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Individual mammalian cells were coated with cytoprotective and
degradable films by the cytocompatible processes maintaining the
cell viability. Three types of mammalian cells (HeLa, NIH 3T3, and
Jurkat cells) were coated with a metal-organic complex of tannic
acid (TA) and ferric ion, and the TA-Fe" nanocoat effectively
protected the coated mammalian cells against UV-C irradiation
and a toxic compound. More importantly, the cell proliferation
was controlled by programmed formation and degradation of the
TA-Fe" nanocoat, mimicking the sporulation and germination
processes found in Nature.

Nature has developed biological defense mechanisms to
protect and maintain the genetic information from natural
enemies, diseases, nutrient deprivation, or
climate/environmental changes.1 For example, certain bacteria
make themselves highly resistant to unfavorable environments,
by forming a robust coat over cell walls as well as shutting
down their metabolic activities, in a biological process called
’sporulation’.2 With this protective coat, the bacterial
endospore can survive extreme conditions including UV
radiation, desiccation, heat, freezing, and toxic chemicals.>**
Even in a dormant spore state, the cell interacts with the
environment and begins to proliferate, when the environment
becomes favorable, in a process called ‘germination’. Over the
past decade, researchers have tried to chemically mimic the
sporulation process for non-spore-forming microbial cells by
encapsulating them individually within nanometric shells of
mechanically tough and chemically stable materials, such as
silica,3 titania,4 nanotubes,5 polydopamine,6 and cross-linked
polymers.7 These cell-in-shell structures—artificial
spores—increased the cell viability against harmful conditions
and controlled the cellular metabolism.® Very recently, we also
have demonstrated the formation of degradable shells on
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microbial yeast cells with a metal-organic complex of tannic
acid (TA) and Fe”', mimicking the germination process in
Nature.? In addition to the protective capabilities of the TA-Fe"
nanocoat against UV-C irradiation, lyticase, and silver
nanoparticles, the cell division of the yeast cells was controlled
by the stimuli-responsive degradation of the nanocoat.’

Although cytoprotective and degradable nanocoats,
mimicking the sporulation and germination processes, have
been applied to individual vyeast cells, the chemical
nanocoating of individual mammalian cells has remained a
chaIIenge.ge‘f Because mammalian cells, encased with lipid
bilayer membranes, are fragile, it is extremely difficult to treat
them with chemical methods; therefore, the coating strategies
require more carefully selected materials and processes in
chemical sporulation and germination.10 In this study,
individual mammalian cells (HeLa, NIH 3T3 fibroblast, and
Jurkat cells) were successfully coated with a cytoprotective
and degradable TA-Fe" complex by using the cytocompatible
conditions that ensured the cell viability (Fig. 1a). Not only did
the TA-Fe" nanocoat protect the cells against UV irradiation
and toxic compounds, but also its stimuli-responsive
degradation led to programmed cell proliferation.

NIH 3T3 fibroblast cells were selected as a representative
adherent cell, because of their wide use in the studies on cell
biology. Hela cells were chosen as a model of cancerous cells,
and Jurkat cells, suspension cells, as a model of therapeutic T
cells for potential applications of cell coating to T cell therapy.
These three types of cells were also suitable for investigation
of cell growth and proliferation, because of their short
doubling time. TA, a type of polyphenols found in tea, wine,
and chocolate, was used as a coating material in this work
because of its chemical versatility, including UV absorption,
radical scavenging, and metal-ion t:omplexation.11 Although
the TA-Fe" nanocoats have been formed on microbial yeast
cells’ and non-living substrates,* such as planar and
particulate ones, the vulnerability of mammalian cells strictly
require the optimization of coating conditions. In this work, we
screened the coating solvents and varied the concentrations of
the Fe" ions to maximize the viability of the coated
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mammalian cells. In addition, the number of the coating steps
was also varied to investigate the thickness dependency of
cytoprotectability.
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Fig. 1 (a) Schematic representation for controlled formation and degradation of TA-Fe"'

nanocoats on individual mammalian cells, mimicking sporulation and germination
processes. (b) Viability of Hela, NIH 3T3, and Jurkat cells after coating with TA-Fe'",
based on the MTT assay. For the viability test, we used an average of 3 biological
replicates, and each sample was tested in triplicate. (c) Live/Deadl cell viability assay of
Hela, NIH 3T3, and Jurkat cells before and after coating. Green: live; red: dead. (d) Z-
stacked LSCM images of HeLa@[TA-Fel,]; after treatment with BSA-Alexa Fluor 647
(red). The nuclei were stained with DAPI (blue).
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The TA-Fe" nanocoat was formed on individual mammalian

cells by simply adding TA and FeCl; to the cell suspension and
incubating the mixture for 10 s. Because of the high affinity of
TA to any substrates,g’11 TA could bind to the cell surface
readily. 1,2,3-Trihydroxybenzoyl groups (galloyl groups) of TA
formed a metal-organic complex with Fe" ions subsequently,
leading to the formation of TA-Fe" nanofilms on the cell
surface.™ It should be noted that the whole process was
performed in serum-free Dulbecco’s modified Eagle’s medium
(DMEM, pH 7.4) for HelLa and NIH 3T3 t:ells,mb’c and in serum-
free Rosewell Park Memorial Institute 1640 (RPMI, pH 7.4) for
Jurkat cells, after optimization of reaction conditions.

After optimization of the coating medium, we investigated
the cell viability with the varied concentrations of FeCl;-6H,0
(0.06, 0.1, and 0.2 mg mL'l) and the different numbers of
coating steps (1, 2, and 3); the thickness of the TA-Fe"
nanofilm was reported to be controlled by the concentration
of Fe" ions (but not that of TA)11e and the number of coating
steps.g’“b In this paper, ceII@[TA-Fe:(”]n refers to the
mammalian cells that were coated n times with TA-Fe'”,
producing n layers of the nanocoat, with x concentration of
the Fe"
two

ions. The viability of each cell type was evaluated with
independent assays: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and Live/Dead® staining.
MTT, which is
metabolically active cell, was used to quantify cell viability by

reduced to fluorescent formazan in a
measuring the absorbance of the formazan derivative at a
specific wavelength (560 nm). The Live/Dead® cell viability
assay kit (Life Technologies) contains two fluorescent dyes that
differentially stain live and dead cells. Calcein AM, the esterase
substrate, stains live cells green, whereas ethidium
homodimer-1, the DNA dye, stains dead cells red. Both MTT
and Live/Dead® staining assays showed that the cell viability
was dependent upon the concentration of the Fe" ions. With
0.2 mg mL" of the Fe" ions, the viability was 76.1% (n = 1),
57.1% (n = 2), and 30.1% (n = 3) for Hela cells; 85.1% (n = 1),
53.2% (n = 2),and 37.1% (n = 3) for NIH 3T3 cells; 48.2% (n =
1),,9.2% (n = 2), and 6.1% (n = 3) for Jurkat cells, based on the
MTT assay (Fig. S1). However, the viability
profoundly with decreased concentrations of the Fe" ions,
indicating the potential cytotoxicity of the Fe" ions to
mammalian cells; the viability of HeLa@[TA-Fe!)'fl]n (n=1, 2,
and 3) was >97% for all the cases based on the MTT assay, and
the Live/Dead® staining assay also showed that
HeLa@[TA-Fe!)'!l]n maintained high viability as indicated by the
predominant emission of green fluorescence (Fig. 1b,c).
According to the MTT assay, the viability of the NIH 3T3 and
Jurkat cells was 89.4% for NIH@[TA-Fe!)'fl]l , 86.6% for
NIH@[TA-Fe)],, 60.7% for NIH@[TA-Fel;]s; 92.2% for
Jurkat@[TA-Fel)1],, 88.9% for Jurkat@[TA-Fel);],, and 65.3%
forJurkat@[TA-Fer1]3(Fig. 1b). The cell viability was further
increased by using 0.06 mg mL" of the Fe" ions; it was at least
>80% for all the combinations. Therefore, the TA-Fe" system
was more cytocompatible with mammalian cells than our

increased
1

previously reported silica coating for mammalian cells, where
the viability was 76.8% for Hela cells, 80.6% for NIH 3T3 cells,

and 50.8% for Jurkat cells, after single coating.loc For further
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Fig. 2 SEM micrographs of (a) Hela@[TA-Fel1]s, (b) NIH@[TA-Fel]s, and (c)
Jurkat@|[TA-Fell; ]s. (d) TEM micrograph of Hela@[TA-Fel);]5. Scale bar is 5 um.

studies in this work, we used 0.06 and 0.1 mg mL? of
FeCl;*H,0 for nanocoating of mammalian cells.

The formation of the TA-Fe"' nanocoat was noticeable with
naked eyes, with the coated Hela cells appearing as purple
pellets compared with the native Hela cells (Fig. S2). The
coated cells were characterized by laser-scanning confocal
microscopy (LSCM). Because tannic acid was reported to have
high binding affinity for proteins,9 a fluorophore-conjugated
protein (bovine serum albumin (BSA)-Alexa Fluor 647) was
coupled to the TA-Fe"' nanocoat, and the nuclei of the cells
were stained with 4’,6-diamidino-2-phenylindole (DAPI) for the
visualization. The LSCM images clearly showed the cell-in-shell
structures for all three types of cells (Fig. S3). In a three-
dimensional LSCM analysis, the stained HeLa@[TA-FeH!1]3 cells
were visualized as Z-stacking with a depth of 18.3 um,
separated by 0.3 um (61 slices). The nuclei of the Hela cells
(blue) were surrounded by BSA-functionalized TA-Fe" film
(red), indicating that the TA-Fe"' nanocoat was successfully
formed over the cell surface (Fig. 1d). The nanocoated
mammalian cells were also characterized by scanning electron
microscopy (SEM) and energy-dispersive X-ray (EDX)
spectroscopy. From the SEM images of the HeLa@[TA-Fe3!1]3,
NIH@[TA-Fel,]5, and Jurkat@[TA-Fe!)'!l]3 cells, it was clear that
the nanocoated cells maintained their original shape, whereas
the native cells were seriously ruptured by dehydration and
reduced pressure during sample preparation, indicative of the
mechanical durability of the TA-Fe" film (Fig. 2, Fig. S4, and Fig
S5). The EDX spectrum of HeLa@[TA-FeH_Il 3, showing the Fe
peak at 6.4 keV, also confirmed the successful TA-Fe"
formation (Fig. S6). The transmission electron microscopy
(TEM) images of microtomed HeLa@[TA-Fer1]3 cells showed
that the thickness of the [TA-FeH!1]3 nanocoat was about 35 nm
(Fig. 2d; for the TEM image of a microtomed native Hela cell,
see Fig. S7), which was in a good agreement with our previous
report.’
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Fig. 3 Viability curves of (a) native Hela, HeLa@[TA-Fel,], and (b) HeLa@[TA-Fel)c]n
cells after UV-C irradiation. Graphs of survival ratios versus concentrations of PEI for (c)
native Hela, Hela@[TA-Fel;],, and (d) HeLa@[TA-Fepg]n cells (n = 1, 2, and 3). The
cells were incubated in DMEM at 37.0 °C for 24 h. For the viability test, we used an
average of 3 biological replicates, and each sample was tested in triplicate.

The TA-Fe" nanocoat not only provided structural stability,
but also made the coated cells resistant to harmful stresses,
such as radiation and chemical stress. UV-C is the
electromagnetic radiation that induces lethal stress in living
organisms.12 For example, photosensitive DNA is mutated by
exposure to UV-C, resulting in cell death.”® To evaluate the
protective effect of the TA-Fe" nanocoat against UV-C
irradiation, Hela and HeLa@[TA-FeL”]n (x=0.06and 0.1; n=1,
2, and 3) were irradiated at 254 nm (power: 4 W), and their
viability was measured over time. More than half of the native
Hela cells were dead after 5 min, whereas three quarters of
HeLa@[TA-Fell}]; and Hela@[TA-Fel}],, and 61.0% of
HeLa@[TA-Fell}], survived 5-min UV-C irradiation (Fig. 3a). In
other words, as the thickness of the TA-Fe" nanocoat
increased, the protective effect against UV-C irradiation also
increased. The viability of HeLa@[TA-Felll (], was measured to
be 64.1% for HeLa@[TA-Felh¢]s, 62.1% for HeLa@[TA-Felll¢],,
and 50.8% for Hela@[TA-FellL¢], after 5 min of UV-C
irradiation. This less protective capability of HeLa@[TA-FeH_I%]n
also confirmed that the TA-Fe" film played a crucial role in the
protection of the Hela cells against UV-C irradiation. The
cytoprotective capability of the TA-Fe" film against UV-C
irradiation was also confirmed for NIH 3T3 and Jurkat cells (Fig.
S8). The viability ofNIH@[TA-Fe{)I_Il]3 was 84.5% after 15-min
exposure to UV-C, while that of the native NIH 3T3 cells was
47.3%. The viability of Jurkat@[TA-Fe{)l_ll]3 was 61.8% after 5-
min exposure to UV-C, whereas that of the native Jurkat cells
was only 21.8%. We believe that the increased protection
against UV-C irradiation was attributed to the physicochemical
properties of the TA-Fe" film, which filter radiation in the UV-C
region.'*®
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Fig. 4 (a) Optical micrographs of Hela@[TA-Fe{]s (left) immediately after cell seeding

and (right) after 96-h culture in DMEM without EDTA. (b-d) Characterizations of
Hela@[TA-Fel);]sin DMEM containing 0.5 mM EDTA: (b) Optical micrographs (left)
immediately after cell seeding and (right) after 96-h culture; (c) Live/Dead" cell viability
assay after 96-h culture; (d) LSCM micrograph after 96-h culture. F-actin was stained
with phalloidin (green) and the nuclei with DAPI (blue). Scale bar is 100 pm.

Cationic polymers are one of the chemical stressors.
Because the cell surface is negatively charged, cationic
polymers readily attach to the surface via electrostatic
interactions, causing membrane damage.14 For example,
polyethylenimine (PEI) binds to cell surfaces and penetrates
the cells by endocytosis, and long exposure to high
concentrations of PEI causes cell death.™ In this work, native
and nanocoated cells were incubated for 24 h in DMEM (for
HelLa and NIH 3T3 cells) or RPMI (for Jurkat cells) containing
various concentrations of PEl to investigate the cytoprotective
capability of the TA-Fe" nanocoat. The concentration of PEI
(ICs0 in Mg L'l), at which the survival rate was 0.5,10c was 5.46
for native Hela cells, 62.4 for HeLa@[TA-Fegf1]3, and 28.2 for
HeLa@[TA-Fegf06]3(Fig. 3c,d). The IC5y value also increased
from 24.4 to 135 for NIH@[TA-Fe3f1]3, and from 3.04 to 7.81
for Jurkat@[TA-FeH!1]3 (Fig. S9).

Another important aspect of the TA-Fe
controlled degradability, which was investigated with the cell
culture test. Native Hela and HeLa@[TA-FeH!1]3 cells were
incubated, respectively, in cell culture flasks under identical
culture conditions (37.0 °C with 5% CO,) at equal densities (2.0
x 10 cells mL'l). With incubation, the originally round-shaped
native Hela cells adhered to and grew on the flask surface,
developing filopodial structures, whereas the
HeLa@[TA-Fegf1]3 cells maintained their spherical shape
without any observable attachment to the flask surface (Fig. 4,
Fig. S10). The number of the HeLa@[TA-Fe!)'!l]3 cells remained
unchanged after 96 h in culture. Although the viability of
HeLa@[TA-Fegf1]3 decreased from 97.2% to 57.3% after 96 h,
the maintenance of both their shape and number indicated
that the growth and proliferation of Hela cells ceased or were

" film was its
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at least suppressed by the TA-Fe" nanocoat. The same

retardation of cell growth was observed for the
NIH@[TA-Fel);]; and NIH@[TA-Fe};]; cells (Fig. $10). However,
the cell growth was resumed in a controlled fashion by
degrading the TA-Fe" nanocoat with ethylenediamine
tetraacetic acid (EDTA).lle After 96 h of incubation in DMEM
containing 0.5 mM EDTA, the HeLa@[TA-Fe}';]; cells adhered
to the culture flask and grew on the surface due to the
nanocoat degradation (Fig. 4a,b). After degradation of the TA-
Fe" coat, the doubling time of the Hela cell was measured to
be ~19 h (native Hela: 20 h), which indicated that the
proliferation capability of the cells was kept maintained. The
Live/Dead® assay and immunocytochemistry analysis showed
that the cells were highly viable after adherence and growth
(Fig. 4c,d). It should be noted again that the HeLa@[TA-Fe'”]3
cells maintained their spherical shape without any adherence
after 96 h of culture in the absence of EDTA. These results
clearly confirmed that a degradable nanocoat was successfully
formed on the cell surface and degraded on demand,
mimicking the germination characteristics of the natural spore.
The difference could be mentioned that while natural
germination is a passive process, the chemical germination is
an active process where the coat-degradation timing is
controlled chemically.®

Conclusions

In summary, we reported a cytocompatible method for
forming a degradable nanocoat on individual mammalian cells
(HeLa, NIH 3T3, and Jurkat cells) by chemically mimicking the
sporulation and germination processes in Nature. The TA-Fe'"-
coated mammalian cells were reasonably viable and showed
greatly enhanced resistance to otherwise lethal agents, such as
UV-C and PEl. More importantly, the cell growth and
proliferation, suppressed temporarily by the nanocoat, were
restored by controlled degradation of the nanocoat. We
believe that the remarkable protective capacity and
degradability of the TA-Fe" nanocoat would have various
single cell-based applications including cell-based sensors, cell
therapies, and regenerative medicine, where the temporal
cytoprotection of labile mammalian cells is highly required, as
well as providing a research platform for fundamental studies
in single-cell biology. The concept demonstrated herein also
suggests a chemical tool for manipulating the biological
activities of mammalian cells, while protecting them with a
physically tough nanocoat in in vitro situations.
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