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ABSTRACT: Cell surface engineering is an emerging technology to
encapsulate cells in order to enhance their functions. However, methods
for reversible encapsulation of cells with abiotic functionalities are rare.
Herein, we describe a phenylboronic acid based click reaction for
encapsulation of single yeast cells using mesoporous silica nanoparticles
(MSNs). This encapsulation does not impact natural growth of the cells and
leads to a significant enhancement of cell survival in a variety of hostile
environments. Owing to the glucose-responsiveness of the boronate ester
bond between cell surface polysaccharides and B(OH)2-grafted MSNs,
encapsulation was reversible by addition or removal of glucose. This effort
offers living cells effective protection under harsh conditions and enables
reversible assembling−detaching of abiotic functions.
KEYWORDS: click reaction, reversible encapsulation, cell stability, cell protection, directed chemistry, hierarchical assembly,
mesoporous materials

Cell surface engineering is an important, non-genet-
ically-based technology1−4 to encapsulate cells to
endow them with abiotic functions and to enhance

their viability under hostile conditions.5−9 While many
nanostructured materials10−24 have been explored for use in
single-cell encapsulation, most require encapsulation processes
that are irreversible, and, as a result, the encapsulated cells have
inhibited growth that results in the creation of an “artificial
hibernating state”.25 Thus, a significant goal in the cell surface
engineering area is to develop methods for encapsulation of
cells within dynamic and degradable shells that leads to
protection and regulation and which then can be removed to

give cells possessing their native properties.26−29 Although
having numerous advantageous features, encapsulation proto-
cols for reversible assembly and detachment of functionalities
are not available.
In general, processes that take advantage of weak

interactions possess high selectivity and tunability, and, as a
result, they are used to fabricate dynamic nanostructures.
However, the utilization of processes of this type for cell
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encapsulation encounters limitations associated with the
stability of bonds formed between the nanomaterials and cell
surfaces. Consequently, strong interactions between cell
surfaces and added nanounits are required in order to generate
stable nanofunctionalized cells. However, strong interactions,
such as those arising through covalent bonding, often have
drawbacks associated with the lack of reversible dynamics. In
considering the design of encapsulation processes that would
possess reversibility, we recognized that cis-diols containing
polysaccharides are common and important components of
cell surfaces. For example, the walls of yeast cells are mostly
composed of cell surface polysaccharides (β-(1→3)-glucan, β-
(1→6)-glucan, chitin, or mannoproteins30). Furthermore, it
has been demonstrated recently that phenylboronic acid-based
click reactions can be used to create covalent linkages to cis-
diols of alcohols. We envisaged that a click reaction approach
of this type could be applicable to bonding suitably modified
nanounits to abundant cis-diol-containing polysaccharides on
cell surfaces.31,32 Moreover, click reactions between a boronic
acid and cis-diols should be both rapid (often in seconds) and
mild (neutral pH, aqueous solvent, room temperature, and
mild pressure), and consequently they would not perturb cell
surface proteins and cellular physiological processes. Of equal
importance is the expectation that addition of high
concentrations of glucose could be utilized to reverse this
type of click reaction through competitive bonding to the
phenylboronic acid.
In an investigation designed to evaluate the applicability of

the phenylboronic acid-based click process, we realized that
effective shells created in the encapsulation process need to
have a degree of porosity that allows exchange of nutrients and
waste while at the same time offering protection to the cells.

Thus, mesoporous silica nanoparticles (MSNs) were selected
as the model shell material because they are representative of
typical high surface area, uniform open-framework nano-
carriers, and biocompatible nanomaterials. In addition, yeast
Saccharomyces cerevisiae cells were used in this exploratory
investigation because of their common use as a model in
shellization studies.4 The current study has led to the
development of a method for reversibly encapsulating single
cells by a chemical process that directly bonds cell-surface
polysaccharides to phenylboronic acid-linked MSNs. The
effort has also demonstrated that shells created in this manner
not only protect the cells in harsh environments, but also can
be readily removed and self-assembled by simply controlling
the concentration of glucose in the media.

RESULTS AND DISCUSSION

Modification of MSNs. Figure 1a presents the click
reaction chemistry applied to reversibly encapsulate a yeast cell
with a nanoporous shell. The B(OH)2-containing mesoporous
silica nanoparticles (MSN-B(OH)2) employed in the click
reaction with yeast cells were prepared by the Schiff-base-
forming reaction of 4-formyphenylboronic acid with 3-
aminotriethoxysilane (APTES)-modified MSNs (see Note
S1). The observation of correlated double quantum
dimensions at (9.56, 9.56 + 7.52) (Figure 1b I) demonstrates
that the NCH proton in MSN-B(OH)2 resides in close
proximity to the benzene ring.33 Additional support for this
conclusion comes from the observation of four resonances at
61.5, 128.5, 134.0, and 164.0 ppm in the 1H−13C CP/MAS
NMR spectra (Figure S2a and d) and confirmed by IR spectra
showing the disappearance of the −CHO (aldehyde)

Figure 1. MSN-B(OH)2 encapsulation of yeast cells through click reaction and characterization of the chemical composition of MSNs. (a)
Schematic of reversible encapsulation of yeast cells with MSNs using a boronic acid vicinal-diol-based click reaction. Addition of glucose
displaces MSN-B(OH)2 from the cell surface polysaccharide, while removal of glucose by exposure to low pH leads to re-encapsulation by
MSN-B(OH)2. (b, I)

1H DQ-SQ MAS NMR spectra of MSN-B(OH)2 containing a Schiff-base-linked boronic acid group, and (b, II) 11B CP/
MAS NMR spectra of 4-formylphenylboronic acid and MSN-B(OH)2 before and after cell encapsulation.

ACS Nano Article

DOI: 10.1021/acsnano.9b08108
ACS Nano 2019, 13, 14459−14467

14460

http://dx.doi.org/10.1021/acsnano.9b08108


absorption band at 2750 cm−1 (Figure S3a, spectra III and IV).
Both indicate successful grafting-on of B(OH)2. Note that not
all silicon hydroxyl groups on the surface are involved in
grafting-on of MSN-B(OH)2 (see Figure S2f), which enable
self-packing of nanoparticles around the cell surface.
Encapsulation of Yeast Cells by Using MSN-B(OH)2.

Encapsulation was carried out by gently shaking a suspension
of a mixture of MSN-B(OH)2 and yeast cells in phosphate-
buffered saline (PBS; pH 7.0) at room temperature for 5 min.
Evidence for rapid grafting of MSNs to the hydroxyl groups of
polysaccharides on the cell surfaces comes from the
observation of changes in 11B NMR spectra in the 7.0−8.0
ppm region (Figure 1b II). The obvious changes of line shape
and signal intensity from 4-formyphenylboronic acid reflect the
fact that the boron hydroxyl groups grafted-on MSNs have
become bonded with hydroxyl groups of polysaccharides on
the yeast cell surface. Assembly of MSN-B(OH)2 on the
surface does not affect the cell shape (compare Figure 2a−d
and Figure S4). However, the MSNs-B(OH)2 layer on the cell
is disordered (Figure 2a, inset), a likely result of elastic stresses
known to be induced by the Gaussian curvature of the cell
surface34 and localized effects of high charged protein sites.35

Scanning transmission electron microscopy (STEM) and TEM
images of the encapsulated cells (Figure 2b inset, c, and d)
show that the MSN-B(OH)2 shells surrounding the cells have
thicknesses of about 100−150 nm, suggesting the existence of
only three to four layers of the MSNs. This conclusion, which
is also consistent with the diameter of the MSNs prior to and
after grafting-on of boron hydroxyl groups (compare Figure 2c,
inset, and Figure S5), suggests that MSN-B(OH)2 intimately
couples to the native cell surface. Individual MSN-B(OH)2,
observed by inspecting the TEM micrograph shown in the
inset in Figure 2c, have a diameter of about 40 nm, which
corresponds to the value derived by using dynamic light
scattering (DLS; Figure S6a and c−e). Note that MSN-
B(OH)2 has a slightly smaller pore diameter (2.2 nm) than do
pure MSNs (2.7 nm; Figure S7), and in contrast to the MSNs
they self-aggregate as a consequence of hydrogen bonding and
attractive Lifshitz−van der Waals forces of the residual OH36

to form aggregates with a roughly 4-fold larger diameter and a
wider diameter distribution (compare Figure S6c and e). Voids
and secondary porosity, which unavoidably form during
nanoparticle encapsulation of cells,37 along with the inherent
porosity of MSN-B(OH)2, which have a BET surface area of
197 m2/g (Figure S7 and Table S1), combine to create
nanoporous MSN-B(OH)2 shells encapsulating the cells. The
encapsulated cells display an energy-dispersive X-ray spectros-
copy (EDX) line scan that shows a higher Si content at the
position of the cells (Figure 2e) and an EDX area scan that
shows a uniform distribution of Si on the cell surface (Figure
2f).
Viability and Protection against Hostile Environ-

ments of Yeast after Encapsulation. Encapsulation by
MSN-B(OH)2 does not negatively affect the viability of yeast
cells (Figure 3 and Figure S9). Moreover, cells encapsulated by
MSN-B(OH)2 show a higher viability following a 6 d exposure
to water, a time period over which near complete death of
native cells takes place (Figure 3). Furthermore, MSN
encapsulation bestows protection to the cells against a number
of hostile conditions (p < 0.01; Student’s t test, see Table S2),
including elevated temperature, UV light, lyticase, and osmotic
shock, with respective percent survivals of 71 ± 3%, 95 ± 1%,
84 ± 2%, and 96 ± 1% remaining, in contrast to percent

survivals of native cells of 27 ± 2%, 17 ± 5%, 41 ± 8%, and 21
± 3%.
To evaluate MSN-B(OH)2-encapsulated cells created by

using the boronate-diol click process, polyelectrolyte-assisted
silica-encapsulated (NSN-PDDA) cells, formed by using
n o n p o r o u s s i l i c a n a n o p a r t i c l e s a n d p o l y -
(diallyldimethylammonium chloride), were used for compar-
ison purposes. Observations show that both NSN-PDDA- and
MSN-B(OH)2-encapsulated yeast cells display higher protec-
tion against heat uptake as compared to that of native cells. In
addition, cells that contain an MSN-B(OH)2 shell in liquid
suspension (Figure S10a) maintain a lower temperature upon
heating than do NSN-PDDA-encapsulated cells. Eventually the
encapsulated cells will be in a thermodynamic equilibrium with
their environment regardless of shellization and adapt to the
environmental temperature (Figure S10b and c). Also, click-
reaction-formed MSN-B(OH)2-encapsulated cells exhibit

Figure 2. Surface characteristics of single MSN-B(OH)2-encapsu-
lated yeast cells. (a) SEM micrograph of an encapsulated cell at
low magnification (scale bar 1 μm) and SEM micrograph of MSN-
B(OH)2 in the porous shell (inset) at high magnification (scale bar
equals 200 nm). (b) STEM micrograph of a MSN-B(OH)2-
encapsulated cell at low magnification (scale bar 1 μm) and the
inset at high magnification (scale bar 200 nm). (c) TEM
micrograph of an encapsulated cell at low magnification (scale
bar 1 μm) and TEM micrograph of the mesoporous structure of an
MSN-B(OH)2 shell around an encapsulated yeast cell (scale bar
equals 10 nm). (d) TEM micrograph of a microtome-sliced
encapsulated cell at low magnification (scale bar equals 1 μm) and
the inset at high magnification (scale bar 300 nm). (e) EDX Si-line
scan of an MSN-B(OH)2-encapsulated cell and (f) Si-map of the
encapsulated cell taken along the white line shown in the SEM
micrograph (scale bar 1 μm).
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much higher UV absorption than do NSN-PDDA cells (Figure
S11) because of the presence in the former of the benzaldimine
chromophore. The largest difference in protection offered by
MSN-B(OH)2 versus NSN-PDDA encapsulation was observed
in lyticase exposure experiments. Although both MSN-B(OH)2
and NSN-PDDA have the ability to adsorb lyticase (Figure
S12), cells encapsulated with NSNs do not survive exposure to
lyticase. The finding that NSN-encapsulated yeast cells have
only 16% viability after exposure to lyticase (Figure 3) suggests
that leakage of lyticase through the NSN shell in combination
with the known cell wall damaging effect of cationic
polyelectrolytes38 such as PDDA leads to death of NSN-
PDDA-encapsulated cells. Finally, click-reaction-promoted
MSN-B(OH)2 encapsulation provides a protection effect
against osmotic shock similar to NSN-PDDA encapsulation.
This finding indicates that the structural rigidity of both shells
is strong enough to enable cells to withstand osmotic pressure
changes.
MSN-B(OH)2 encapsulation does not affect the growth of

yeast cells (Figure S13), likely because of fast and efficient
nutrient diffusion through the encapsulating shell. This
phenomenon is different from polyelectrolyte-assisted non-
porous silica nanoparticle (NSNs, colloidal silica) encapsula-
tion, which causes a lag time of ca. 5−6 h before cell growth
begins. Also, the results of independent membrane diffusion
experiments (Figure S14a), using membrane filters on which
MSN-B(OH)2 and NSN-PDDA layers are applied, demon-
strate that glucose more rapidly diffuses through MSN-
B(OH)2 layers than NSN-PDDA layers (Figure S14b and c).
A slightly higher level of glucose adsorption occurs by using
the MSN-B(OH)2 layer as compared with its NSN-
polyelectrolyte (Figure S14d and e), reflecting a higher glucose
storage capacity of click-reaction-formed MSN-B(OH)2 shells.
Immediately after mixing with MSN-B(OH)2, yeast cells

become encapsulated within nanoporous layers of MSN-
B(OH)2. As time proceeds, daughter cells arise that are less
evenly covered with MSN-B(OH)2 shells (Figure S15). Thus,
the MSN-B(OH)2 shells allow continued growth of the cells,

thus preventing them from entering an undesirable hibernating
state.25 MSN-B(OH)2 coverage decreases with production of
each generation of cells, as can be seen by comparing
micrograph images taken 1.5, 3.0, and 4.5 h after beginning
the encapsulation process. Owing to the strong covalent
interactions between MSN-B(OH)2 and polysaccharides on
their surfaces, the mother cells remain traceable in the
micrographs. Meanwhile, the concentration of glucose
continuously decreases during 1 day of culture, while Si
element in solution remains relatively balanced with slight
change (Figure S16), which also means that MSNs are stably
binding with mother cells. It should be noted that the degrees
of protection offered by encapsulation using all types of cell
surface engineering methods decrease with formation of
ensuing generations of daughter cells. This is an important
feature that distinguishes cell surface engineering from genetic
engineering and that enables avoidance when needed of the
risk of creating organisms with permanent properties such as
resistance to antimicrobial agents.

Reversibility of MSN-B(OH)2 Encapsulation. It is
necessary to point out that the decrease of stability and loss
of nanofunctional features of encapsulated cells and/or
daughter cells often occur as a result of damage to shell
structures caused by cell division. This issue can be addressed
by developing reversible encapsulation processes, the direction
of which can be governed by simple manipulations. The
glucose and pH responsiveness of phenylboronic acid ester
formation and cleavage32 provides a method to detach MSN-
B(OH)2 shells that serves as an alternative to using on-demand
degradable shells to prevent undesirable permanent shell
coverage and cell hibernation.25−29 Moreover, our developed
method also enables reorganization of single-cell encapsulation
by shell reassembly. As illustrated in Figure 4a, MSN-B(OH)2
detachment from the surface of a yeast cell should occur upon
addition of glucose at pH 7 by driving the click reaction
equilibrium toward glucose binding with phenylboronic acid,
which disrupts the borate-ester linkage between MSN-B(OH)2
and cis-diol groups in the cell surface polysaccharides.
Furthermore, upon removal of glucose by decreasing the pH
to 6.0, the phenylboronic acid ester linkage between MSN-
B(OH)2 and cell surface polysaccharides should re-form at pH
7.0 (see Figure 1a). The reversibility of the click process, like
the properties of biodegradable shells,26−29 enables on demand
removal of the MSN-B(OH)2 shell, and it also provides a
pathway for enabling MSN-B(OH)2 encapsulation of daughter
cells during cell growth (Figure 4b, left). Because MSN-
B(OH)2 encapsulation can be carried out without the need for
chemical modification of the cell surface, the generated
daughter cells can be easily re-encapsulated by simply adding
MSN-B(OH)2 grafted to the cell culture medium (see right
part of Figure 4b).
In order to investigate more fully the reversibility of click-

reaction-induced MSN-B(OH)2 encapsulation, binding of
mannose and glucose to B(OH)2 gold-coated crystal surfaces
was evaluated using a quartz crystal microbalance (QCM).
Both glucose and yeast-extract-peptone-dextrose (YPD) have a
much higher affinity for B(OH)2 groups than does mannose
and are completely reversed at pH 6 unlike that of mannose
(Figure 4c). The amount of glucose that becomes bound to
B(OH)2 groups following initial addition of mannose is higher
than the original amount of bound mannose, and binding of
both monosaccharides is fully reversed upon exposure to pH
6.0 buffer (Figure 4d). Since glucose binding is fully reversible

Figure 3. Protection against different hostile environmental
conditions caused by MSN-B(OH)2 encapsulation of native yeast
cells. To assess the protection ability engendered by MSN-B(OH)2
encapsulation, the yeast cells were stained with FDA/PI and then
evaluated using microscopy. Data used to calculate percent
viabilities in the cultures, with error bars indicating standard
deviations over 1000−1500 cells, come from five separate
experiments with different batches of yeast cultures. The *
indicates significant differences at p < 0.01 (Student’s t test)
between native and MSN-encapsulated yeasts.
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while mannose binding is only partially reversible at pH 6
(Figure 4c), it appears that added glucose displaces mannose
from the B(OH)2 groups. Consecutive binding of YPD
components, which contain not only glucose but also peptone
and yeast extract, including polypeptides, amino acids, and
nucleotides, displays a pattern that is similar to consecutive
glucose binding, with the exception that it is less reversible (see

also Figure 4d). This finding is likely a consequence of the
inability of the YPD complex to displace mannose from the
B(OH)2 groups. Note that S. cerevisiae is able to fully survive
high glucose concentrations up to at least 20 mg/mL (Figure
S17).

CONCLUSIONS

In summary, MSNs were directly, stably, and reversibly
coupled by using B(OH)2 click reaction chemistry of the
polysaccharides abundantly present on yeast cell surfaces to
form a nanoporous shell while maintaining viability. Click-
reacted MSN-B(OH)2 shells showed superior growth and
significant protection against different hostile environmental
conditions. The features and advantages of click-reacted MSN
protection have been thoroughly investigated. Importantly, the
reversibility gives the encapsulation process the ability to
detach and reassemble shells over several daughter cell
generations and to add nanoparticle functionalities without
the need for chemical modification. Consequently, the click-
based method should be highly versatile for introducing
protective capsules and controllable assembly disassembly
nanofunctionality around single cells as part of biotechno-
logical efforts.

MATERIALS AND METHODS
Chemicals. Tetraethylorthosilicate (TEOS), 3-aminopropyltrie-

thoxysilane (APTES), diethanolamine (DEA), cetyltrimethylammo-
nium chloride solution (CTAC), 4-mercaptophenylboronic acid,
pyrogallol, 4-formylphenylboronic acid, and polyamide powder were
purchased from Aladdin Industrial, China. Peptone, TE buffer
solution (pH 8.0), and yeast extract were purchased from Sangon
Biotech (Shanghai) Co., Ltd., China. Ethanol, toluene, D-(+)-man-
nose, D-(+)-glucose, ammonia solution (25−28%), NaCl, hydro-
chloric acid (36−38%), KH2PO4, Na2HPO4·2H2O, formic acid, and
acetic acid glacial were purchased from Sinopharm Chemical Regent
Co., Ltd., China. Poly(diallyldimethylammonium chloride) solution
(20 wt % in water, PDDA), glucose oxidase (GOX), peroxidase
(HRP), and poly(sodium 4-styrenesulfonate) (MW ≈ 70 000, PSS)
were purchased from Sigma-Aldrich Co. (USA). Lyticase was
purchased from Shanghai Yuanye Bio-Technology Co., Ltd. Unless
otherwise noted, all reagent-grade chemicals were used as received.

Cell Culturing and Harvesting. Saccharomyces cerevisiae was
purchased from the China Center of Industrial Culture Collections
and stored as a frozen stock, kept at −70 °C. Yeast from the frozen
stock were grown overnight at 30 °C on a YPD agar stock plate that
was never kept longer than one month. For culturing, a single colony
of yeast cells was picked from the agar stock plate and grown in YPD
broth (4 g yeast extract, 8 g glucose, and 4 g peptone in 400 mL H2O)
in a shaking incubator at 30 °C for 24 h to an optical density OD600 of
around 1.0. Yeast were harvested by centrifugation of a 4 mL culture
at 3500 rpm for 5 min and washed twice with PBS at pH 7.0 (0.4
mol/L KH2PO4, 0.6 mol/L Na2HPO4·2H2O) to remove excessive
medium, and the pellet obtained after centrifugation was immediately
used for further studies.

Mesoporous Silica Nanoparticles. MSNs were synthesized as
described before.39 Briefly, 10.4 g of CTAC (25 wt % in water) and
0.2 g of DEA were first dissolved in a solution of 64 mL of deionized
water supplemented with 9.0 g of ethanol under stirring in an oil bath
at 60 °C. After stirring for 30 min, 7.3 mL of TEOS was added, also
under stirring (3 h at 60 °C) to yield a white, colloidal suspension.
Next, nanoparticles were centrifuged and washed with an excess
amount of water and ethanol and finally dried under vacuum. After
drying, synthesized MSNs were refluxed in 120 mL of ethanol
supplemented with 30 mL of hydrochloric acid (36−38%) overnight
to extract all surfactants, yielding a white powder that was
subsequently dried under vacuum.

Figure 4. Reversible MSN-B(OH)2 encapsulation of S. cerevisiae
cells. (a) SEM micrographs of MSN-B(OH)2-encapsulated cells (1)
before and (2) after MSN-B(OH)2 dissociation promoted by
addition of glucose (20 mg/mL) at pH 7.0, and (3) following
reassembly caused by glucose removal at pH 6.0. (scale bar 3 μm).
(b) Micrographs of cells (right-upper panel) following glucose
addition and dilution, which causes redistribution of MSN-B(OH)2
over daughter cells and (right-lower panel) of cells following
addition of extra MSN-B(OH)2, which leads to complete
restoration of encapsulation of daughter cells (scale bars 2 μm).
(c) Quartz crystal microbalance determinations of the amounts of
binding of mannose (18 μg/mL), glucose (20 mg/mL), and yeast-
extract-peptone-dextrose components containing 20 mg/mL
glucose to B(OH)2 gold-coated crystal surfaces before and after
exposure to pH 6.0 buffer. (d) Quartz crystal microbalance
determinations of the amounts of binding to B(OH)2 gold-coated
crystal surfaces following consecutive addition of mannose and
either glucose or YPD before and after exposure to pH 6.0 buffer.
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Amino-Modified Mesoporous Silica Nanoparticles (MSNs-
NH2). A 0.2 g amount of MSN powder was suspended in anhydrous
toluene (100 mL), after which 0.15 mL of APTES was added. The
suspension was refluxed overnight at 70 °C, centrifuged, and washed
with an excess amount of ethanol, and the powder obtained was dried
under vacuum.
Boron Hydroxyl-Modified Mesoporous Silica Nanoparticles

(MSNs-B(OH)2). A 0.1 g amount of the MSNs-NH2 powder and 0.1 g
of 4-formylphenylboronic acid were mixed in anhydrous toluene (100
mL), and a few drops of acetic acid glacial were added. The
suspension was refluxed at 70 °C overnight, after which particles were
harvested, as described above for MSNs-NH2. MSNs-B(OH)2 were
suspended in 30 mL of PBS (pH 7.0) at a concentration of 2 mg/mL.
Nonporous Silica Nanoparticles. NSNs were synthesized using

the Stöber method.40 Briefly, 15 mL of ammonia solution (25−28%)
was added to a 250 mL ethanol solution. After the mixture was stirred
at room temperature for 30 min, 15 mL of TEOS was dissolved in the
solution, also under stirring (8 h at room temperature), to yield a
white colloidal suspension. Next, nanoparticles were centrifuged and
washed with an excess amount of water and ethanol and finally dried
under vacuum, yielding a white powder.
Encapsulation of Yeast Cells. Yeast were encapsulated with

silica nanoparticles according to our boron hydroxide click-reaction
proposed and according to an interfacial-assisted encapsulation
method for control. For boron hydroxyl-based click reaction between
MSNs-B(OH)2 and cell surface polysaccharides, the yeast pellet
obtained after centrifugation of a 4 mL culture was mixed with 1 mL
of a MSNs-B(OH)2 suspension in PBS at room temperature for 5
min, after which encapsulated yeasts were collected by centrifugation
and washed twice in PBS (3500 rpm, 5 min) as described above and
resuspended in 1 mL of PBS. For control, interfacial-assisted layer
encapsulation of yeast cells was done.41 Briefly, the yeast pellet was
added to a 1 mL PDDA solution (2.5 mg/mL) and shaken for 5 min
to disperse the pellet, after which the resulting suspension was
centrifuged again and the pellet obtained was mixed with a 1 mL
suspension of NSNs in PBS (0.1 wt %) at room temperature for 5
min. NSN-encapsulated yeasts were subsequently obtained as
described above for MSN-encapsulated yeasts. Native yeast
suspensions were obtained by dispersing the initial pellet, obtained
after culturing and centrifugation, in PBS.
Solid-State NMR Measurements. Solid-state 1H−13C cross-

polarization magic angle spinning (CP/MAS) and 29Si and 11B high-
power decoupling NMR experiments were performed on a Bruker
AVANCE-III 500 spectrometer using a 4.0 mm MAS probe with a
spinning rate of 12.5 kHz, a 1H π/2 pulse length of 3.85 μs, a TPPM
1H decoupling of 65 kHz, and a recycle delay of 5 s. 1H MAS and 2D
1H DQ-SQ MAS NMR spectra were carried out in a 1.9 mm MAS
probe on a Bruker AVANCE-III 500 spectrometer with a sample
spinning rate of 40 kHz, a 1H π/2 pulse length of 1.75 μs, and a
recycle delay of 2 s. The chemical shifts of 1H, 13C, and 29Si were
referenced to tetramethylsilane.
IR Spectroscopy. Fourier transform infrared (FTIR) spectroscopy

was performed on a Bruker Vertex 80 V FTIR spectrometer, equipped
with a single-reflection ATR ZnSe crystal.42 Nanoparticle powders
after various stages of modification were pressed into sample stage
holes, after which spectra were recorded between 4000 and 400 cm−1

at a spectral resolution of 4 cm−1 and a data point resolution of 1
point per wavenumber. The digitized spectra were stored on an
auxiliary computer and analyzed with OPUS/IR FTIR software
(Bruker).
Zeta Potential Measurements and Dynamic Light Scatter-

ing. Electrophoretic mobilities were measured with a Zeta Sizer Nano
Series (ZEN 3600, Malvern) using automatic voltage selection. A 1
mg amount of NSNs, MSNs, MSNs-NH2, or MSN-B(OH)2 powder
was suspended in 20 mL of PBS (pH 7.0), and measurements were
taken at 25 °C, after which electrophoretic mobilities were converted
to zeta potentials using the Smoluchowski equation.43 Hydrodynamic
diameters of the mesoporous and nonporous nanoparticles used were
measured with the same instrument.

Electron Microscopy on Mesoporous Silica Nanoparticles.
SEM (S-4800, Hitachi, Japan) was used at 5 kV to observe the
morphology of the nanoparticles. To this end, the powder pellet after
centrifugation was dispersed in distilled water and a suspension
droplet placed on the specimen stage of the microscope and dried for
30 min at 60 °C.

Porosity of Mesoporous Silica Nanoparticles through N2
Adsorption−Desorption Isotherms. The N2 adsorption−desorp-
tion isotherms were measured by a Micromeritics ASAP 3020 system.
Nanoparticle powders were put in tubes and kept under vacuum for 6
h at 120 °C for degassing, after which the powder was weighed and
the tube was fixed in the instrument and connected to a nitrogen
cylinder for automated pressure increase/decrease, while keeping the
tube in liquid nitrogen. Particle surface areas and pore size
distributions were subsequently calculated from the adsorption
isotherms according to Brunauer−Emmett−Teller and Barrett−
Joyner−Halenda, respectively.44

Electron Microscopy on Encapsulated Yeast Cells. SEM and
EDX were conducted on an S-4800 (Hitachi, Japan) to observe the
morphology of the yeasts and visualize the distribution of silica
(nanoparticles) over a cell surface, respectively. To this end, the yeast
pellet was treated as described above and dried for 10 min at 40 °C in
ambient air. The SEM was operated at 5 kV, while EDX was used at
30 kV with a distance between the electron gun and the sample of
about 15 mm and Amp time set at 51.2 μs. In order to obtain
ultrathin sections of encapsulated yeast cells suitable for transmission
electron microscopy, pelleted yeasts were fixed overnight in 0.5%
glutaraldehyde and postfixed for 1 h with 1% osmium tetroxide. After
dehydration through an acetone−ethanol series, the sample was
embedded in Epon 812/Araldite M resin. Thin sections with a
thickness of around 100 nm were cut by using an ULTRACUT UCT
ultramicrotome (Leica, Germany), and TEM micrographs were taken
on a Tecnai microscope (The Netherlands), operated at 200 kV.

Growth Kinetics of Native and Encapsulated Yeast Cells.
Growth kinetics of native and encapsulated yeast cells were
determined for yeasts suspended in 50 mL of fresh YPD broth, and
optical densities were measured every 2 h up to 24 h at 600 nm using
a UV−vis spectrometer (UV-2550, Shimadzu, Japan) at a regular
growth temperature of 30 °C.

Cell Viability Assay. Cell viability was investigated immediately
after encapsulation by fluorescein diacetate/propidium iodide (FDA/
PI) staining of the yeast.45 FDA is hydrolyzed to green-fluorescent
fluorescein by esterases in metabolically active cells, while PI is a red
fluorescence dye that binds to DNA in necrotic or apoptotic cells. The
FDA stock solution (5 mg/mL) was prepared in acetone, while the PI
stock solution (1 mg/mL) was prepared in PBS (pH 7.0). A 10 μL
amount of the FDA stock solution and 10 μL of the PI stock solution
were mixed with 1 mL of PBS (pH 7.0) containing the yeast
suspension, the mixture was incubated for 30 min at 30 °C, and cells
were washed with PBS (pH 7.0). Routinely, five fluorescence images,
containing between 200 and 300 cells, were taken on an inverted
fluorescence microscope (Olympus IX53, Japan), and the ratio
between the number of green and red fluorescent cells was taken as a
measure of viability.

Diffusion and Absorption Experiments of Glucose through
Click-Reacted MSN-B(OH)2 and NSN-PDDA Layers. Glucose
diffusion was studied through nanoparticle layers on 0.2 μm pore-size
polycarbonate membrane filters (diameter 5 cm; JinTeng, Tianjin,
China). Filter membranes were used as received or after depositing a
nanoparticles layer with a similar thickness of MSNs-B(OH)2 or
NSNs-PDDA as in cell encapsulation. After deposition, membranes
were air-dried at 60 °C under vacuum. For diffusion experiments,
membranes with or without nanoparticle layers were fixed between
two compartments, filled with 100 mL of water or 100 mL of glucose
solution (20 mg/mL). Solution aliquots (1 mL) were taken every 10
min from the water-filled compartment, and glucose concentrations
were measured. Glucose concentration was measured using a GOX
and HRP coupled enzyme activity assay. Briefly, 10 μL of GOX (2
mg/mL), 10 μL of HRP (2 mg/mL), 250 μL of pyrogallol (50 mg/
mL), 250 μL of glucose solution, and 2.5 mL of water were mixed in a
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UV−vis cuvette and incubated for 30 min at 37 °C under shaking, and
fluorescence emission was measured at 420 nm. Fluorescence was
expressed as absolute amounts of glucose using a calibration curve.
Absorption experiments were carried out similarly to that described
above for diffusion, but only involved the compartment filled with a
glucose solution and with the nanoparticle layer deposited on a
nonporous surface to prevent diffusion through the layer.
Reversibility of Boron Hydroxyl-Based Click-Reaction-

Based Shell. Primary MSN-B(OH)2-encapsulated yeasts were
suspended in 2 mL of glucose (20 mg/mL) in PBS (pH 7.0) and
gently mixed at room temperature for 30 min to detach the MSN
shell. Next cells were collected by centrifugation at 3500 rpm for 5
min, and the supernatant was centrifuged at 8000 rpm for 15 min to
collect the MSNs. Subsequently cells were either processed for SEM
as described above or kept for secondary encapsulation. For secondary
encapsulation, nanoparticles with glucose bound to the B(OH)2 were
first suspended in PBS with pH adjusted to pH 6.0 by addition of
KH2PO4 to remove glucose from the MSNs under gentle mixing at
room temperature for 30 min. Next cells and MSNs were suspended
again in PBS at pH 7.0 for the formation of a secondary shell. Since
the high concentration of glucose applied might influence the viability
of the yeast, the viability of the yeast after exposure to high glucose
concentrations was determined. To this end, yeast suspensions were
supplemented with different concentrations of glucose ranging from 0
to 20 mg/mL in in a shaking incubator at 30 °C for 1 h, after which
cell viability was assessed using the FDA/PI assay.
Quartz Crystal Microbalance Measurements. The relative

affinities of mannose, glucose, and YPD components for B(OH)2
were determined using a QCM (Q-Sense E1 system, Sweden) at 25
°C using a Q-Sense E1 system (Sweden). A gold-coated quartz sensor
was immersed in a boiling solution of ethanol, water, and ammonia
(1:1:1 in volume) at 70 °C for 15 min and dried under nitrogen gas.
Next the sensor was immersed in a 20 mL 4-mercaptophenylboronic
acid solution in ethanol (1 mg/mL) to graft B(OH)2 to the surface
and dried under nitrogen gas. After insertion of the B(OH)2 sensor in
the QCM chamber, the chamber was perfused at a flow rate of 100
μL/min with deionized water followed by PBS at pH 7.0 until a stable
frequency shift could be measured. Then, the chamber was perfused
at a similar flow rate with either mannose (18 μg/mL), glucose (20
mg/mL), or YPD (containing besides peptone and yeast extract, 20
mg/mL glucose) until stable frequency shifts were observed, after
which the chamber was perfused with PBS at pH 6.0 to observe
possible desorption of mannose, glucose, or YPD components,
respectively. The crystal was brought into resonance at 5 MHz, and
the adsorbed mass to the crystal surface calculated employing the
Sauerbrey equation:7,46

m
C

n
fQCMΔ = − Δ

(1)

in which Δm is the amount of adsorbed mass, Δf is the shift in
resonance frequency, CQCM is a mass sensitivity constant (17.7 ng/
cm2 for a 5 MHz crystal), and n is the overtone number of the
resonance frequency used. All binding curves were recorded by Q-
Sense software and analyzed by QTools using the third overtone (n =
3). Finally in a separate experiment, in order to study the effect of a
high glucose concentration or YPD on mannose binding to a
B(OH)2-coated crystal surface, the QCM chamber was exposed to a
flowing solution of mannose (18 μg/mL) for 10 min, followed by
perfusion of the chamber with PBS at pH 7.0, after which glucose at a
high concentration (20 mg/mL) or YPD was consecutively perfused
through the system for another 10 min. The reversibility of the entire
adsorption process was monitored by perfusing the chamber with PBS
at pH 6.0.
Comparison of the Protection Offered by MSN-B(OH)2 and

NSN-PDDA Shells. Protection offered by MSNs-B(OH)2 or NSNs-
PDDA shells to S. cerevisiae was compared to native yeasts by
exposing cells to five hostile environments. First, native and
encapsulated yeast cells were exposed in pure water for 6 days, and
their viability were evaluated by FDA/PI staining. Second, yeast cells
were exposed for 30 min to an elevated temperature of 55 °C, and

their viability was assessed using FDA/PI staining. Third, yeast
suspensions in PBS (pH 7.0) were transferred to quartz tubes and
exposed to UV light (254 nm) for 3 h. After irradiation, the cells were
collected, and their viability was evaluated by the FDA/PI assay.
Fourthly, cells were suspended in 1 mL of TE buffer (pH 8.0)
supplemented with 20 μL of a lyticase solution (10 kU lyticase in 500
μL of glycerol and 500 μL of TE buffer (pH 8.0)) for 2 h at 37 °C
under shaking, and their viability was evaluated. Finally, cells were
subjected to an osmotic shock by suspending them for 3 h at 30 °C in
PBS supplemented with 3 wt % NaCl at pH 7.0.
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