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Single-cell nanoencapsulation (SCNE) is a nanoarchitectonic strategy for creating cell-in-shell structures, in which
the artificial shells, formed on individual living cells, protect the cells inside from otherwise lethal factors and
also potentially provide them with advanced functions, such as exogenous biochemical reactions that are not
attainable in wild-type cells. This work investigated enzymatic cascade systems for widening the substrate scope,
beyond catecholamines, in the in-vitro formation of melanin-like films and shells and, ultimately, providing ad-

vanced building blocks and tools to the field of SCNE, inspired by the enzyme-derived structural diversification of
melanin found in nature. The combination of glucose oxidase and horseradish peroxidase enabled the facilitated
film formation of amine group-absent ortho-diphenols, such as protocatechuic aldehyde (PCA) and pyrocatechol.
As a proof-of-demonstration, the developed reaction protocol was applied to the cytocompatible SCNE of Saccha-

romyces cerevisiae.

1. Introduction

Natural materials and their synthetic processes found in biologi-
cal organisms have ceaselessly been inspiring researchers to chemically
mimic the materials and processes for advanced construction of func-
tional materials that are structurally exquisite [1-4]. This paper de-
scribes our recent research efforts that mimic the melanin formation
(“melanogenesis”) for constructing nanoarchitectonic cell-in-shell struc-
tures in single-cell nanoencapsulation (SCNE), in which nature-mimetic
artificial shells formed on individual cells endow the cells with exoge-
nous properties including cytoprotective capability [5-7].

Cytoprotection is a notable function of melanin. For example, insects
utilize melanin as a skeletal component, which hardens the cuticles and,
of more importance, quarantines pathogens and damaged tissues [8,9].
Certain microbes make themselves highly resistant to lethal stressors,
such as reactive oxygen species (ROS) and microbicides, by construct-
ing melanin-based coats on cell surfaces [10,11]. In human, melanin, as
a primary determinant of skin and hair color, ameliorates the damage by
UV radiation [12]. Early examples of melanogenesis-inspired SCNE in-
clude the cytoprotective encapsulation of individual Saccharomyces cere-
visiae within polydopamine shells [13].

Melanin is broadly defined as a set of highly irregular heteropoly-
mers mainly composed of the monomeric units derived from the en-
zymatic oxidation of an amino acid, L-tyrosine (L-Tyr). It is thought
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that the functions of melanin are augmented by its diversified substruc-
tures, exemplified by eumelanin and pheomelanin [14,15]. Melano-
genesis typically starts with hydroxylation of L-Tyr to L-DOPA (L-3,4-
dihydroxyphenylalanine), followed by its oxidation to DOPAquinone
(Fig. 1) [16]. In the case of eumelanin formation, DOPAquinone un-
dergoes intramolecular cyclization to leukodopachrome, which is then
oxidized to DOPAchrome. The next melanogenetic pathway consists of
several spontaneous reactions under oxidizing conditions: conversion
DOPAchrome to 5,6-dihydroxyindole (DHI) or 5,6-dihydroxyindole-2-
carboxylic acid (DHICA), oxidation of DHI or DHICA to its correspond-
ing indolequinone, and polymerization to eumelanin. All the reaction
steps are tightly controlled by a series of tyrosinase family, and tyrosi-
nase is a key enzyme that catalyzes both hydroxylation of L-Tyr and
subsequent oxidation to DOPAquinone, as well as oxidation of DHI to
the indolequinone [17-19].

Tyrosinase directly transfers two electrons produced during oxida-
tive catalytic reactions to molecular oxygen, leading to water forma-
tion [20]. As a result, the production of ROS and semi-quinone rad-
icals is enormously reduced, which minimizes cellular damage dur-
ing melanogenesis. Inspired by the intimate involvement of tyrosi-
nase in melanogenesis [21], we have previously proposed the in-vitro
use of tyrosinase in the film formation of melanin-like species (MLS)
at neutral pH in the aqueous solution and applied the tyrosinase-
catalyzed film formation to the melanogenesis-inspired SCNE [22]. Al-
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Fig. 1. Examples of melanogenesis pathways. Tryp: tyrosinase-related protein.

though it was found in the study that tyrosinase accepted phenolic
amines, such as L-Tyr, L-DOPA, dopamine (4-(2-aminoethyl)benzene-
1,2-diol), L-norepinephrine (4-[(1R)-2-amino-1-hydroxyethyl]benzene-
1,2-diol) and tyramine (4-(2-aminoethyl)phenol), as a coating precur-
sor, the substrate scope for film formation was still limited, critically
requiring the presence of amine groups in the substrate structures.
For example, no films were formed with protocatechuic aldehyde (3,4-
dihydroxybenzaldehyde), pyrocatechol (benzene-1,2-diol), pyrogallol
(benzene-1,2,3-triol), and gallic acid (3,4,5-trihydroxybenzoic acid). It
is envisaged that the methodological development for expanding the
substrate scope in melanogenesis-inspired formation of films and shells
to general ortho-diphenols (o-diphenols) would advance the nanoarchi-
tectonic construction of cellular hybrid systems [23,24].

The formation of pheomelanin—another type of melanin—includes
the coupling reaction of DOPAquinone with thiol-containing com-
pounds, such as L-cysteine and glutathione, instead of its intramolec-
ular cyclization to leukodopachrome [25]. Melanin structure is fur-
ther diversified by incorporation of different monomer units, includ-
ing 1,8-dihydroxynaphthalene (DHN), 4-hydroxyphenyl pyruvate and
dopamine [26-28], and additional involvement of other compounds
as additives, such as N-acetyldopamine and N-g-alanyldopamine [29].
Correspondingly, various enzymes, including laccase and phenoloxi-
dase, are involved in the structural diversification of melanin [30]. The
enzyme-mediated diversification strategy inspired us to investigate the
use of enzymes other than tyrosinase for widening the substrate scope
in the MLS production in SCNE. In this work, we showed that the com-

bination of glucose oxidase (GOx) and horseradish peroxidase (HRP)
facilitated the MLS formation of o-diphenols (e.g., protocatechuic alde-
hyde and pyrocatechol), and applied the established reaction protocol
to the cytocompatible SCNE of S. cerevisiae.

2. Experimental procedure
2.1. Materials

L-Tyrosine (L-Tyr, > 98%), L-3,4-dihydroxyphenylalanine (L-DOPA,
98%), L-norepinephrine hydrochloride (L-NE, > 97%), pyrocatechol
(PC, > 99%), protocatechuic aldehyde (PCA, 97%), gallic acid (GA, >
98%), glucose oxidase (GOx, from Aspergillus niger), horseradish per-
oxidase (HRP, from Amoracia rusticana), D-(+)-glucose (Glu, > 99.5%),
fluorescein diacetate (FDA), fluorescein isothiocyanate-conjugated dex-
tran (FITC-conjugated dextran, MW: 4, 20, or 250 kDa), and tetrahy-
drofuran (THF) were purchased from Sigma-Aldrich and used as re-
ceived. Yeast-extract-peptone-dextrose broth (YPD broth, Duchefa Bio-
chemistry), yeast-extract-peptone-dextrose agar (YPD agar, Duchefa
Biochemistry), phosphate-buffered saline (PBS, pH 7.4, Welgene),
penicillin-streptomycin (P/S, 5000 U mL~! of penicillin and 5000 mg
mL~! of streptomycin, Welgene), ethanol (EtOH, 95.0%, Samchun), ace-
tone (99.5%, Samchun), hydrogen peroxide (H,0,, 34.5%, Samchun),
and polystyrene (PS) beads (diameter: 3.97 ym, microparticles GmbH)
were used as received. Gold (Au) substrates were prepared by thermal
deposition of Ti (5 nm) and Au (100 nm) onto silicon wafers (Sehyoung



N. Kim, H. Lee, S.Y. Han et al.

Wafertech). Deionized (DI) water (18.3 MQ-cm) from Milli-Q Direct 8
(Millipore) was used.

2.2. Enzyme-mediated formation of MLS films

An o-diphenol compound (PCA, PC, L-DOPA, L-NE, GA, or L-Tyr) was
dissolved in PBS (concentration: 0.8 mg mL~1). After addition of GOx (1
U mL~1) and HRP (0.2 U mL"!), the resulting solution was mixed with
the PBS solution of Glu (20 mM) with 1:1 volume ratio (final concentra-
tions: [o-diphenol] = 0.4 mg mL~!, [GOx] = 0.5 U mL~!, [HRP] = 0.1
UmL1, and [Glu] = 10 mM). After predetermined time of reaction (0,
5, 15, 30, 45, 60, 90, 120, 150, 180, 240, 300 or 360 min), 50 uL of an
aliquot was taken from the reaction solution, diluted in 950 uL of PBS,
and analyzed with a UV-vis spectrophotometer (UV-2550, Shimadzu).
For MLS film formation, Au substrates were immersed in the 3-mL solu-
tion of o-diphenol (0.4 mg mL™1), GOx (0.5 UmL™1), HRP (0.1 UmL™1),
and Glu (10 mM), and the samples were placed on an orbital shaker with
120 rpm at 33 °C. After pre-determined time of reaction (15, 30, 45, 60,
90, 120, 180, 240, 300, and 360 min), the Au substrates were washed
with DI water and dried under a stream of Ar gas. The film thickness was
calculated with a spectroscopic ellipsometer (Elli-SE, Ellipso Technology
Co.). Polarized infrared external reflectance spectroscopy (PIERS) spec-
tra of the films were recorded with a nitrogen-purged Fourier-transform
infrared (FT-IR) spectrophotometer (Nexus 670, Thermo Nicolet): PIERS
spectra were equalized by adding approximately 2000 scans for back-
ground and each sample. X-ray photoelectron spectroscopy (XPS) spec-
tra of the films were acquired with a surface analysis instrument (Sigma
Probe, Thermo VG Scientific). The morphology of the MLS films was
characterized with a scanning electron microscope (SEM, F50, FEI). For
contact angle measurement, 3 uL of an aqueous droplet was positioned
on a native Au substrate or the MLS-coated Au substrate, and the water
contact angle was measured based on the optical image of the droplet.

2.3. Single-cell nanoencapsulation of S. cerevisiae with MLS pcy;

For preparation of yeast@MLSpc,;, a single colony of S. cerevisiase
(baker’s yeast) was picked from a YPD agar plate, suspended in the YPD
broth, and cultured in a shaking incubator at 33 °C for 30 h. Prior to
shell formation, the cells were washed with DI water three times. To
a pellet of S. cerevisiase were added sequentially the PBS solutions of
PCA (0.8 mg mL~!; 4 mL), Glu (20 mM; 4 mL), GOx (400 U mL~}; 10
uL) and HRP (80 U mL™!; 10 L), and the mixture was then incubated
at 33 °C for 6 h. Yeast@MLSpc,; cells were washed with DI water at
least three times to remove any residual chemicals. The cell viability
was investigated with FDA. FDA was dissolved in acetone at the con-
centration of 10 mg mL~! for preparation of a FDA stock solution, and
5 uL of the FDA stock solution was mixed with 1 mL of a cell suspen-
sion in PBS for 15 min at 33 °C while shaking. The cells were collected
by centrifugation, washed with DI water, and characterized with a con-
focal laser-scanning microscope (CLSM, LSM 700, Carl Zeiss) and the
SEM. For thickness measurement and permeability analysis of MLSpcx;
shells, hollow MLSpc; capsules were fabricated with polystyrene (PS)
beads (diameter: 3.97 ym) as a sacrificial template. PS beads were sus-
pended in the enzyme-mediated reaction solution of PCA (0.8 mg mL™1;
4 mL), Glu (20 mM; 4 mL), GOx (400 U mL™1; 10 xL) and HRP (80 U
mL~1; 10 uL), and the mixture was placed in a shaking incubator at 33
°C for 6 h. The resulting PS@MLS|pcs) were washed with DI water at
least three times to remove any residual chemicals, and the sacrificial
PS was dissolved with THF for formation of hollow MLSpca; capsules.
The hollow capsules were spread on a glass substrate and dried under air
for 12 h, followed by shell-thickness measurement with an atomic force
microscope (AFM, JPK model: NanoWizard4, Bruker). For permeability
analysis, the hollow MLSpc,; capsules were incubated in an aqueous
solution of FITC-conjugated dextran (1 mg mL~!; MW: 4, 20, or 250
kDa). After 10 min of incubation, the penetration of FITC-conjugated
dextrans into the capsules was monitored by CLSM.
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3. Results and discussion

3.1. Reaction of protocatechuic aldehyde (PCA) and L-DOPA with GOx
and HRP in solution

We used a combination of GOx and HRP for the enzyme-mediated
MLS production from o-diphenols. In this design of enzyme sets, GOx
first catalyzes the oxidation of D-(+)-glucose (Glu) in the presence of
atmospheric molecular oxygen (O,) and generates H,O, as one of its
reaction products. HRP then oxidizes o-diphenols, with an aid of H,O,,
and converts them into MLS (Fig. 2a). We anticipated that the control
over H,0, level would determine the formation of thin, self-adherent
MLS films and shells. Although it was reported that the use of only HRP
accelerated the oxidative polymerization of dopamine under the basic
pH (pH 8.5) [31], HRP-mediated film formation and its substrate scope
have not been reported yet, not to mention the reaction performance at
the physiological pH (pH 7.4).

We first investigated the performance characteristics of the
designed enzyme system with protocatechuic aldehyde (3,4-
dihydroxybenzaldehyde; PCA) as a model precursor for o-diphenols
that do not bear amine groups (Fig. 2b). PCA is a natural o-polyphenol
composed of 1,2-dihydroxybenzene (a.k.a., catechol or pyrocatechol)
and aldehyde groups, which is found in barley, grapevine leaves, green
bananas, Salvia miltiorrhiza root, and Phellinus linteus. A PBS solution
of PCA was prepared at pH 7.4, followed by sequential addition of
GOx, HRP, and Glu (Refer to the experimental procedure for the
concentrations). The solution gradually turned to brown over time,
indicative of MLS[pc,; formation (Fig. 2c). The increment of peak
intensity at 420 nm, along with the decrement of the peaks at 250
and 345 nm from PCA, in the time-lapse UV-visible spectra suggested
the in-situ formation of PCA-derived quinone intermediates (Fig. 2d)
[32]. The peaks at 225 and 275 nm implied that the formed MLSpcx;
might contain poly(catechol) and heterocyclic moieties, such as ben-
zoin or stilbenediol [33]. After 6 h of incubation, the brownish MLS
precipitated, and neither water nor organic solvent (i.e., methylene
chloride) could dissolve them, like biologically generated melanin
(Fig. 2e).

We also studied the reaction characteristics of L-DOPA, which is one
of the important intermediates in biological melanogenesis (Fig. S1).
Upon addition of GOx, HRP, and Glu, the L-DOPA solution gradually
turned to pale orange, and the solution color was intensified to dark
brown. The peak appearance at 310 and 480 nm in the UV-visible spec-
tra indicated the generation of the intermediates in the melanogenesis
pathway, including DOPAquinone and DOPAchrome. Taken together,
the solution-based analyses clearly confirmed that the combination of
GOx and HRP was versatile in the MLS formation under physiologically
relevant conditions.

3.2. Film formation with PCA and L-DOPA on gold

The enzyme-mediated film formation from PCA was investigated
with flat gold (Au) substrates as a model, and followed by spectro-
scopic ellipsometry (Fig. 3a). The ellipsometric analysis showed the
sigmoidal film-growth curve: for example, after short lag-phase (< 1
h), the film thickness sharply increased to 22.0 nm at 4 h of reaction
and the thickness increase slowed down afterwards. The film of PCA-
derived MLS (MLS[pcs;) was further characterized by SEM, contact-
angle measurement, PIERS, and XPS. After MLS|pc,, film formation, the
Au substrate became rougher, composed of nanoparticulates, which in-
dicated the successful film formation (Fig. 3b). The change in static wa-
ter contact angle, from 66.8° to 41.1°, also confirmed the film formation
(Fig. 3¢). The PIERS analysis indicated the presence of MLS[pc,; in the
film: the spectrum contained the signature peaks of melanin at 1276,
1419, 1617 and 1685, and 3334 cm‘l) corresponding to ether (C-O-C),
alkene (C=C), carbonyl (C=0), and hydroxyl (O-H) groups, respectively
(Fig. 3d). The C 1s XPS spectrum could be deconvoluted into three peaks
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of 283.6 (C-C and C-H), 284.9 (C-0), and 287.1 eV (C=0), indicative
of the MLSpc,; film formation (Fig. 3e).

In contrast, no MLS[pca; films were formed in the absence of the
enzymes, confirmed by the ellipsometric, PIERS, and XPS analyses (Fig.
S2). For example, no thickness increase was observed even after 6 h
of reaction (triangles on Fig. 3a). We also found that neither HRP and
H,0, nor GOx and Glu formed films. These results arguably confirmed
that the combination of GOx and HRP, developed herein, was critically
required for MLSpc,; film formation.

On the other hand, the MLS[;_popa; film grew continuously in a lin-
ear fashion (Fig. S3). The film thickness was 1.96 nm after 1 h of reaction
and increased to 26.7 nm at 6 h. The PIERS spectrum, showing the peaks
at 1326 for amine groups (C-N), 1623 for carbonyl ones (C=0), and
3270 cm™! for hydroxyl (O-H) ones, confirmed the MLS; popa; film for-
mation. The deconvoluted C 1s XPS peaks at 283.7 (C—C and C-H), 285.0
(C-0 and C-N), and 287.3 eV (C=0 and C=N) further confirmed the film
formation. Taken all together, our enzymatic cascade reaction system
facilitated the formation of MLS films, from o-diphenols with or with-
out amine groups, and widened the substrate scope for melanogenesis-
mimetic film formation.

3.3. Substrate scope for MLS film formation

The current enzyme system was designed to be capable of catalyzing
the MLS formation from various o-diphenols. As aforementioned, tyrosi-
nase converts monophenols to diphenols (via one-electron oxidation)
and oxidizes catecholamines to their quinones (via two-electron oxida-
tion) in biological melanogenesis, but its in-vitro generation of MLS is
limited to phenolic amines as a substrate [22].

To further investigate the substrate scope, we first employed pyrocat-
echol (benzene-1,2-diol, PC), which is the simplest o-diphenol (Fig. 4a).
We also tested phenolic amines as a reaction precursor in order to

study the similarities and differences among reaction precursors in the
enzyme-mediated MLS film formation. Specifically, we chose L-Tyr, L-
DOPA, and L-norepinephrine (L-NE), which were reported to form the
MLS films by the action of tyrosinase [22]. We additionally added gallic
acid (3,4,5-trihydroxybenzoic acid, GA) to the test set.

The ellipsometric analysis showed that our enzymatic system formed
thin films from PC, L-DOPA, L-NE, and GA, but not from L-Tyr. After 6 h
of reaction, the film thickness was measured to be 5.8 nm for MLSpc,,
26.8 nm for MLS|; popaj, 9.4 nm for MLS|; ng;, and 1.9 nm for MLS g4,
respectively (Fig. 4b). It has been reported that HRP could catalyze the
polymerization of 4-hydroxyphenylacetic acid (HPA) in the presence of
H, 0, and construct nanometer-thick poly(HPA) films and capsules [34].
No films were formed with L-Tyr in our system, presumably because the
first step in melanogenesis—hydroxylation of L-Tyr to L-DOPA—was not
achievable in the system of GOx and HRP.

We performed control experiments to investigate the reaction char-
acteristics in detail. In the PBS solution (pH 7.4) without GOx and HRP,
L-DOPA and L-NE formed thinner films than the ones in the GOx/HRP
system: for example, 26.8 nm vs. 19.0 nm for L-DOPA and 9.4 nm vs. 5.3
nm for L-NE after 6 h of reaction. In contrast, no films were formed from
PC and GA in the PBS solution, showing that the enzymes were required
for film formation in this case. In the case of L-DOPA and L-NE, it could
undergo self-oxidation in the presence of molecular oxygen, followed
by intramolecular cyclization, leading to the production of MLS [16].
We also used HRP and H,0, for film formation, and found that none
of the four compounds (PC, L-DOPA, L-NE, and GA) formed films. We
thought that rapid oxidation of the compounds by HRP led to uncon-
trollable production of MLS and undesired precipitation. As expected,
the use of GOx and Glu did not form the films. The control experiments
clearly confirmed that the combination of GOx and HRP was required
for the MLS film formation in a controlled fashion.
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It is known that the structural differences of melanin in nature lead
to their diversified color ranges and surface morphologies [25], which
was also observed in our system (Fig. 4c,d). The color of matured MLS
solutions was significantly different from each other depending on the
precursors used. For example, the color of the MLSpc,; solution was
much darker than that of the MLSp; solution. We thought that this
color difference might result from the aldehyde group in PCA, which
could allow for additional cross-linking reactions, such as benzoin con-
densation, while polymerization of PC is limited on the formation of C-C
and C-O-C bonds between aromatic rings [35-37]. These results indi-
cated that the MLS films and shells with varied physicochemical proper-
ties could be formed by the expanded substrate scope [38], which would
be beneficial in the nanoarchitectonic creation of cell-in-shell structures
in SCNE.

3.4. Single-cell nanoencapsulation (SCNE) of S. cerevisiae

We applied the reaction protocol of MLSpcs; production to SCNE
of S. cerevisiae as a proof-of-demonstration (Fig. 5a). In this experimen-
tation, we particularly intended to mimic the stimuli-responsive, au-
tonomous formation of MLS coats found in certain yeast, such as Cryp-
tococcus neoformans, for the enhanced resistance against external stres-
sors [10]. Briefly, a pellet of S. cerevisiae was mixed with the enzyme-
mediated reaction solution (0.4 mg mL~! of PCA; [Glu] = 10 mM; 0.5 U
mL~! of GOx; 0.1 U mL~! of HRP), the mixture was incubated at 33 °C
for 6 h, and resulting yeast@MLSpc,; were collected for characteriza-
tions. The SEM image after SCNE indicated that the MLSpc,; shells were
successfully formed on individual S. cerevisiae (Fig. 5b). Mechanisms on
the MLSpca; shell formation on individual S. cerevisiae would involve
the substrate-independent adhesiveness of catechol-based MLS and the
cross-linking reactions of intermediates, o-quinones, with amines and
thiols on the cell surface via Michael-type addition and Schiff base reac-
tions [4,39]. The shell formation was stimuli-responsive: no shells were
formed without the Glu supply to the system.

The thickness and permeability of the MLS[pc,; shells were further
investigated. We constructed the MLSpca; shells on polystyrene (PS)
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beads (diameter: 3.97 ym) and dissolved the sacrificial PS templates
with THF to produce the hollow MLSpc4; capsules. The shell thickness
was measured to be 10.1 nm on average by AFM (Fig. S4). The per-
meability of MLS[pca; capsules was investigated with FITC-conjugated
dextrans with various molecular weights (MWs), in which the capsules
allowed the penetration of low-MW (4 and 20 kDa) dextrans, but not
for high-MW (250 kDa) one (Fig. S5). This permselective characteris-
tic of nanometric MLSpca; shells might enable the selective transfer
of oxygen, nutrients, and cell metabolites, while the shells shun large
molecules, such as lytic enzymes, and antibodies.

It is a pre-requisite for SCNE to ensure that the materials and pro-
cesses do not harm to living cells. In this regard, the cell viability after
SCNE with MLS[pc,; was studied by the fluorescein diacetate (FDA) as-
say, in which FDA was converted to green-fluorescent fluorescein by
intracellular esterases in viable cells (Fig. 5¢). The viability was cal-
culated to be 73.5% (viability of native yeast: 99.2%), confirming the
cytocompatibility of our enzymatic system (Fig. 5¢). As a comparison,
the air-oxidative polydopamine shell formation for S. cerevisiae was re-
ported to be ~54% [13]. Based on the results, it could be concluded that
the enzyme combination of GOx and HRP expanded the chemical tools
for manipulating living cells at the single-cell level.

4. Conclusions

In summary, we developed an enzymatic cascade system for forming
melanin-like films and shells from various ortho-diphenols. Especially,
our system of glucose oxidase (GOx) and horseradish peroxidase (HRP)
was found to be capable of polymerizing amine-absent ortho-diphenols,
such as protocatechuic aldehyde and pyrocatechol.

The system developed herein has advantages and disadvantages. It
expands the substrate scope for melanin-mimetic film formation, which
would lead to varied physicochemical properties of the films and shells.
The physicochemical properties would be further diversified by the in-
corporation of other compounds to the melanin structure, as noticed in
the pheomelanin formation [40-42]. The system is stimuli-responsive.
The shell formation is glucose-dependent. It is anticipated that yeast
cells would autonomously arm themselves with melanin-based shells
during their division in the presence of the nutrient, glucose. Enzy-
matic systems could be further designed to be stimuli-responsive and
autonomous for other cell types including mammalian cells in the shell
formation. On the other hand, the GOx/HRP system is observed to be
toxic to the cells to some extent, although the viability after SCNE of
S. cerevisiae is legitimately high. The reaction optimization, along with
the use of other ortho-diphenols than protocatechuic aldehyde, would
be required for fully cytocompatible SCNE, which is our next research
thrust.

Compared with the layer-by-layer (LbL) approach that has inten-
sively been used for SCNE, [43-45] the approach developed herein is
simple and fast, not requiring the repeated deposition steps, as well as
potentially providing advantageous properties in SCNE, such as neu-
tralization of reactive oxygen species and other radicals, shielding of
UV radiation, and inactivation of microbicidal activities. Considering
the potential utility of melanin-inspired materials, our strategy would
provide an advanced tool for diversifying melanin-like materials in the
biomedical sector. We also believe that this work promises advances
in the nanoarchitectonic SCNE that integrates innate enzymatic reac-
tions in cells with chemically provided enzymatic reactions in shells
and/or outside for reprogrammed metabolic activities and rewired re-
action pathways [46-48].
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