provide a solution of BY*Q with a
high concentration for the direct reaction with thiols and
should be free of contaminants. Separating the half-cell
reactions by a Nafion™ membrane proved to be advanta-
geous for the efficiency and purity of the activated solution
(Table S5). The concentration of DiIDOPA was increased to
50 mM, which initially lowered the conversion efficiency to
32% as compared to 44% in case of 5mM DiDOPA
reaction solution (Table S6), suggesting that the Faradaic
efficiency of the single pass setup was too low to reach
satisfactory conversions. Increasing the amount of applied
charge beyond the theoretically required four charge
equivalents (4F) did not improve conversion sufficiently
(Table S7). Therefore, the electrolyte feed was modified
from single pass to a cyclic electrolysis with a stirred
reservoir. In this setup, the conversion efficiency reached up
to 88 % applying 6F to a 50 mM DiDOPA solution during
the optimization (Table S8). Higher concentrations led to
product precipitation and blockage of the outlet channel of
the flow cell, which was detrimental for the process (Fig-
ure S6).

When the applied charge exceeded 6-7F, the apparent
conversion efficiency decreased (Table S8). At the same
time, a black precipitate formed on the electrode. At 12F
this precipitate contaminated the solution severely (Fig-
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ure S7). This could be attributed to overoxidation of the
product that was accompanied by an increase in cell voltage
to >4.5V. The conversion efficiency decreases in these
cases, as the residual DiDOPA is apparently not consumed,
but the quinone product is lost due to the detrimental side
product formation. The conversion efficiency neglects side
reactions that form non-soluble products like this pre-
cipitate. After process optimization the resulting electrode
passivation by the deposited coating could be mostly
avoided by balancing maximized conversion of DiDOPA
oxidation with minimized overoxidation and deposition.
This compromise appears to be a drawback for the electro-
synthesis route of quinones but might become interesting for
some applications e.g. to access protective coatings. Under
optimized conditions, the BY*Q activation with a pristine
graphite electrode, gave quinone solutions that reacted with
EtSH almost quantitatively to (EtSH),-DY*-TCC. The
conversion efficiency of the overall reaction from catechol
to TCC reached up to 92% (Figure S8). The gravimetric
isolated yield of the (EtSH),-DY*-TCC product was 64 %.
The yield is lower than the apparent conversion efficiency
due to side reactions.

As given in Figure1 the optimized flow setup and
activation conditions were used to prepare a solution of
activated BY*Q, which was then reacted non-continuously
with multi-thiols to form TCC-polymers via Michael-like
thiol-quinone polyaddition reactions. Once the required
amount of charge was passed, the activated bisquinone
monomer solution was pumped out of the flow cell and
multi-thiols were added in an assumed stoichiometry of 1:1.
As previously proven, the thiol-quinone polyaddition reac-
tion is generic, enabling use of several multi-thiols.!'***"!
These include the small dithiol 2,2’-(ethylenedioxy)-dieth-
anethiol (EDET) to give linear TCC-polymers, as well as
two PEG-based three-arm star trithiols (ETTMP) with
molecular weights of M, =700 g/mol or 1300 g/mol and a
poly(caprolactone)-based four-arm star tetrathiol
(PCL4MP) with M, =1350 g/mol for branched TCC-poly-
mers (Figure 2).

Size-exclusion gel permeation chromatography (GPC)
analysis of the isolated products formed between the dithiol
EDET and BY*Q, confirms the presence of the oligomeric
TCC-polymerization product EDET-DY*-TCC (Figure 2).
Matrix assisted laser desorption ionization time of flight
mass spectrometry (MALDI-ToF-MS) revealed a homolo-
gous series of (DiDOPA)(EDET), (|x-y|<1) in a linear
polymeric structure up to DP=7 (Figure S9). The rather
low degree of polymerization might result, on one hand,
from low monomer concentration, as constrained by the
electrochemical process parameters limiting DiDOPA con-
centration to 50 mM. On the other hand, the non-quantita-
tive DiDOPA activation found in the electrochemical
reaction step, leads to species with only one quinone that
will partially terminate the AA+BB type step growth
polyaddition.'*! The accurate stoichiometry of reactive sites
is of less importance in branched polyaddition reactions, e.g.
bisquinone + tetrathiols. Therefore, GPC revealed for multi-
thiols the formation of polymer products with broader
molecular weight distributions, having high molecular
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Figure 2. TCC-Polyaddition of BY*Q with multi-thiols. a) Idealized TCC-
formation of DiIDOPA (DY*) TCC-oligomers from electrochemically
activated BY*Q with EDET. b) Structures of the multi-thiols used for
TCC-polyaddition. c) Analysis of polyaddition products of electrochemi-
cally activated BY*Q and multi-thiols by gel permeation chromato-
graphy (GPC, polymerization conditions: 50 mM BY*Q in MeCN,
thiol:quinone~1:1, RT, 3 h).

weight flanks that reach 60—100 kg/mol and suggesting
branched topologies (Figure 2c, Table 1).

However, M, ,,, <5000 g/mol confirms the formation of
the desired TCC-oligomers fractions, as required for the
targeted application as transient enzyme stabilizers. The
chemical structures were confirmed by proton nuclear
magnetic resonance (‘"H NMR) and Fourier-transform infra-
red (FTIR) spectroscopy (SI-Section 3, Figure S10-S14). For
the reaction of BY*Q with the branched trithiol macro-

Table 1: Key parameters extracted from GPC elugrams, including
apparent number average (M, ,,,), weight average (M,,,,,) and peak

(M, 25.) molecular mass, the apparent degree of polymerization at the

peak (DP,.,), and the polydispersity index (). Polymerization

conditions cf. Figure 2.

Oligomer M, 20p. M, app. Mg aop. DPap. D
[g/mol]  [g/mol]  [g/mol]

EDET-DY*-TCC 1100 1500 1400 23 1.3

ETTMP;0-DY*-TCC 2200 4100 2400 2.0 1.9

ETTMP,30DY*-TCC 3200 6500 3400 1.9 2.0

PCL4MP-DY*-TCC 2900 7200 4400 1.7 2.6
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monomers, the respective monomers were found in an
estimated ratio of 1.25:1 (DiDOPA:ETTMP,y) and 1.12:1
(DIiDOPA :ETTMP,;y,), implying that BY*Q and the
ETTMP variants form a rather linear polymer with occa-
sional crosslinks (about every fourth ETTMP-monomer).
For the reaction of BY*Q with the tetrathiol PCL4MP, a
ratio of 3.09:1 (DiDOPA : PCL4MP) was found, indicating a
dense decoration of PCL4MP-thiols with DiDOPA linkers.
The high ratio of DiDOPA to PCL4AMP proves the
superiority of the electrochemical approach to access BY*Q
over chemical oxidation to avoid side reactions like disulfide
formation. Using these estimated molecular ratios for the
polymerization reactions a degree of polymerization (DP)
could be roughly estimated from the M, ,,, yielding DP,
in the range of 1.7-2.3 (Table 1).

Considering the high molecular weight flanks, a DP,,, of
up to 9 could be estimated for EDET-DY*-TCC, which is
close to the DP=7 found in MALDI-ToF-MS. As expected,
the high molecular weight flanks of the traces of the
branched DY*-TCC-products correspond to a higher DP,,,
of up to 30 for the product of ETTMP,, and BY*Q
(ETTMP,-DY*-TCC) as well as the product of
PCL4AMP,;5, and BY*Q (PCL4MP-DY*-TCC) and up to 40
for the product of ETTMP, 3y, and BY*Q (ETTMP,3,,-DY*-
TCC). The oligomers were isolated in a yield of up to 55 %
(SI-Section 3).

The set of DY*-TCC-oligomer products has been
targeted to be employed as transient enzyme stabilizers
(TCC-TES). The oligomers combined branched polymer
topologies comprising several TCC-adhesive sites and thus
might be ideal to transiently “cage” and stabilize globular
proteins as investigated on tyrosinase as a model enzyme. It
is anticipated that the DY*-TCC-motifs, which feature
catechol derivatives and peptidic backbones, will engage in
robust interactions with the functionalities present at the
surface of the enzyme. In combination with flexible seg-
ments of the star thiol monomers, which form loops between
DY#*-TCC-anchors, the formation of transient polymer/
protein conjugation complexes might be expected. These
dynamic decorations of the protein surface might inhibit
protein-structure denaturation and improve the resistance
against thermal stress.

As model enzyme the genetically expressed high-per-
formance tyrosinase Sin(A)Tyr!'™ was investigated as mono-
phenol-oxidase. The enzyme activity could be conveniently
estimated using an established assay, which spectroscopically
follows tyrosine oxidation to DOPA quinone in buffer
solution."™*2!' Compatibility of the transient stabilizers
with the enzyme and the activity assay requires water
solubility of the DY*-TCC-oligomers, which is affected by
the star-polymers. While both ETTMP variants contain
PEG-segments that foster water solubility, the PCL4MP-
based oligomer was too hydrophobic limiting water-solubil-
ity, as previously reported.'”! Anyway, PEG proved to be
highly suitable for protein/enzyme stabilization.”” Non-
covalent surface PEGylation with e.g. PEG-peptide con-
jugates has also been demonstrated to be an effective
strategy for antifouling coatings.” Therefore, the effects of
the ETTMP-DY*-TCC-oligomers (TCC-TES) on transient

p.app.
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enzyme stabilization were investigated. Both ETTMP;-
DY*-TCC and ETTMP,3,-DY*-TCC were readily soluble
in water and could be titrated with a solution of Sin(A)Tyr
to constantly reach a TCC-TES/protein weight ratio of 1:1.
The TCC-TES/enzyme complexes were allowed to equili-
brate prior to nano differential scanning fluorimetry
(nanoDSF) measurements to follow protein structure dena-
turation by temperature ramps from 25-95°C at a rate of
1.5°C/min. Figure 3a shows the denaturation curves for non-
stabilized native Sin(A)Tyr in comparison to the TCC-TES-
stabilized enzyme. The temperature of maximum denatura-
tion rate (“melting” temperature 7,,) shifted by approx.
10°C, revealing that both TCC-TES additives seem to offset
structural changes of the enzyme to elevated temperatures,
which was confirmed to be stable for up to 50 days
(Figure 3a-b, Figure S15, Table S9).

However, even more important than stabilizing the
protein structure against thermal denaturation is the effect
of the transient stabilizers on the enzymatic activity, which
might be affected by mislocated “PEGylation”, e.g. of the
catalytically active pocket. A thermal stress activity assay
was performed, where enzyme solutions have been heated
to defined stress temperatures for 10 min and cooled down
to room temperature to determine the residual enzyme
activity (Figure 3c, Figure S16-17). The activity of the non-
stabilized control was severely affected already after heating
to 50°C, while the TCC-TES-stabilized enzymes only lose
their activity beyond 65°C. Obvious stabilization effects
were evident, when the activity of the stabilized Sin(A)Tyr
in the presence of either TCC-TES additive was normalized
to that of the non-stabilized control (Figure 3d). The activity
after exposure to temperatures of 50-60°C reached an
increase of up to 250 % compared to the control (Figure 3d)
and thus clearly confirms a protective effect of the TCC-
TES additives. Remarkably, the enzyme activity in the
presence of the TCC-TES additives was improved even at
RT. Consistently, no activity was detectable after heating
the enzyme to 80°C in any case.

A few interesting effects were observed: In the presence
of both TCC-TES additives, the Sin(A)Tyr shows a general
trend to increased activity compared to the non-stabilized
control. This positive influence of the additive might
potentially be explained by minor changes in the dynamic
protein structure, enabling faster substrate binding as
described occasionally for PEGylated proteins.” Alterna-
tively, the effect of increased enzyme activity might be
linked potentially to allosteric activation or enzyme priming
by the TCC catechols.” Moreover, the control shows
reproducibly an atypically high activity at 65°C, that drops
back to the reduced level at 70°C. This unusually high
activity occurs at temperatures slightly above T, of non-
stabilized Sin(A)Tyr and might be linked to exposed active
centers after unfolding of the enzyme. These observations
support the hypothesis that the TCC-TES additives stabilize
the enzyme by building-up a non-covalently attached
periphery. It might be straightforward to speculate, that the
well solvated, flexible PEG-chains of the star-polymer seg-
ments anchor temporarily via the TCC-DiDOPA adhesive
sites to form transient complexes through interactions
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Figure 3. Thermal stability of tyrosinase Sin(A)Tyr in the presence of TCC-TESs. a) Thermal denaturation curves of Sin(A)Tyr with and without TCC-
TESs determined by nanoDSF. b) First derivative of the curves in a) with T,, (mean of three independent measurements) indicated at the first
maximum of each curve. c) Box plots of activity at room temperature of Sin(A)Tyr after exposure to heat stress at the indicated temperature for

10 min (3 <n<9). d) Relative activity of Sin(A)Tyr in the presence of TCC-TESs normalized to the activity of control (w/o TCC-TES) after heat

stress as indicated.

between TCC-catechols and functionalities present at the
protein periphery. These complexes protect tyrosinase from
heat stress, by counteracting thermally induced irreversible
denaturation of the enzyme, preventing irreversible agglom-
eration and the loss of activity. Moreover, TCC-TES
additives cause a general increase in enzyme activity even
without prior thermal stress, as has been described for some
covalently PEGylated enzymes.?!

To elucidate the underlying stabilization effect, the
enzyme solutions were subject to analysis using dynamic
light scattering (DLS) in the absence and presence of the
best performing TCC-TES additive ETTMP,,,-DY*-TCC.
In accordance with the concept of transient enzyme stabili-
zation, DLS revealed that the average hydrodynamic radius
(R,) of the enzyme with or without TES remained
unaffected in the range of 5 nm (Figure S18). This suggests
that no permanent TES shell was formed around the
enzyme, hinting at a very dynamic equilibrium that is shifted
to the dissociated side at room temperature. This finding is
consistent with the non-stressed enzyme activity data,
showing no dramatic decrease at room temperature, but
rather a slight increase of the enzyme activity. Apparently,
the enzyme and the TCC-TES largely coexist in solution,
and both retain their colloidal independence as there were
no dramatic changes in the hydrodynamic particle sizes,
even after exposure to heat stress up to 60°C. However,
consistent evidence of the stabilizing effect was provided by
DLS, as in the presence of the TCC-TES the stabilized
enzyme preserved its molecular dimensions after exposure
to heat stress up to 70°C, while the non-stabilized enzyme
control agglomerated and precipitated out of solution. This

Angew. Chem. Int. Ed. 2025, 64, €202419684 (6 of 8)

suggests that the irreversible enzyme unfolding is prevented
by the TCC-TES, avoiding agglomeration of the enzyme via
e.g. emerging internal hydrophobic protein surfaces, while
preserving dynamics to allow refolding when cooled to room
temperature.

In conclusion, the electrochemical oxidation of multi-
functional catechols to ortho-quinones has been demon-
strated as a viable alternative to chemical approaches. For
this process, graphite anodes and stainless-steel cathodes
have been found as best electrode materials. The reaction
was performed in an electrolyte consisting of acetonitrile
and 10 vol.% water and Bu,NBF, as supporting electrolyte
in low concentrations. Therefore, the process is comparably
inexpensive and more sustainable than approaches using
oxidizers like periodate. In DiDOPA, both catechols were
oxidized with high efficiency yielding solutions of DiIDOPA
quinone for the TCC-polyaddition to form oligomers with
multifunctional thiols. Buffer-soluble variants of such TCC-
oligomers showed promising properties as transient enzyme
stabilizers, protecting the enzyme tyrosinase from activity
loss upon heat stress. This catechol oxidation strategy is
expected to be universally applicable. Furthermore, due to
the variability of the backbone of the desired monomer,
other polymers might be crafted via this strategy, allowing
the use of electrosynthesis instead of conventional and
waste-generating chemical agents.
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Supporting Information

The data that support the findings of this study are available
in the supplementary material of this article. (Materials and
methods, detailed description and results of optimization of
electrosynthesis, analytics, further details on tyrosinase
assays.)
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