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Abstract: A powerful strategy for long-term and diffusional-
resistance-minimized whole-cell biocatalysis in biphasic sys-
tems is reported where individually encapsulated bacteria are
employed as robust and recyclable Pickering interfacial
biocatalysts. By individually immobilizing bacterial cells and
optimizing the hydrophobic/hydrophilic balance of the encap-
sulating magnetic mineral shells, the encased bacteria became
interfacially active and locate at the Pickering emulsion
interfaces, leading to dramatically enhanced bioconversion
performances by minimizing internal and external diffusional
resistances. Moreover, in situ product separation and biocata-
lyst recovery was readily achieved using a remote magnetic
field. Importantly, the mineral shell effectively protected the
entire cell from long-term organic-solvent stress, as shown by
the reusability of the biocatalysts for up to 30 cycles, while
retaining high stereoselective catalytic activities, cell viabilities,
and proliferative abilities.

Whole-cell biocatalysis in aqueous/organic biphasic systems
is an elegant method to transform poorly water-soluble
substrates into fine chemicals, pharmaceuticals, and fuels.l
However, long-term exposure to organic solvents and espe-
cially to vigorous mixing to facilitate mass transfer between
two phases can easily lead to fatal cell destruction.'!
Consequently, immobilization of microbes in supports, such
as silica matrices or alginate beads, has been used to improve
microbial performance and stability. Nevertheless, the acces-
sibility of biocatalysts by substrates in these systems suffers
from two intractable diffusional limitations.'"! The first
limitation, namely the external diffusional limitation, stems
from the limited organic-aqueous interfaces across which
mass transfer should take place. The second issue is an
internal diffusional limitation which is as a result of the fact
that these systems generally deal with the entrapment of
a collection of cells and thus substrates have to diffuse inside
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the supports. As a result, the catalytic efficiency of these
immobilized biocatalysts is undesirably diminished. Thus, the
design of an ideal immobilization technique for overcoming
both diffusional limitations and at the same time providing
long-term stability has remained a great challenge in this field.

As arapidly emerging class of biphasic reaction, Pickering
interfacial catalysis, where colloid particles can simultane-
ously stabilize an emulsion and catalyze reactions at the
interface of two immiscible solvents, has become an attractive
research topic.’) In such systems the location of particles at
Pickering interfaces not only maximizes the extent of the
liquid—catalyst-liquid interfacial areas and facilitates mass
transfer between the two phases but also relieves transport
limitations. Such improvements could have a major impact in
the field of whole-cell biphasic biocatalysis. Although it seems
promising to assemble biocatalytically active bacteria as
“soft” particles® at the liquid-liquid interface for biphasic
reactions because of the vulnerability of bacteria towards
organic solvents and the lack of interfacial activity to stabilize
emulsions,*! the application of bacteria as Pickering interfa-
cial biocatalysts is uncommon and is difficult to perform.
Recently, a chitosan—bacteria complex was shown to be able
to place bacteria at Pickering interfaces® although the
antimicrobial activity of chitosan and the difficulties in
bacteria recovery would hamper further interfacial biocata-
Iytic studies. Accordingly, we envision that exploring properly
surface-engineered bacteria as robust Pickering interfacial
biocatalysts would provide the possibility to address all the
above mentioned challenges.

We herein describe a simple yet powerful new strategy for
long-term and diffusional-resistance-minimized whole-cell
biocatalysis in biphasic systems by utilizing individually
encapsulated microbes as robust and recyclable Pickering
interfacial biocatalysts. Encapsulation of individual living
cells within robust artificial shells promises great potential to
functionalize cell surfaces at the single-cell level and protect
cells against harsh conditions.”) As shown in Scheme 1,
individual Alcaligenes faecalis ATCC 8750 cells were firstly
coated with a porous calcium phosphate (CaP) mineral shell
and Fe;O, nanoparticles were doped simultaneously into the
shell to endow bacteria with magnetic functionality (designed
as B-MCaP). After adsorption of sodium monododecyl
phosphate (MDP) on the mineral shell, the hydrophilic
B-MCaP became interfacially active (B-MCaPS) facilitating
the stabilization of Pickering emulsions, analogous to other
surface-active particles as reported by our group and others.!
Importantly, by immobilizing bacteria individually and opti-
mizing the hydrophobic/hydrophilic balance of the mineral
shell, inner diffusional limitations in the supports were clearly
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Scheme 1. The preparation of robust Pickering interfacial biocatalysts
based on the individual bacterium encapsulation technique and their
application in phase-transfer stereoselective bioconversion. In step 1,

a calcium phosphate mineral shell doped with Fe;O, nanoparticles was
deposited onto the bacterial surface. In step 2, the wettability of the
mineral shell was tailored by adsorption of MDP. In step 3, individually
encapsulated bacteria were assembled at Pickering interfaces for
hydrolyzing hydrophobic (R,S)-mandelonitrile in the oil phase into
hydrophilic R-(—)-mandelic acid.

decreased. Moreover, the direct location of individually
encased bacteria at Pickering interfaces greatly enhanced
the water—biocatalyst—oil interfacial areas, which diminished
external diffusional limitations. With both external and
internal diffusional limitations minimized, the catalytic per-
formance was significantly improved. Most interestingly, the
magnetic mineral shell not only facilitated the in situ product
separation and recycling of the bacteria, but also effectively
protected the whole cell from long-term organic-solvent
stress. These benefits were demonstrated by the efficient
reusability of the biocatalysts up to 30 cycles while retaining
the high stereoselective catalytic activities, cell viabilities, and
proliferative abilities.

To prepare individually encapsulated A. faecalis
ATCC 8750 cells, one cycle of poly(allylamine hydrochloride)
and poly(styrene sulfonate) were assembled on the surfaces of
the bacteria to induce heterogeneous CaP nucleation (see
Figure S1 in the Supporting Information).””! Simultaneously,
Fe;O, nanoparticles were doped into the mineral shell
(Figure S2). Scanning electron microscopy images (SEM;
Figure 1a,b), high-resolution SEM (inset in Figure 1b),
transmission electron microscopy (TEM; Figure 1¢) and
optical microscopy images (Figure S3) clearly showed that
the surfaces of the mineralized bacteria were covered by
numerous flake-like nanocrystals which stacked to form
porous structures with a thickness of about 1.5 um. The
presence of calcium and Fe;O, in the mineral shell was
demonstrated by element mapping using energy dispersive
X-ray spectroscopy (Figure 1d-f). Figure 1g shows the super-
paramagnetic behavior of the B-MCaP hybrids by plotting
the magnetization of the sample against the applied field.
Using the reagents fluorescein diacetate (FDA) and propi-
dium iodide (PI; Figure 1h,i), the viability of the encapsu-
lated cells was measured to be approximately 95% after
mineralization, indicating that the encapsulation processes
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Figure 1. SEM images of a) bare A. faecalis ATCC 8750 bacteria and

b) the individually mineralized bacteria (B-MCaP). Inset in (b): high-
resolution SEM image. c¢) TEM image of B-MCaP. d—f) SEM image of
B-MCaP for elemental mapping analysis of the system. Scale bar in
(d—f) =2 um. g) Magnetization (emug™') curve of B-MCaP. Inset in
(g): photograph of B-MCaP in water (left) and their response to the
external magnetic field (right). B-MCaP cells were treated with

h) fluorescein diacetate (FDA) and i) propidium iodide (PI) for live/
dead staining (live: green, dead: faint red).

were compatible with the bacteria. As inferred from the
permeability of FDA, the porous shell would be permeable to
other enzymatic substrates,” an important prerequisite for
biocatalysis.

Next, we tested the interfacial activity of the individually
mineralized bacteria with toluene/water biphasic systems.
Unfortunately, the B-MCaP-stabilized emulsion phases sep-
arated completely after shaking (Figure 2a) because the B—
MCaP was too hydrophilic to be surface active.! Intriguingly,
further modifying the mineral-shell surfaces with MDP
(Figure S4) through phosphate—calcium interactions was
effective to render B-MCaP interfacially active. The resultant
B-MCaPS were denoted B-MCaPS(n), where n represents
the initial MDP concentration used. The stability of the
Pickering emulsions obtained by employing the B-MCaPS
systems was greatly enhanced and even phase inversion was
observed (Figure 2). Up to 0.9 mgmL~' MDP, emulsions were
of the oil-in-water (o/w) type, whereas at 1.5 and 3 mgmL ™'
MDP, water-in-oil (w/0) emulsions were formed. The appear-
ance and the type of the emulsion were further confirmed by
fluorescence microscopy (Figure 2b—f) and conductivity var-
iation (Figure S5). These phenomena could be attributed to
the partial hydrophobization of the mineral shell by adsorp-
tion of MDP with the phosphate groups adsorbed on the
CaP shell and the hydrocarbon chains protruding into the
water, as indicated by the zeta-potential measurements
(Figure S6), the adsorption isotherm (Figure S7), and the
water contact-angle variations (6; Figure S8). It is clear that
tuning the amount of MDP adsorbed on the mineral shell
could change the hydrophobicity of the B-MCaP to different
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Figure 2. Interfacial activity of the individually encapsulated bacteria.
a) The appearance after 24 h of toluene/water Pickering emulsions (1:1
by volume) stabilized by B-MCaP and B-MCaPS; the numbers
represent the initial concentration (mgmL™") of monododecyl phos-
phate used to tailor the wettability of the mineral shell. b—f) Fluores-
cence microscopy images corresponding to the B-MCaPS (n)-stabilized
Pickering emulsions shown in (a). b) n=0.15 mgmL™";
c)n=045mgmL';d) n=09mgmL ;&) n=1.5 mgmL™";

f) n=3 mgmL"". Nile red was dissolved in the toluene phase to
confirm the emulsion type. Scale bar in (b—f) =200 pm.

degrees. Thus, different types of Pickering emulsions were
formed.

Before utilizing B-MCaPS as a Pickering interfacial
biocatalyst, the distribution of B-MCaPS at Pickering inter-
faces was clearly demonstrated by 2D/3D confocal fluores-
cence microscopy (Figure 3a), Z-optical axis confocal imag-
ing (Figure S9, S10), and optical microscopy (Figure S11). The
activity of these B-MCaPS as Pickering interfacial biocata-
lysts was then studied. The specific activity
(dry cell weight (DCW), umol min™' mg™") of
the individually encapsulated bacteria was
plotted against the mandelonitrile concen-
tration (Figure 3b). The specific activity of
B-MCaPS(0.45) increased faster than that of
B-MCaPS(0.15) as the concentration of
mandelonitrile increased. Interestingly, as
for B-MCaPS(0.9), the specific activity grad-
ually increased until the mandelonitrile con-
centration reached 200 mm. For concentra-
tions greater than 200 mm, decreased activity
was observed. More interestingly, a similar
trend was observed for B-MCaPS(1.5) and
B-MCaPS(3), however the activity began to
decrease at a much lower mandelonitrile
concentration. These results indicated that
the hydrophilic/hydrophobic nature of the
artificial shell played a key role in determin-
ing the catalytic activity. As previously sug-
gested for immobilized microbes, reducing
the immobilization support size was an
obvious way to overcome internal diffusional
limitations and rational adjustment of the
hydrophilic/hydrophobic balance of the sup-
ports would favor inner diffusion and the beads (blue).
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partitioning of hydrophobic substrates."*! In particular, the
optimum composition of the support materials has also been
shown to be strongly dependent on the existence and the
degree of the substrate inhibitory effect.'! Thus, we could
infer that for the least hydrophobic B-MCaPS§, the increased
specific activity was due to the facilitated diffusion and
partitioning of the hydrophobic mandelonitrile substrate into
the microenvironment around the bacteria. Even though
B-MCaPS with higher 6 values were more accessible to
substrates, the decreased specific activity was mainly caused
by the low substrate concentration tolerance of nitrilase
(typically <40 mm"). Furthermore, the kinetics of B-
MCaPS(0.45) at Pickering interfaces followed Michaelis—
Menten kinetics (Figure S12), indicating no substrate inhib-
ition appeared in the tested concentration range. Therefore,
by immobilizing bacteria individually and fine-tuning the
hydrophilic/hydrophobic balance of the mineral shell, inner
diffusional limitations could be effectively minimized while
avoiding the high-substrate-concentration inhibitory effect.
Next, the bioconversion efficiency of B-MCaPS(0.45) at
Pickering interfaces was tested (case 1). For comparison,
control experiments with a collection of bacteria located in
the droplet interior of SiO,-particle-stabilized Pickering
emulsions (case 2, Figure S13) and a collection of bacteria
immobilized in calcium alginate beads (case 3, Figure S14)
were conducted. In case 1 (Figure 3¢) the conversion of the
reaction reached 90-95 % at equilibrium, whereas for case 2
a much longer time was required to reach equilibrium.
Furthermore, only about 40 % of conversion after 24 h was
detected in case 3. After normalization of the data (Fig-
ure S15), the specific activity in case 1 was 3.88 and
18.41 times higher than that in cases 2 and 3, respectively. It
appears that the low catalytic efficiency in case 3 can be
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Figure 3. a) 2D (a-1; a-2) and 3D (a-1’; a-2') confocal fluorescence microscopy of the
distribution of fluorescein-labeled B-MCaPS at Pickering interfaces. In the high-resolution
image (a-2), the B-MCaPS appear as green dots. Scale bars: a-1=200 um; a-2=30 um.

b) The specific activity (DCW, umol min~'mg™") of B-MCaPS(n) at different substrate
concentrations. c) The bioconversion of mandelonitrile by bacteria was investigated under
different conditions, using B-MCaPS(0.45) as the Pickering interfacial biocatalyst (black
line) and through control experiments where bacteria were dispersed in the interior of
SiO,-microparticle-stabilized Pickering emulsion droplets (red) and immobilized in alginate
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attributed to the existence of external g)
and internal diffusional limitations.
Although the interfacial areas could be
dramatically enlarged and mass transfer
could be improved in case 2, the slower
conversion was a result of the internal
diffusional limitations within the droplets.

In contrast, in case 1 the location of
individually immobilized bacteria directly

at Pickering interfaces greatly enhanced
bioconversion performance. This en-
hancement was due to the physically
facilitated transfer and partitioning of
a substrate around the bacteria cell with 3
both minimized internal and external ©
diffusional resistances.

Another important aspect of using
individually immobilized bacteria as Pick-
ering interfacial biocatalysts was their e)
magnetic properties. With a strong mag-
netic field (B,=1.42T), complete phase
separation was observed (Figure 4a).
When the magnet was removed, emul-
sions could be formed again following
homogenization. This effect was highly
reversible and even after 30 cycles emul-
sions were still formed (Figure S16). This
unique characteristic should facilitate the
insitu recycling of the biocatalyst and
enable the separation of products using
a more bio-friendly method. Next, the
hydrolysis of mandelonitrile samples was
carried out using the recycled B-MCaP-
(0.45) material as a Pickering interfacial
biocatalyst. As shown in Figure 4b, high
conversion efficiency above 80% was
detected even after 30 cycles of use of the B-MCaP(0.45).
Excitingly, the stereoselectivity remained almost constant
during the successive reaction cycles (Table S1). Additionally,
no division of the encapsulated bacterial cells was observed
during the recycling reactions (Figure S17), indicating that the
encapsulated bacteria are in a resting state. In contrast, low
and decreased conversion was detected for bare microbes in
control experiments. Specifically, negligible conversion was
detected after 10 cycles for bare microbes.

It has been generally considered that cell membranes are
the primary target of action by organic solvents!'? and clearly
it is the outer robust shell that protected the encapsulated
cells herein from the organic-solvent stress, which was verified
by flow cytometry (Figure 4 c,d). It was evident that PI could
barely penetrate the cell membrane of the encapsulated cells,
while the membrane integrity of the bare bacteria decreased
with increasing reaction cycles. Additionally, after degrada-
tion of the mineral shell by EDTA (ethylenediaminetetra-
acetic acid), the released bacteria proliferated like the normal
cells (Figure 4e,f). These results confirmed that the mineral
shell effectively protected bacteria from long-term organic-
solvent stress through stabilization of cellular membranes and
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Figure 4. a) Magnetically controlled reversible disassembly and assembly of B-MCaPS(0.45) at
Pickering interfaces. b) Recycling bioconversion efficiency of B-MCaPS(0.45) as a Pickering
interfacial biocatalyst (blue) and bare bacteria in a biphasic system as a control experiment
(green). ¢, d) Membrane integrity studies: flow-cytometry histograms of the fluorescence of PI
in bacteria after different reaction cycles using ¢) B-MCaPS(0.45) and d) bare bacteria. The
inset plots show the corresponding percentage of Pl-positive cells obtained from the
histograms. e) Colonies of bacteria grown under different conditions: the colonies of normal
bacteria (left), colonies of the encapsulated bacteria after 30 reaction cycles (middle), and
colonies of the bacteria from control experiments (right). f) Data corresponding to the

improved the operational stability of the whole-cell Pickering
interfacial biocatalysts.

In addition to locating at toluene-water Pickering inter-
faces, we found that B-MCaPS was also able to stabilize
emulsions using other organic solvents (Figure S18). More-
over, the individual-cell encapsulation technique has been
well-established and has been shown to be a simple but widely
applicable method to protect a series of cells’! Taken
together, all these aspects implied that we have developed
a powerful and versatile method for whole-cell-based
long-term biphasic biocatalysis with minimized diffusional
resistances.

In summary, whole-cell-based long-term and resistance-
minimized biphasic biocatalysis was successfully realized by
utilizing individually encapsulated A. faecalis ATCC 8750
cells as robust Pickering interfacial biocatalysts. By immobi-
lizing bacteria individually and optimizing the hydrophobic/
hydrophilic property of the mineral shell, individually encap-
sulated bacteria became interfacially active and localized at
Pickering interfaces, which significantly minimized internal
and external diffusional resistances and enhanced biocatalytic
performances. Moreover, the incorporation of Fe;O, into the
shell endowed Pickering emulsions with magnetic properties,
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which simplified in situ product separation and biocatalyst
recycling. Most importantly, the robust mineral shell effec-
tively protected the whole cell from long-term organic-
solvent stress, as proven by the effective recycling ability of
the biocatalysts up to 30 cycles while retaining high stereo-
selective catalytic activities, cell viabilities, and proliferative
abilities. Overall, it is reasonable to expect that this powerful
method can be further developed for application in biphasic
whole-cell biocatalysis.

Keywords: biocatalysis - cell encapsulation - interfaces -
nanostructures - phase transfer
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