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Rapid degradation of Fe**-tannic acid films is achieved under
mild conditions via ascorbic acid-mediated Fe3* reduction, which
overcomes the problems in the disassembly of a metal—organic
complex including slow reaction rates and reaction incompatibility
with living cells. The strategy of reductive disassembly is applied to
degradable single-cell nanoencapsulation, providing an advanced
tool for tightly controlling and manipulating the cell-material
interface.

Single-cell nanoencapsulation (SCNE) aims to protect living
cells by chemically constructing ultrathin (<100 nm), durable
artificial shells at the single-cell level and also to confer on
them exogenous (bio)chemical functions that are not innate in
the cells.™” Artificial exoskeletons have recently evolved to
degrade in response to external stimuli, after temporal cyto-
protection of single cells, mimicking the germination process
of dormant spores found in nature. In degradable SCNE,
supramolecular coordination polymers, such as metal-organic
frameworks (MOFs) and metal-phenolic complexes (MPCs),
have intensively been used because of the reversible nature of
metal-ligand coordination bonds.>”® Falcaro et al. encapsu-
lated Saccharomyces cerevisiae and Micrococcus luteus within a
MOF shell of zeolitic imidazolate framework (ZIF-8), composed
of Zn** and 2-methylimidazole, which was degraded by the
addition of ethylenediaminetetraacetic acid (EDTA).>* EDTA
was also employed by Brinker et al. for the degradation of MOF
nanoparticle shells, which were cross-linked by tannic acid
(TA), on HeLa and other mammalian cells.” We and others
reported the use of the Fe**-TA MPC for degradable SCNE,
where the MPC shell was disassembled by EDTA or HCL®™®
Collectively, these approaches could be categorized as a ligand-
modification strategy, which exchanges the ligands (e.g:, substitution
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of TA or 2-methylimidazole with EDTA) or decreases the ligand
affinity (e.g., protonation of catecholate to catechol in TA by
HCI or its oxidation to quinone).>'®

On the other hand, nature has developed sophisticated
processes for control over iron (Fe) species."'* For example,
certain bacteria (e.g., Escherichia coli and Salmonella typhimur-
ium) shuttle Fe species between their cytoplasm and the
extracellular region by precisely controlling the coordination
complex formation of Fe’" and the siderophores, named enter-
obactins, which are composed of three catecholate ligands with
2,6,10-trioxo-1,5,9-trioxacyclododecane as a core.™® The active
transport of Fe’* into the cytosol is performed by the strong
Fe’"-enterobactin complex (Ky ~ 52), structurally reminiscent
of the Fe**-TA MPC."* Mechanisms of Fe release in the cytosol
are still not resolved completely, but studies indicate the
involvement of Fe*" reduction, leading to the formation of a
loosely bound Fe** complex and subsequent Fe** release.'*"®
Inspired by this biological mechanism, in this work, we suggest
an alternative metal-modification strategy to the cytocompati-
ble degradation of Fe**-TA MPC shells in SCNE. Specifically, we
demonstrate that Fe** reduction to Fe*" in the Fe*'-TA MPC by
vitamin C (r-ascorbic acid, AA) disassembles the MPC rapidly
under physiologically relevant conditions, and apply the
Fe’" reduction-based method to in situ shell degradation on
S. cerevisiae.

We first investigated the reduction characteristics of the
Fe**-TA MPC upon addition of AA to the MPC solution. The
solution, initially dark purple, turned colorless within 3 h, as
observed by the naked eye, indicating the disassembly of the
Fe’"-TA MPC (Fig. 1a). The ligand-to-metal charge-transfer
(LMCT) band at 565 nm of the Fe®*"-TA MPC sharply decreased
in intensity after addition of AA (Fig. 1b). The results indicated
that the reduction of Fe** to Fe** in the MPC decreased the
charge density of the Fe metal center, changing the hard to
borderline hard/soft Lewis acid, and leading to a decreased
affinity for the negatively charged, hard oxygen donor in TA.
The lower reactivity of Fe®" to TA and the lower stability of the
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Fig. 1 (a) Time-lapse optical images of the Fe3*-TA MPC solution after
addition of ascorbic acid at 0 min (10 mM). (b) Graph of LMCT intensity at
565 nm versus reaction time. (c) Graphs of film thickness versus reaction
time. The Fe**-TA MPC film was incubated in an aqueous solution of AA
(1, 5, or 10 mM), EDTA (10 mM), or gly-HCl buffer (pH 2). The right graph
for AA (5 and 10 mM) is the enlarged one for the first 10 min of incubation.

Fe®*TA complex enabled the dissociation of the MPC. The rapidity
of MPC disassembly was confirmed by the ellipsometric-thickness
measurement (Fig. 1c). The Fe**-TA MPC films, on a flat gold
substrate, prepared using our iron gall ink (IGI) strategy that
uses Fe”" as an Fe source,'’*° were incubated in an aqueous AA
solution (concentration: 1, 5, or 10 mM), and the film thickness
was measured at a predetermined time. The ellipsometric
analysis arguably showed that the film degraded rapidly, upon
AA addition, in a concentration-dependent manner. For exam-
ple, complete film degradation was observed within 4 min with
10 mM AA, while 30% of the film remained even after 1 h of
incubation with 1 mM AA. The comparative studies showed
that the degradation efficiency of 1 mM AA was comparable to
that of EDTA (10 mM) or gly-HCl buffer (pH 2), indicating
the far better performance of the metal-modification strategy
over the ligand-modification one. The film degradation was
additionally confirmed by field-emission scanning electron
microscopy (FE-SEM) and contact angle goniometry (Fig. S1,
ESIt). Our method was also applied seamlessly to other Fe**-TA
MPC structures, such as hollow capsules and free-standing
films: only 19% of the capsules remained after 12 h of incuba-
tion in the 10 mM AA solution, but 65% and 86% remained in
the EDTA solution (10 mM) and the gly-HCI buffer (pH 2),
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respectively (Fig. S2, ESIT). The 2.5 pm-thick free-standing film
degraded completely within 2 h in the AA solution, while 46%
and 65% of the film still remained in the EDTA solution and
gly-HCl buffer, respectively (Fig. S3, ESIT). We thought that the
partially cleaved MPC species remained present at the oil-water
interface for stabilization of the system and led to the observed
slow degradation for hollow capsules. The film degradation was
additionally demonstrated by the successful fabrication of Fe*'-
TA MPC micropatterns through AA-mediated wet etching for
1 min (Fig. S4, ESIf).

We tested other biological reductants, such as NADH and
glutathione (GSH), for MPC degradation in vain (Fig. S5, ESIt).
In biological systems, oxidoreductase and FAD are required for
NADH to reduce the Fe** complex.?® It is reported that GSH
works for Fe*" reduction only in an oxygen-free atmosphere,*
while ascorbate prefers to maintain the Fe*"-ascorbate complex,
not the Fe®" complex, in the presence of oxygen.”> Our
failed results, along with the previous reports, supported the
suggested active role of AA in Fe metabolism, in which
other biological reductants usually act to regenerate AA from
dehydroascorbate (an oxidized form of AA), rather than being
involved directly in Fe** reduction.”®>* The redox cycle of AA
was demonstrated in the Fe**-TA film degradation by the redox
coupling between AA and GSH in the solution (Fig. S6, ESIf).
The addition of GSH (10 mM) to the AA solution (0.1 mM) led to
noticeably increased film degradation. The pH dependency of
our system additionally supported the direct involvement of AA
in Fe*' reduction and MPC disassembly. It has been reported
that the reduction potential of Fe®" in the Fe**-catecholate
complex is —790 mV at pH 7.4, and it increases as the pH
decreases (e.g., —570 mV at pH 6 and 170 mV at pH 4).*°
Accordingly, AA with a reduction potential of 90 mV was
observed to be operational in the film degradation at pH values
less than 5 (Fig. S5, ESI).>*

The AA-mediated, reductive disassembly of the Fe**-TA MPC
was directly applied to SCNE, providing a cytocompatible
strategy for shell degradation (Fig. 2a). The Fe**-TA MPC shell
was formed on S. cerevisiae (leading to the construction of
yeast@Fe®'-TA), confirmed by FE-SEM and confocal laser-
scanning microscopy (CLSM). For the SCNE of S. cerevisiae,
the direct formation of the Fe®>"-TA complex with Fe*" was used
instead of the IGI strategy, the coating rate of which is relatively
low.® The CLSM images, after treatment with bovine serum
albumin (BSA)-Alexa Fluor 647 (red) for shell visualization and
fluorescein diacetate (FDA, green) for viability assay, clearly
showed that individual S. cerevisiae cells were encapsulated
uniformly by the Fe**-TA MPC without any noticeable decrease
in cell viability, in accordance with our previous report (Fig. 2b,
left). The AA addition to the yeast@Fe*'-TA suspension chan-
ged the suspension color from purple to pale white, indicating
the disassembly of the Fe**-TA MPC and its shell degradation
(Fig. S7, ESIt). The CLSM image showed the complete disap-
pearance of the ring-shaped red fluorescence, confirming the
cytocompatible shell degradation (Fig. 2b, right). As expected
from the green fluorescence, the cell viability did not decrease
after shell degradation (Fig. S8, ESIT). The FE-SEM images further
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Fig. 2 (a) Schematic representation of the reduction-based Fe**-TA shell
degradation on S. cerevisiae with ascorbic acid. (b) CLSM and (c) FE-SEM
images of S. cerevisiae after shell formation and degradation. In (b), the
Fe**-TA shell was stained with BSA-Alexa Fluor 647 (red) for shell visua-
lization and S. cerevisiae was stained with FDA (green) for viability assay.
Scale bar: 10 um. In (c), scale bar: 1 um, and 100 nm for the inset.

confirmed that the nanoparticulate morphology of the Fe**-TA
MPC shell disappeared completely after AA treatment (Fig. 2c).

It should be noted that the previous methods including
ours, using potentially toxic chemicals (i.e., HCl and EDTA) for
shell degradation, required totally separated processes of shell
degradation and cell culture steps, hampering their use in
in vivo and practical applications. For example, yeast@Fe>"-TA
was first immersed for 3 h in HCI solution (pH 2) to remove
the MPC shell and, after several washing steps, then incubated
in a yeast-extract-peptone-dextrose (YPD) broth for culture.®
This was also true for EDTA.> Our control experiments
clearly showed that the direct addition of HCI or EDTA to the
yeast@Fe’"-TA-suspended YPD broth (YPD_MPC[+]) restrained
cell growth and proliferation (Fig. 3a). The microbial growth
was monitored by optical density measurements at 600 nm
(ODggo)- The ODg values of YPD_MPC[+] did not change even
after 30 h of incubation when EDTA or HCl was added (solid
triangles in Fig. 3a). We thought that EDTA and HCI would be
lethal to the yeast cells that started to bud and were budding,
which was supported by the result that no growth was observed
with native yeast under the same conditions (YPD_MPC[—],
open triangles). In stark contrast, AA addition to YPD_MPC[+]
enabled both shell degradation and cell proliferation concur-
rently (solid circle), without any negative effects on cell growth
(open circle). All three samples (i.e., native yeast, native yeast
with AA, and yeast@Fe®*-TA with AA) had a similar, if not the
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Fig. 3 (a) Growth curve of yeast@Fe>*-TA in the YPD broth (YPD_MPC[+])
with AA (100 mM, solid red circle), EDTA (100 mM, solid blue triangle), or
gly-HCl (pH 2, solid green triangle). The data for native yeast incubated in
the YPD broth (YPD_MPC[-]) with AA, EDTA, or gly-HCl are depicted as
open symbols for each case and those for native yeast in the as-prepared
YPD broth are depicted as open grey squares. (b) Linear-fitted plots from
—4.0 to 1.0 of In(ODgpo) of native yeast (open grey square), and
yeast@Fe®*-TA incubated in the as-prepared YPD (solid grey square) or
the AA-added YPD broth (solid red circle). The slope, p, is expressed in In
units per hour, corresponding to the cell-growth rate in the exponential
growth phase.

same, lag phase of 12 h. The retardation and restoration of cell
growth by shell formation and degradation, which are desired

in the artificial spores of SCNE,***’ were investigated by

calculating the 1912)_800 value that is defined as the time when

In(ODgyo) reaches —2.0 (Fig. 3b).*® The shell formation

increased the t(_jgg‘“’ value to 20.5 h, and it returned back to

the natural t?? o0 value after the addition of AA to YPD_MPC[+].
The growth rate (1) was unperturbed (0.60 h™" for native yeast;
0.56 h™" after shell formation; 0.54 h™" after shell degradation),
additionally supporting the fact that the reductive disassembly
process did not alter the metabolic activities. Taken together,
the nature-inspired, AA-mediated reductive strategy provided a
one-pot, cytocompatible tool for disassembling Fe**-TA MPC
films and shells.

The reductive disassembly of the Fe**-TA MPC could be
coupled reversibly with its oxidative assembly (Fig. 4). We
formed the Fe**-TA MPC using the IGI strategy,’”” in which
Fe®" as a precursor of Fe’" was air-oxidized to the Fe** cation

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Graphs of film thickness versus reaction time in the IGI-based
solution ([Fe*] = 10 mM, [TA] = 1 mM). AA (0.1, 0.5, or 1 mM) was added to
the solution after 3 h of reaction.

that formed a strong coordination complex with TA. The
AA-mediated Fe®" reduction enabled the film degradation (or
the retardation of film growth, Fig. S9, ESIt) only until the
complete consumption of AA, and the film growth was restored.
The results confirmed that AA reacted only with Fe** and the
process was redox-based.

In summary, we suggested a metal-modification strategy for
the controlled disassembly of the Fe®*-TA MPC, inspired by the
process of biological iron uptake in nature. The specific Fe**
reduction to Fe>* by a biological reductant, r-ascorbic acid (AA),
disassembled the MPC rapidly under physiologically relevant
conditions. The AA-mediated reductive disassembly solves the
issues in the use of MPC-based hierarchical structures, espe-
cially in bio-related practical applications, exemplified herein
by a cytocompatible, one-step, in situ MPC shell degradation in
SCNE. The scope of our method is expandable to other metal-
ligand coordination structures, such as MOFs (Fig. S10, ESIt)
and supramolecular hydrogels.>*** We, therefore, believe that
its simplicity and wide applicability promise new vistas in the
field of materials science,*° not to mention providing an
advanced tool for chemical manipulation of living cells.
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