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Abstract: Single-cell encapsulation promises the cytoprotec-
tion of the encased cells against lethal stressors, reminiscent of
the sporulation process in nature. However, the development of
a cytocompatible method for chemically mimicking the
germination process (i.e., shell degradation on-demand) has
been elusive, despite the shell degradation being pivotal for the
practical use of functional cells as well as for single cell-based
biology. We report that an artificial shell, composed of tannic
acid (TA) and Fe'™, on individual Saccharomyces cerevisiae
controllably degrades on-demand, while protecting the yeast
from multiple external aggressors, including UV-C irradiation,
Iytic enzymes, and silver nanoparticles. Cell division is sup-
pressed by the TA-Fe™ shell, but restored fully upon shell
degradation. The formation of a TA-Fe" shell would provide
a versatile tool for achieving the chemical version of “spor-
ulation and germination”.

Some bacteria, such as bacillus, clostridia, and sporosarcina,
have the environment-responsive, mutually orchestrated
biological processes, namely sporulation and germination.!
Sporulation is a cellular differentiation process to counteract
hostile external stressors, such as malnutrition, dehydration,
heat, and radiation, which shuts down cellular metabolism
and constructs a robust proteinaceous shell.") The shell
precludes physical access of foreign aggressors to the interior
and detoxifies reactive toxic chemicals. The protective shell,
on the other hand, degrades when the spore’s inner mem-
brane senses a hospitable environment for reproduction,
which is called germination." The cellular-level adaptation
to environmental changes found in nature has inspired
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researchers to mimic the sporulation process structurally
(i.e., to chemically form an ultrathin and robust artificial shell
on the non-spore forming cell) for increasing the in vitro
stability of cells, because most living cells are extremely
vulnerable to laboratory or practical applications.

Previous cell-encapsulation studies, mimicking the spor-
ulation process, show that a durable artificial shell can lead to
enhanced cellular tolerance against external stressors.*"!
Nanoshells of silica,” silica-titania,*! graphene,” or polydop-
amine™ were formed on microbial and mammalian cells, and
the enhanced resistances to physicochemical stresses, malnu-
trition, enzymatic attack, or heat were reported. However, the
development of a cytocompatible method for chemically
mimicking the germination process (i.e., shell degradation on-
demand) has been elusive, although the programmed break-
ing-up of the cytoprotective shell is pivotal for the practical
use of cells in sensors, drug delivery systems, cell therapy, or
regenerative medicine.” The tough shell is often a physical
barrier to the biological actions of the encapsulated cells
inside, particularly if the shell does not respond to environ-
mental changes. Therefore, the formation of a cytoprotective
shell that degrades on-demand is highly desired for field-
deployable cell-loaded materials and devices.'l The bottle-
neck to the development of such a dual-functional shell is the
incompatibility of the chemical conditions required to
degrade the shell encasing living cells. The conventional
strategies for the disintegration of physicochemically durable
materials generally require noxious chemicals and harsh
conditions, which lead to cell death.

Metal-organic films, based on non-covalent coordination
complexes, are structurally rigid, but could respond to
external stimuli and be degraded under cytocompatible
conditions. In the current study, we found that a metal-
organic film, composed of a natural polyphenol (tannic acid;
TA) and Fe" " was structurally rigid, but could respond to
external stimuli and be degraded under cytocompatible
conditions, fulfilling the criteria for dually functional shells.
The substrate-independent coating, using coordination com-
plexes of TA and Fe™ ions, was fast (in seconds) and highly
biocompatible, forming a TA-Fe™ shell on individual yeast
(Figure 1; see the Experimental Section for the detailed
procedure). Briefly, the TA-Fe™ shell was formed simply by
adding aqueous solutions of TA and FeCl;-6H,O to the
aqueous yeast suspension and incubating the mixture for 10 s.
The process was repeated two or four times, leading to the
formation of a [TA-Fe"'], or [TA-Fe'], shell, respectively.
For the characterization, yeast@ TA-Fe™], was used. The
fluorescein diacetate (FDA) assay, assessing the esterase
activity in the metabolically intact cells, indicated that most of
yeast@[TA-Fe™], were viable after shell formation. Mito-
chondrial activity was also measured by a resazurin assay, and
the fluorescent intensity of yeast@[TA-Fe™], reached that of
native yeast (98+2.5%), confirming the unprecedented
cytocompatibility of the encapsulation processes (see the
Supporting Information Figure S1).1 Successful shell for-
mation was supported by the Raman spectrum of yeast@[TA-
Fe™],, which showed intense bands at 1354 and 1482 cm ™' (the
C—C ring vibration along with C-H bending in TA) (see the
Supporting Information Figure $S2).'! The SEM and TEM
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Figure 1. Schematic representation for controlled formation and degra-
dation of the TA-Fe"" shell on individual S. cerevisiae.

images also confirmed the formation of a TA-Fe™ shell on

yeast (Figure 2a,b). The high-magnification SEM micrograph
showed that individual yeast was coated fully with a TA-Fe™
layer (Figure2a). The TA-Fe™ shell was also clearly
observed in the TEM micrograph of the microtomed yeast@-
[TA-Fe™],, and the average thickness was around 40 nm
(Figure 2b). The average thickness corresponded well with
previous results that the shell thickness increased by 10 nm,
when a TA-Fe layer was sequentially deposited on a layer of
TA-Fe.'%! Microelectrophoresis measurements indicated
that the zeta potential was —9 mV for native yeast™ and,
after formation of the [TA-Fe™], shell, —18 mV (data not
shown). The negative charge of the TA-Fe™ shell prevented
the undesired self-aggregation of yeast@[TA-Fe™], and also
acted as a physical barrier to inhibit agglutination with E. coli
(Figure 2¢)."! To visualize the shell, we immobilized a fluo-
rophore-conjugated protein (BSA-Alexa Fluor 647) onto
yeast@[TA-Fe™],, and subsequently added FDA (Figure 2d).
The core-shell structure was observed for viable cells, also
indicating the formation of a uniform TA-Fe™ shell (BSA-
Alexa Fluor 488 was also immobilized onto yeast@[TA-
Fe',; Figure S3).

The TA-Fe™ shell suppressed cell division, in part
reminiscent of sporulation, in plate cultures. We serially
diluted an aqueous solution of native or encapsulated yeast
(ODgyy =2, ODyy: the optical density at the wavelength of
600 nm), spread the 2000-fold diluted solution on a yeast
extract-peptone-adenine-dextrose (YPAD) agar plate, and
cultured the yeast for 48 h. Colony-forming unit (CFU) was
calculated by multiplying the dilution factor and the colony
number. Yeast@[TA-Fe™], was used for comparison (Fig-
ure S4 for the TEM micrograph of microtomed yeast@[TA-
Fe™},). The logarithmic value of CFU per mL (logCFU/mL)
was 7.12 £ 0.02 for native yeast or 4.47 +0.02 for yeast@[TA-
Fe'], (Figure3a; also see the Supporting Information
Table S1). The data showed that yeast@TA-Fe™ was inactive
or significantly less active statistically in cell division than
native yeast by at least 450-fold. The difference in logCFU/
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Figure 2. Characterization of native yeast and yeast@[TA-Fe"],.

a,b) FE-SEM and TEM micrographs of left: native yeast, right: yeast@-
[TA-Fe"],. ) Inhibition of E. coli-induced yeast agglutination. Left:
native yeast, right: yeast@[TA-Fe"],. The magnified optical images
(bottom) were taken by confocal laser-scanning microscopy (CLSM).
The yellow arrowhead in the inset indicates E. coli in the magnified
CLSM image. d) left: CLSM images of left: native yeast and right:
yeast@|[TA-Fe"], after treatment of BSA-Alexa Fluor 647. Right: CLSM
image of yeast@[TA—Fe'"], treated with both FDA (for viability assay)
and BSA-Alexa Fluor 647.

mL was significant: only two colonies were observed on
average for yeast@TA-Fe™],, while about 1000 colonies
were formed for native yeast. As expected, the logCFU/mL
value was varied by the thickness of the TA-Fe™ shell: 5.71 &
0.02 for yeast@TA-Fe™],. The shell was, therefore, an
effective suppressor for cell division, presumably by acting
as a physical barrier that prevented the cell-in-shell from
contacting solid-state nutrients on the culture plate. Another
explanation would be the stiffness of the TA-Fe™ shell. A
previous report showed that the matrix stiffness affects cell-
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Figure 3. Control of cell division by shell formation and degradation.
a) logCFU/mL values and b) t°2% values of yeast@TA-Fe'" before and
after 90 min treatment of 20 mm HCl with native yeast as a compar-
ison.

cycle progression.’™ On the other hand, the TA-Fe' shell
was degraded under mild conditions (e.g., by adding HCI).['*
The solution color of yeast@[TA-Fe"], turned to white from
violet when HCIl was added, indicative of shell degradation
(see Figure S5). After 90 min treatment with 20 mm HCI, the
logCFU/mL  value for vyeast@TA-Fe™], dramatically
increased to 6.91 £0.02, which was similar to that for native
yeast (7.01 £0.00). The value for native yeast did not
noticeably change after HCl treatment, confirming the
cytocompatible, mild conditions for shell degradation. The
increase in logCFU/mL was confirmed to be caused by shell
degradation: when we used the lower HCI concentration
(5 mm), [TA-Fe'], dissolved more easily and faster than
[TA-Fe'],, leading to the higher logCFU/mL value in a given
time.

The on-demand degradation for controlled cell division
was also investigated in a solution-phase culture. The 2D
value (defined as the time when InODy,, reaches —2)!
increased with the shell thickness, indicating a retardation
effect: compared with native yeast, the t°)¢ value increased
up to 18.7 + 3.5 h for [TA-Fe™], or 25.8 + 3.1 h for [TA-Fe'™],
(Figure 3b). It is noted that the encapsulated cells showed an
unperturbed growth rate (u) (0.525+0.032h~! for native
yeast; 0.594+0.059h™! for yeast@TA-Fe™],; 0.569+
0.072h7! for yeast@[TA-Fe™],), even though TA was con-
sidered as a restrictive agent for the respiratory chain,
possibly leading to slower growth rates and less fermentation
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products.'” The result additionally confirmed that the
combination of TA and Fe™ (and the shell-forming condi-
tions) did not alter the metabolic activities. On the other
hand, the HCI treatment (20 mMm; 30 or 90 min) almost
restored the division ability of both yeast@[TA-Fe™], and
yeast@[TA-Fe™], (for 30 min HCI treatment, Figure S6). The
processes of shell formation and degradation could be
repeated (Figure S7). Taken together, both plate- and solu-
tion-based data clearly demonstrate the reversibility of the
TA-Fe' shell.

In addition to the cytocompatible degradability of the
TA-Fe™ shell, the shell acted as a protective layer against
multiple stressors. For example, DNA and proteins in living
organisms are damaged by UV-C (1: 100 to 280 nm);"® the
UV-C radiation could be screened by the TA-Fe™ shell,
because the TA-Fe™ film absorbs the UV light, especially in
the middle-UV region (200-300 nm)."*! Figure 4a shows the
protective ability of the shell against UV-C irradiation. When
UV-C light (254 nm) was irradiated with 8 J of light power,
92.0£0.6 % of native yeast died, but 73.1+1.9% of yeast@-
[TA-Fe™], were kept viable. The shell also resisted the lethal
lytic enzyme. After 3 h incubation of native yeast with
lyticase, we observed a 79.0 & 0.2 %-drop in the ODg, value.
In comparison, 96.6 £0.9% of the initial ODy,, value was
maintained for yeast@[TA-Fe™],. Furthermore, the TA-Fe™
nanoshell also provides protection against silver nanoparti-
cles that ruptured the cell walls by physical contact (Fig-
ure 4b)."

In summary, we have reported a coordination-complex-
mediated method for encapsulating individual yeast cells with
tannic acid (TA) and Fe™. Besides the simple, substrate-
independent fabrication approach, the TA-Fe™ shell has
several important characteristics in the chemical manipula-
tion of cell-material interfaces: 1) high cytocompatibility: the
growth curves, along with the fluorescein diacetate and
resazurin assays, confirmed that the materials and processes
for the shell formation had no or negligible effect on the
metabolic activities and viability. The high cytocompatibility
would make it possible to apply this method to structurally
labile mammalian cells (for HeLa cells, Figure S8);P12) facile
degradability: the shell controlled the cell division by its
formation and degradation. The degradation on-demand of
the shell is particularly important for cell-based devices that
require both long-term preservation of cells under ambient
conditions and controlled exposure of the cells, when needed,
on the spot; and 3) cytoprotectability: the demonstrated
examples included the enhanced protection of yeast@TA-
Fe™ against binding of E. coli, UV-C irradiation, lyticase, and
silver nanoparticles. The cytoprotection against other harmful
aggressors would be achieved by post-modification of the
shell. In addition, the TA-Fe™ shell also could be function-
alized with either biologically active molecules or functional
nanomaterials, which are advantageous for interfacing
yeast@TA—-Fe™ with conventional microfabrication processes
in cell-based sensors and devices (for pattern generation and
magnetic functionalization, Figure $9,10).7%2%

Recent interest in cell coating/encapsulation focuses on
the formation of cell-in-nano-nutshell structures (“artificial
spores”), inspired by bacterial endospores, the shell of which
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Figure 4. Enhanced tolerance of yeast@TA-Fe'"

dead). All scale bars are 20 pm.

is mechanically rigid and protective but degrades when
needed.”!! The method demonstrated herein is highly cyto-
compatible and generates a dually functional (protective and
degradable) nanoshell, which is likely to advance the
chemical tools for single-cell manipulation.

Experimental Section

Encapsulation: A single colony of S. cerevisiae (Baker’s yeast) was
picked from a YPAD agar plate and cultured in the YPAD broth
liquid media with continuous shaking at 30°C for 60 h. The yeast cells
were washed with deionized (DI) water three times and dispersed in
DI water. The 5 puL aqueous solution of TA (40 mgmL™") and the
5uL aqueous solution of FeCl;:6H,0 (10 mgmL™') were added
sequentially to the aqueous suspension of yeast cells (490 uL) with
10 s vigorous mixing between the additions. After addition of the
FeCl;-6 H,O solution, the resulting suspension was mixed vigorously
for 10s, and 0.5mL of 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer (20 mm, pH 7.4) was added to the yeast@TA-Fe™
suspension for the stabilization of the pH, resulting in the formation
of a stable TA-Fe'" shell. Yeast@TA-Fe'" was washed with DI water
three times to remove any residual TA and FeCl;. The coating process
from addition of TA and FeCl; to washing with DI water was repeated
two or four times.
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