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Single cell surface engineering provides the most efficient, non-genetic strategy to enhance cell stability.
However, it remains a huge challenge to improve cell stability in complex artificial environments. Here,
a soft biohybrid interfacial layer is fabricated on individual living-cell surfaces by their exposure to
a suspension of gold nanoparticles and L-cysteine to form a protecting functional layer to which porous
silica layers were bound yielding pores with a diameter of 3.9 nm. The living cells within the bilayered
nanoshells maintained high viability (96 + 2%) as demonstrated by agar plating, even after five cycles of
simultaneous exposure to high temperature (40 °C), lyticase and UV light. Moreover, yeast cells
encapsulated in bilayered nanoshells were more recyclable than native cells due to nutrient storage in
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Introduction

Microorganisms have been used for centuries as living factories
for various applications, such as water purification, biofuel
production and biocatalysis."” A common limitation in many
microbial factories is the low microbial survival in their hostile
factory environment.® Genetic approaches to equip microor-
ganisms against a hostile environment bear the risk of creating
a “super-bug” that may not be controlled.”*" An alternative,
non-genetic approach that avoids this potential risk is to
encapsulate a single microbial cell in a protective, surface-
engineered nanoshell that allows the exchange of nutrients
and waste while providing protection against a hostile envi-
ronment.””** Eukaryotic yeast cells in the fermentation
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industry, most notably Saccharomyces cerevisiae, need protec-
tion in their alcohol-producing factory against high alcohol
concentrations and non-optimal pH and temperature,'®”
making S. cerevisiae one of the most widely studied organisms
in cell surface engineering."®" Despite the eukaryotic yeast cell
wall being different from the mammalian cell surface,"**° the
yeast cell bears similarity in terms of cell surface constituents
and cell reproduction cycle to tissue cells.** Therefore,
S. cerevisiae is also frequently used as a model organism for
eukaryotic tissue cells in general to develop new encapsulation
technologies.”®>* A typical example of biological encapsulation
found in nature is the egg shell configuration, which consists of
bilayers as its protective shell. The inner mammillary layer of an
egg-shell offers a soft and semi-permeable interface to the hard,
spongy exterior shell providing mechanical strength to the
embryo, while allowing exchange of minerals and water, and
respiration.>® The macroscopic structure of an egg shell can be
encapsulated by depositing an inner electrolyte layer directly
onto the cell surface. This provides a catalytic platform for outer
inorganic layer formation by interaction with oppositely
charged polyelectrolytes to protect cells against high light
intensities, external zymolyase or high temperature.””**
However, direct deposition of polyelectrolytes on cell surfaces
hampers essential cell viability, limiting their factory perfor-
mance.*® In most microbial factories however, cells are simul-
taneously exposed to multiple, hostile stimuli,** such as non-
optimal temperatures or pH, toxins and intense UV light expo-
sure. Single cell encapsulation methods have seldom been
utilized to protect cells against multiple, simultaneously
occurring hostile stimuli.

This journal is © The Royal Society of Chemistry 2018
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Here, a bilayered nanoshell was created around a single
S. cerevisiae cell with the aim of offering protection against
multiple, simultaneously occurring hostile stimuli. The cells
(Fig. 1A-i and S1-it) were first exposed for 5 min to a suspension
of a biohybrid containing gold nanoparticles and r-cysteine
molecules. Gold nanoparticle (2-3 nm in diameter, Fig. 2A)
exposure was performed in an i-cysteine solution, since gold
nanoparticles functionalized with r-cysteine cannot enter
a cell.*® Rather than entering the cell, amino-coated gold
nanoparticles form hydrogen bonds with abundantly present
hydroxyl groups of polysaccharides on the yeast cell surface,
yielding a nanoporous biohybrid layer (Fig. 1A-ii and S1-iit) with
an average pore size of approximately 10 nm (Fig. 2B). Ther-
mogravimetric analysis showed a mass loss of 27% from 200 °C
to 570 °C attributed to the decomposition of r-cysteine mole-
cules in the biohybrid layer (Fig. S27). After the self-assembly of
the biohybrid layer, the cells were exposed to amorphous silica
in suspension and subsequently self-assembled onto the bio-
hybrid layer to form a bilayered nanoshell (Fig. 1A-iii and S1-
iiit). In the formation of the biohybrid/silica bilayered nano-
shell on the cell surface, the biohybrid layer acted as a bridge to
link the functional groups of the cell surface with the hydroxyl
groups of silica (Fig. 1B). Surface charge plays a crucial role in
the formation of bilayered nanoshells; hence, zeta potentials of
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Fig. 1 Bilayered nanoshell formation on a single yeast cell. (A) Expo-
sure of a cell (i) to a solution containing L-cysteine-coated gold
nanoparticles, (ii) yielding a cell with a biohybrid layer, followed by self-
assembly of silica, (iii) yielding a bilayered nanoshell. Artificial colors
were used in the SEM micrographs (the scale bar equals 1 pum).
Authentic micrographs can be found in Fig. S1.1 (B) Sequential steps in
the formation of a bilayered nanoshell: (i) a yeast cell surface pos-
sessing abundant hydroxyl groups and sparsely distributed amino
groups and carboxyl groups, (ii) a biohybrid layer composed of amino-
covered gold nanoparticle groups and carboxyl groups (yellow dots
and blue layers represent gold nanoparticles and L-cysteine molecules,
respectively), and (iii) the silica outer surface, exposing hydroxyl
groups. Red dashed lines represent hydrogen bonding between
functional groups on the cell surface with the biohybrid layer and
functional groups of the biohybrid layer with the amorphous silica
layer, as indicated in the lower part.
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Fig.2 Characterization of bilayered nanoshells, encapsulating a single
S. cerevisiae cell. (A) TEM micrograph of individual gold nanoparticles
(denoted as GNP). (B) Nanopores in the biohybrid layer. (C) High-
magnification SEM micrograph of a cross-section of the bilayer around
a yeast cell. (D) **C solid-state NMR spectra of different components
making up the bilayered nanoshell. (E) TEM micrographs of an
encapsulated yeast cell with a bilayered nanoshell (indicated by the
black square), together with a higher magnification image of the bio-
hybrid layer (top left inset; the scale bar equals 200 nm) and the
boundary of the inner and outer layers indicated (top right inset; the
scale bar equals 200 nm). The inner and outer layers are indicated by
arrows while their boundary is indicated for clarity by the red dashed
line. (F) N, adsorption/desorption isotherm and the corresponding
pore-size distribution (inset) of silica layers. Measurements were taken
at standard temperature and pressure (STP) of 1 atmosphere and 0 °C.

the cells and nanoshells, reflecting their surface charges, were
measured. Zeta potentials of native cells remained negative
after application of the biohybrid layer and after encapsulation
with the bilayered nanoshell (Table S11). Considering that the
native cell surface as well as the biohybrids and silica carry
a negative charge (also shown in Table S17), it is proposed that
the biohybrids electrostatically attract M" cations from solution
that are subsequently induced to assemble onto the negatively
charged cell surface through electrostatic interactions, analo-
gous to S"M'S” interactions in a microphase mechanism
between organic and inorganic phases.*® After this self-
assembly process, hydrogen bonding between available func-
tional groups of the biohybrids further attracts negatively
charged silica to form the outer layer of the bilayered nanoshells
(Fig. 2C).

Results and discussion

Solid state NMR was employed (Fig. 2D) to confirm the inter-
actions described above in extracted S. cerevisiae cell walls that
were devoid of any intracellular content (Fig. S37). L-Cysteine
showed three sets of carbon resonances at 173.9 ppm (C1),
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56.6 ppm (C2) and 28.7 ppm (C3). Upon interaction with gold,
both carbon resonance sets shifted slightly to 176.2 ppm,
57.8 ppm and 28.0 ppm, respectively. New resonance sets
developed at 54.3 ppm and 36.1 ppm, resulting from interaction
between gold and sulfur in r-cysteine, while the small resonance
shifts indicated hydrogen bonding between gold and r-cysteine
in the biohybrid layer.*”** Upon interaction of the biohybrid
layer with amorphous silica, the amino and carboxyl groups of
the biohybrids interact with Si-OH groups of the silica, giving
rise to splitting of the C3 carbon resonance into two compo-
nents at 32.1 ppm and 30.5 ppm. The C2 and C3 resonance sets
observed in 1-cysteine were absent in native yeast cell walls, but
appeared in cell walls with a biohybrid layer of L-cysteine-coated
gold nanoparticles and after its bilayering with amorphous
silica. C1, C2 and C3 resonances in a cell wall associated system
differed from the carbon resonances in biohybrid/amorphous
silica bilayers due to the weak interactions between the amino
and carboxylate groups of the gold/i-cysteine biohybrid layer
and hydroxyl groups in the yeast cell wall. NMR data suggested
that the biohybrid layer interacts with functional cell surface
groups as well as with hydroxyl groups of silica. The bilayered
nanoshells can be directly imaged using electron microscopy. In
scanning electron microscopy (SEM), the inner biohybrid layer
of the bilayered nanoshell showed a nanoporous structure,
while the outer layer possessed a dense structure of self-
assembled silica with a uniform thickness of approximately
200 nm (Fig. 2C). Transmission electron microscopy (TEM)
images of microtome-sliced yeast encapsulated in a bilayered
nanoshell showed that yeast cells remained fully intact upon
encapsulation (Fig. 2E and insets) with an inner layer thickness
of approximately 70 nm. The outer silica layer was relatively
dense as compared to the inner layer, providing a narrow pore
size distribution with an average pore size of 3.9 nm (Fig. 2F),
which is generally considered small enough to allow protection
of encapsulated cells,* and gaseous and aqueous nutrient
exchange.

To evaluate the viability of encapsulated yeast cells in
a complex environment with multiple, simultaneously acting
hostile stimuli, native S. cerevisiae cells were encapsulated in
bilayered nanoshells and simultaneously exposed to lyticase
(a naturally occurring toxin*“*?), high temperature (40 °C,
a typical temperature in process technology), UV light and
recycling, recycling being established by centrifugation after
hostile stimulation and re-exposure to the hostile environ-
ment.** On assessment of viability using agar plating, the cells
encapsulated in bilayered nanoshells showed 86% viability after
being recycled ten times in the absence of hostile stimuli, which
was significantly higher than that observed for native cells
without encapsulation, showing only 50% viability under
similar conditions. Since recycling involves nutrient deprivation
and physical stress,* enhanced viability after recycling in the
absence of hostile stimuli is likely due to storage of nutrients in
the bilayered nanoshells. Upon exposure to multiple, simulta-
neously acting hostile stimuli, the cells encapsulated in bilay-
ered nanoshells showed the highest viability compared to
several other protective encapsulations, maintaining 79%
viability up to at least ten cycles (Fig. 3A). This indicated robust
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Fig. 3 Viability of S. cerevisiae after multiple cycles of simultaneous or
single hostile stimuli, assessed using agar plating. (A) Yeast cell viability
after multiple cycles of simultaneous hostile stimuli with lyticase, high
temperature (40 °C) and UV light. (B) Under similar conditions, but with
lyticase exposure alone. (C) Under similar conditions, but with high
temperature exposure alone. (D) Under similar conditions, but with UV
light exposure alone. Data indicate the percentage of colony forming
units on agar plates, with error bars indicating standard deviations over
five separate experiments with different yeast cultures. 100% viability
represents pre-stimulus CFU levels. (E) Proposed mechanisms of
protection by bilayered nanoshells against the different single stimuli
applied: (i) lyticase, (i) thermal stress, and (iii) UV radiation. Arrows
indicate the penetration of stimuli through the outer silica layer and
inner biohybrid layer.

reusability, which was significantly (p < 0.01; paired Student's
t-test) higher than that observed for native cells (Fig. 3A), as
confirmed using fluorescence microscopy on live/dead stained
yeast cells after multiple, simultaneously acting stimuli
(Fig. S47). A considerable part of this protection stems from the
biohybrid layer (Fig. 3A), although the protection offered by the
biohybrid layer alone was significantly smaller than that offered
by the nanoporous bilayered nanoshell (p < 0.01; paired
Student's #test). Encapsulation with shells composed of single
nanoporous layers of amorphous silica or gold nanoparticles
both with and without an intermediate polyelectrolyte layer
offered significantly (p < 0.01; paired Student's ¢-test) less
protection than the biohybrid layers alone, but viability after
multiple cycles of simultaneous, hostile stimuli still remained
significantly (p < 0.01; paired Student's ¢-test) higher than that
of native cells. A polyelectrolyte layer alone did not offer
significant protection as compared to native cells (p > 0.05;
paired Student's t-test). Additionally, as compared to other
polyelectrolyte solutions applied in different encapsulation
procedures, a solution of r-cysteine with gold nanoparticles
used to form our biohybrid layer did not affect the morphology
of the yeast cells (Fig. S5T). Similar bilayered nanoshells can be
formed using aspartic acid or lysine molecules as the poly-
electrolyte component of the biohybrids (Fig. S61).

The above, simultaneously acting hostile stimuli were also
separately applied (Fig. 3B-D). Differently encapsulated yeast
cells exhibited a similar ranking of protection in the presence of
Iyticase (Fig. 3B), at high temperature (Fig. 3C) or under UV light
exposure (Fig. 3D) alone, as observed in the presence of

This journal is © The Royal Society of Chemistry 2018
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simultaneous, multiple hostile stimuli (Fig. 3A). The cells
encapsulated in bilayered nanoshells maintained 80% of their
viability after ten cycles of exposure to lyticase, while native cells
were virtually all dead (Fig. 3B). Lyticase protection of the
bilayered shells stemmed predominantly from the absorption
of lyticase in the nanopores of biohybrid layer, and the
adsorption of negatively charged carboxyl groups in lyticase to
amino acids in the biohybrid layer (Fig. 3E-i). As a net result,
biohybrids entrapped 2-3 fold more lyticase than the self-
assembled amorphous silica (Table S2t). This also explains
why cells after being recycled ten times and encapsulated with
a biohybrid layer had higher viability (65%) than cells encap-
sulated with PDDA/PSS/PDDA/silica (22%; Fig. 3B; see the ESIt
for details). Both native as well as yeast cells protected by
a biohybrid layer (Fig. 3C) were significantly better able to
withstand high temperature as a single hostile stimulus than
when combined with lyticase and UV radiation (Fig. 3).
However, cells encapsulated in a bilayered nanoshell main-
tained their original morphologies upon exposure to high
temperature, while native cells without bilayered encapsulation
clearly shrank (Fig. 4A). A two-dimensional Finite-Difference
Time Domain (FDTD) method was used to simulate the heat
transfer through bilayered nanoshells from a constant
surrounding temperature of 40 °C to a cell (Fig. 4B and Movie
S17). The simulation shows a clear retardation of heat transfer
into the cell due to heat uptake arising from the heat capacity
of the biohybrid and silica layers and implies a temperature
increase of the bilayered nanoshell before the encapsulated
cell heats up. The silica layer aids the retardation of heat
transfer slightly more than the biohybrid layer. To further
investigate the effect of thermal protection of the nanoshells,
cell surface temperature measurements were conducted on
freeze-dried cells (Fig. 4C). The cells encapsulated in bilayered
nanoshells maintained a stable temperature after about 5 min
of exposure to high temperature and remained on average 2 °C
cooler than native cells without encapsulation, while a silica
shell could only maintain cells 1 °C cooler than native cells.
This suggests strong heat absorption and diffusion® in
bilayered shells, which were not present in PDDA/PSS/PDDA
encapsulated cells (Fig. 3E-ii). Similarly, the protection
offered by bilayered nanoshells against UV radiation (Fig. 3D)
was envisaged as being a result of UV absorption (Fig. 3E-iii).
UV-vis spectra clearly showed the absorption of biohybrid and
silica layers in the range of 190-300 nm (Fig. 4D). To better
understand the protection offered by bilayered nanoshells
against UV light, the FDTD method was also used to simulate
the propagation of an electromagnetic field through the bila-
yers encapsulating the cells, as governed by Ampere's and
Faraday's laws. Relevant differential equations were solved
using the Yee algorithm,*® based on the refractive and
absorptive properties of the bilayered nanoshell as included in
the complex refractive index. Simulations showed that the
major effect of the silica composing the outer layer was to
reflect UV light preventing its cell entry (Fig. 4E and Movie
S2%), yielding an intensity attenuation of 26% with respect to
the incoming intensity. The biohybrid inner layer on the other
hand mainly served to absorb UV light (59%, Fig. 4E-ii).

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Protection of S. cerevisiae cells encapsulated in bilayered
nanoshells against lyticase, high temperature and UV light exposure.
(A) SEM images of (i) native cells, (i) cells encapsulated in a biohybrid
layer alone (the scale bar equals 1 pm) and (iii) cells encapsulated in
a bilayered nanoshell (the scale bar equals 5 um) after exposure to
a temperature of 40 °C for 12 h. (B) Simulated (i) attenuation of thermal
stress and (i) temperature distribution through the silica (grey shaded)
and biohybrid layer (blue shaded) to the cell (green shaded). The scale
bar equals 200 nm. (C) Surface temperature of differently encapsulated
yeast cells exposed to a range of different surrounding temperatures
(36-54 °C). Data represent averages with standard deviations over 3
separate yeast cultures. (D) UV absorption spectra of (i) biohybrids and
(ii) silica. The inset shows the percentage reflection of light through the
amorphous silica layer. (E) Simulated (i) attenuation of UV light and (ii)
intensity distribution through the outer silica layer (grey shaded) and
inner biohybrid layer (blue shaded). The scale bar equals 200 nm. The

arrow indicates the direction of light propagation.
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Apart from offering protection, cell encapsulation also offers
possibilities to provide a cell with additional functionalities to
expand its applications. Electrically conductive cells, for
instance, have been produced by integrating gold nanorods into
protective shells for use as bio-electrodes and monitoring of cell
responses to external stimuli.*”*® In the present work, graphene
was also integrated into the bilayered nanoshells to endow
them with electrical conductivity (Fig. 5A-C). Native cells had
low electrical conductivity (0.9 x 10> S m™"). However, the
introduction of graphene into the silica outer layer yielded
a significantly higher electrical conductivity (8.5 x 10> S m™1),
i.e. 9 fold higher than that of native cells and 3 fold higher than
that of cells with a biohybrid layer alone (Fig. 5C). Thus, both
the biohybrid layer and the incorporation of graphene
contributed to increased electrical conductivity. Similarly,
Fe;0, magnetic nanoparticles could be incorporated into
bilayered nanoshells (Fig. 5A and D) allowing easy and rapid
separation of magnetic cells from suspension (Fig. 5E).
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Fig. 5 Post-functionalization of S. cerevisiae cells encapsulated in
bilayered nanoshells. (A) Schematic of post-functionalized, bilayered
nanoshell encapsulated cells with graphene and magnetic nano-
particles. (B) SEM image of a yeast cell with a graphene-based bilay-
ered nanoshell (the scale bar equals 5 um). (C) Electrical conductivity of
differently encapsulated yeast cells and yeast cells with a graphene-
based bilayered nanoshell. (D) SEM image of FezO4-based bilayered
nanoshell encapsulated cells and EDX line scan for elemental Fe (inset).
The scale bar equals 5 pm. (E) Magnetic separation of yeast cells
encapsulated with magnetic iron oxide nanoparticles. The scale bar
equals 0.5 cm. (F) Viability of yeast cells encapsulated in bilayered
nanoshells with post-functionalities after multiple cycles of simulta-
neous hostile stimuli with lyticase, high temperature (40 °C) and UV
light. Note that cells in bilayered nanoshells with and without graphene
or FesO4 demonstrate comparable viability after recycling (see also
Fig. 3A).

Moreover, after 10 cycles, the encapsulated cells functionalized
with graphene and magnetic particles maintained 82% and
78% of their original viabilities (Fig. 5F), indicating that the
addition of electrically conductive or magnetic functionalities
does not negatively impact the protection offered by bilayered
nanoshells against simultaneous, hostile stimuli.

Conclusion

A bilayered nanoshell composed of a biohybrid layer of 1-cysteine-
coated gold nanoparticles and self-assembled amorphous silica,
allowing electrically conductive and magnetic functionalization,
was developed to protect a single S. cerevisiae cell against
simultaneous, multiple hostile stimuli, including lyticase, high
temperature, UV radiation and recycling. As compared to poly-
electrolytes as a potential interface for the outer layer formation,
the biohybrid layer provided high biocompatibility without
affecting cell viability and morphology. Unlike dense inorganic
shells,>** the fabricated bilayered nanoshells had nanopores
which allowed gaseous and liquid nutrient exchange. Important
for practical applications is the fact that the developed bilayered
nanoshells offer better possibilities to re-use living cells
compared to native cells without bilayered nanoshells, and also
in the absence of hostile stimuli. Moreover, the fabricated
bilayered nanoshells may constitute an alternative to protect and
maintain mammalian cells alive in hydrogel-based 3D cell
cultures and microdroplets, as in organ-on-a-chip devices, cell
sorting, and cell therapy.®** As compared to conventional
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materials as a potential interface for the outer layer formation,
the biohybrid layer had high biocompatibility without affecting
cell viability and morphology.>
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