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Silica Jar-with-Lid as Chemo-Enzymatic Nano-Compartment for
Enantioselective Synthesis inside Living Cells

Seonock Kim,® Nitee Kumari,® Jongwon Lim,® Sateesh Dubbu,® Amit Kumar*® and In Su Lee*@P!

Abstract: Nanodevices, harvesting the power of synthetic catalysts
and enzymes to perform enantioselective synthesis inside cell, have
never been reported. Here, we synthesized round bottom jar-like silica
nanostructures (SiJARs) with a chemo-responsive metal-silicate lid.
This was isolated as an intermediate structure during highly controlled
solid-state nanocrystal-conversion at the arc-section of silica shell.
Different catalytic noble metals (Pt, Pd, Ru) were selectively modified
on the lid-section through galvanic reactions. And, lid aperture-
opening was regulated by mild acidic conditions or intracellular
environment which accommodated the metal nanocrystals and
enzymes, and in turn created an open-mouth nanoreactor. Distinct
from the free enzymes, SiJARs performed asymmetric aldol reactions
with high activity and enantioselectivity (yield >99%, ee = 95%) and
also functioned as the artificial catalytic organelles inside living cells.
This work bridges the enormous potential of sophisticated
nanocrystal-conversion chemistry and advanced platforms for new-to-
nature catalysis.

Evolutionary compartmentalization is the key structural feature of
various organelles and cells to accommodate specific enzymes
and cofactors, which effortlessly drive life-sustaining multistep
biochemical cascades.M artificial organelle-like nanoreactors
harnessing high activity of synthetic catalysts along with inherent
handedness of enzymes, can result diversified platforms for
bioorthogonal synthesis.?3 These chemo-enzymatic systems
can asymmetrically synthesize chiral enantiomeric bioactive
molecules,”  possessing  distinct  pharmacological and
toxicological systemic responses and in turn leading to advanced
bioimaging, therapeutic and biotechnological applications.?!
Variety of nature-inspired hollow nanostructures, which consist of
silica/silicate®¢®l and polymers/micellesi®7 confining catalytic
nanocrystals (NCs), enzymes or both, have demonstrated
improved catalysis that are mostly limited to abiotic conditions.®!
Microemulsion-, sacrificial template-, and one-pot entrapment-
based methods for pre-encapsulation of bio/nano-catalyts inside
a confining nano-housing, often involve difficult to control multiple
synthetic steps, harsh conditions, biphasic non-aqueous solvents
and complex reagents.® Major challenge to design nanoreactors
for intracellular application is to reliably co-localize and maintain
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the reactive surfaces of catalytic NCs along with the protection of
enzymes from de-activation.** In this regard, silica
nanostructures are highly appealing for wide range of catalytic
and biomedical applications owing to their chemical inertness,
high stability, biocompatibility and synthetic flexibility.!
Previously, we developed solid-state conversion strategy for
reversible hollowing of silica-coated manganese oxide
(MnO@Si0,)*? and the post-synthetic modification of the hollow
silica interiors with catalytic noble metals.*¥! However, these
microporous closed shells restrict the entry and co-localization of
catalytic NCs and large-size biomolecules. To realize the
intended open-mouthed shell-morphology for the construction of
chemo-enzymatic nano-compartment,i*4 it's crucial to modify the
composition of selected shell-arc-section. We thought to utilize a
yolk-like MnO NC as a metal-nano-reservoir inside hollow silica
(h-Si0,), for intrashell directional supply of Mn?* ions localized
only to the touching small arc inside h-SiO,, while restricting its
transformation to the thermodynamically stable structure having
homogeneous phase.l*251 Such spatiotemporally controlled
thermal conversion chemistry would modify the composition of h-
SiO2 within the few-nm proximal in-contact section which can be
selectively opened or chemically modified for further catalytic
customization (Figure 1). Here, we report the synthesis of round
bottom jar-like glass-phase nanostructure (designated as SiJAR)
installed with a MnSiOs-based chemically responsive lid of
controllable section area. Owing to the segmented composition of
the SIJAR, different catalytic noble metals (Pt, Pd, Ru) were
selectively modified on the lid-section through galvanic
replacement reaction.'3% Subsequently, lid aperture-opening
was regulated by mild acidic conditions or intracellular
environment, creating a wide-passage into the shell while shifting
the residual metal NCs inwards. This strategy created
customizable open-mouth hollow nanoreactors [M(M = Pt, Pd,
Ru)-SiJARs] which further facilitated the entry and encapsulation
of large size enzymes inside the semi-confined concave structure
(Figure 1).1*1 Distinct from the promiscuous free enzymes, these
nanoreactors performed asymmetric aldol reactions with high
enantioselectivity (ca. 95% ee) via an enzyme-metal co-operative
transition state stabilization, while protecting the NCs and
enzymes within an open mouth silica-compartment and even
functioned inside living cells like artificial catalytic organelles.

First, we installed MnO nanocube (edge = 20 £ 5 nm) inside h-
SiO; [shell thickness = 10 + 4nm, outer diameter = 108 + 3 nm] by
sequential silica encapsulation and hydrolytic hollowing steps.
The resulting yolk-shell structure (MNO@h-SiO,) possessed a
dynamic configuration, where MnO NC docked to a selected few-
nm interior arc-section of h-SiO, to induce an interfacial solid-
state phase mixing process (Figure 1). The annealing of MNO@h-
SiO; at temperature (Tann) 800 °C under Ar + 4% H, environment
resulted the diffusion of MnO into interfacial silica to form a Janus
structure (designated as asy-MnSiOs@h-SiO2) having a
circularly flattened patch of MnSiO3 (42 + 5 nm diameter, 21 + 3
nm thickness). This was confirmed by transmission electron
microscopy (TEM), scanning electron microscopy (SEM), STEM
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Figure 1. Schematic for: (a) solid-state thermal conversion process of MNO@h-SiO towards intermediate Janus asy-MnSiOs@h-SiO2 (with controllable size
of MnSiOs region) and symmetrical h-MnSiOs@SiO: structures. (b) Galvanic metal exchange reaction at the lid section of SiJAR followed by inward lid
opening (detailed in the dotted box) and enzyme encapsulation inside SiJAR to conduct bioorthogonal chemo-enzymatic asymmetric aldol reaction.

and STEM-energy-dispersive X-ray spectroscopy (EDX)-based
elemental mapping and line-profiling (Figure 2). At the MnO-
diffusion site, the directional inclusion of Mn?* into the selected
interior silica network caused the predominantly inward volume
expansion and left a segregated domain of amorphous MnSiOs-
phase [confirmed by X-ray diffraction analysis (XRD), Figure S1],
which formed well-defined boundaries surrounded by unaffected
segment of the h-SiO, (Figure 2). Such asymmetric morphological
evolution is distinct from previously observed hollowing of tight
MnO@SiO, core-shell, where Mn?* moved into surrounding SiO»
in an isotropic manner, forming a spherical hollow shell of
MnSiOz. For additional mechanistic insights, we conducted
reductive annealing of MNO@h-SiO; at different Tan, (600 ~ 900
°C) for 24 h (Figure S2). MnO didn’t react until Tan, = 600 °C but
started diffusing through the interfacial silica part at 700 °C and
further transitioned to asy-MnSiOs@h-SiO. as the result of
formation of amorphous MnSiO; phase at 750 ~ 800 °C.
Interestingly, at higher temperature of Tan, > 850 °C, the MnSiO3
domain appeared to spread out over through the interior surface
of h-SiO; (time-course study in Sl, Figure S3), changing the
structure to a symmetrical h-SiO, shell with a thin MnSiO3

laminate inside (h-MnSiOs@SiOz). It can be reasoned by the
viscous fluid-like movement of the MnSiO; phase, which assumed
a liquid glass-like state at temperatures above its lowered glass
transition temperature (Tg), and eventually coated the interior
homogeneously with thin MnSiOg layer conformal-interfaced with
outer SiO, phase (analyzed by EDX and XRD) as a result of
thermodynamic lowering of interfacial surface energies of two
immiscible solid-solid systems (Figure 2).1*?218 Upon oxidative
annealing at 800 °C in air, asy-MnSiOs;@h-SiO2 and h-
MnSiOs@SiO:2 resulted the formation of tiny Mn,O3; NCs at the
patch and all over the spherical shell, respectively, which
confirmed their respective distributions of MnSiO3 phase on silica
shell (Figure S4).2 Alternatively, the annealing of a physical
mixture of MNO NC and free h-SiO, produced sintered lumps
along with empty silica shells, indicating the indispensable role of
yolk-shell configuration (Figure S5). Unique composition and
hollow jar-like interior of asy-MnSiOs@h-SiO2 (hereafter
designated as SiJARs) allowed us to conduct their diversified
post-synthetic transformations of the chemically responsive
MnSiO; section which can function as a ‘lid’ allowing on-demand
mouth-opening and catalytic functionalization. Upon treatment
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Figure 2. Characterization of asy-MnSiOs@h-SiOz2 and h-MnSiO:;@SiO2
thermally converted from MnO@h-SiO2: HRTEM (left), STEM-EDS line
profile (middle, inset : EDS mapping [Mn (red)] and SEM images (right) of
MnO@h-SiO: (a) and annealed products at 800 °C (b, asy-MnSiOs@h-
SiO) and at 900 °C (c, h-MnSiOs@SiOz).

with acidic conditions (3 M HCI), a circular opening (44 = 6 nm) in
SiJAR was visualized due to pH-induced release of Mn?* ions
selectively from the MnSiO; lid-part, without affecting the
remaining jar-like SiO, nanostructure (Figure 3a). Choosing the
different size-ratios of MnO and h-SiO, components in the starting
MnO@h-SiO; resulted different proportional sizes of the MnSiOs-
lids, which in turn decided the different extent of mouth-opening
on SiJARs (Figure S6). Further, we subjected SiJARs for
galvanic replacement reactions in order to modify various catalytic
metals by exploiting the reductive Mn?* of MnSiOs-lid (Figure 3b,
S7).11318] Treatment of SiJARs with aqueous Na,PdCl, solution
(15 mM) resulted gradual deposition of tiny Pd grains on to the lid
section, resulting a negatively curved Pd-modified-lid on SiJAR
(Pd-lid@SiJAR). This was in corroboration with the decrease in
Mn elements and correlated increase in Pd contents, quantified
by inductive coupled plasma (ICP) and EDX-analysis (Figure 3b,
S7). The functionalization of SiJARs was further extended to
other catalytic metals such as Pt and Ru (Figure S8). When Pd-
lid@SiJAR was incubated in phosphate buffer solution (PBS,
pH4.6) at 37°C, the perforated and fragile Pd-modified-lid (due to
the residual Mn?* dissolution) was gradually dissociated from the
surface and internalized in to SiJAR body, guided by the negative
curvature of the lid-section (Figure S9), resulting an open-mouth
(opening size 44 + 6 nm) structure accommodating ligand-free Pd
NCs (Pd@SiJAR). Large mouth-opening and negatively curved
hollow interior of PA@SIJAR (4 wt% Pd, by ICP) was further
utilized to encapsulate and stabilize the Candida antractica lipase
A (Cal-A) [6-9 wt% by thermogravimetric analysis (TGA)] with Pd
NCs (Figure 3c) a, generating a chemoenzymatic catalytic
nanoreactor platform (Cal-Pd@SiJAR). The presence of Cal-A
was further verified by Fourier Transform Infrared Spectroscopy
(FTIR) and TGA (Figure 3d, S10). When SiJAR (devoid of any
PdNCs) was used, enzyme loading efficiency was reduced (ca. 5
wt%) which indicated the crucial role of PANCs in directing the
enzyme encapsulation (Figure S11).
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Figure 3. Lid-opening and catalyst functionalization with SiJAR: (a) TEM (i),
SEM (ii) HADDF-STEM (iii) images and EDS elemental maps (iv, v) of
HCl(aq) treated SiJARs. (b) TEM (i), HADDF-STEM (ii) images and EDS
elemental maps (ii-v) of Pd-lid@SiJARs obtained after galvanic
replacement in Pd precursor solution. (c) TEM image of Cal-Pd@SiJARs.
(d) FT-IR spectra of various samples.

To test the chemo-enzymatic catalytic performance of Cal-
Pd@SiJAR, we chose direct aldol reaction (DAR), which is one
of the most useful C-C bond forming tools for the synthesis of
numerous active pharmaceuticals and synthons.['® 25281 | ipase is
known to catalyze different reactions including DAR with broad
substrate scope but often with poor enantioselectivities.?”]
Moreover, direct application of free Lipase inside cell is not
feasible due to delicate nature of the enzyme.The proximity of Pd
NCs with Cal-A inside SiJAR, would stabilize a favorable
transition state for high enantioselectivity.??3 In a test reaction,
4-nitrobenzaldehyde (0.1 mM) was reacted with acetone in the
presence of Cal-Pd@SiJAR at r.t. for 30 h, affording the aldol
product in quantitative yield (> 99% by 'H NMR) and good
enantiomeric excess (ee = ca. 95%) (Figure 4, S12-S14).
Although, free Cal-A affected similar transformation, but could
only afford poor enantiocontrol (ee < 11 %) (Figure 4, S15).
Encapsulating only Cal-A inside SiJAR (Cal@SiJAR) resulted
comparable ee as free enzyme but reaction rate was higher
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Figure 4. Catalytic test with Cal-Pd@SiJAR: (a) Schematic for asymmetric aldol reaction using Cal-
Pd@SiJAR. (b) Yields and enantiomeric excess of the aldol reaction between 4-nitrobenzaldehyde and
acetone using different catalysts: 1- PA@SIJAR, 2- Cal A@SIJAR, 3- Cal-Pd@SIJAR, 4- CalA/Pd
(physical mixture), 5- Cal A, 6- Cal A+Pd+SiO: (physical mixture), 7- Cal-Glt-Pd-NH2SiO>. (c) Product
yields and enantiomeric excess with different substrates using Cal-Pd@SiJAR. (d) CLSM images of
MCF-7 cells after internalization with fluorescein modified SiJARs (green spots) and merged with
Lysotracker and NucBlue staining. (e) TEM images of fixed and sectioned cells internalized with Cal-
Pd@SiJARs (red arrows showing locations of the NPs). (f) Time-course fluorescence images (FITC
filter) with NucBlue-staining showing decrease in green fluorescence as the result of catalytic reaction
between fluorescent aldehyde and acetone forming the non-fluorescent aldol product. (g-i) Flow
cytometry analysis showing a population of cells before (green) and after (gray) catalytic aldol reaction.
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(Figure 4). Using only Pd NCs inside SiJAR
(Pd@SiJAR) showed no reaction, affirming
the indispensable role of Cal-A in carbonyl-
group activation (Figure 4).2% Nevertheless,
a physical mixture of Cal-A and Pd NCs
afforded improved enantioselectivity (ee = ca.
50%) which slightly improved upon adding
silica nanospheres (ee = ca. 68%), indicating
a favorable role of co-localized Pd NCs and
Cal-A inside SiJAR towards chirality control
(Figure 4, S16). During a reaction time-
course using Cal-Pd@SiJAR, ee of product
1 was almost consistent over the time
(Figure 4); also, a mixture of Pd NCs and
chiral product 1 (without Cal-A) couldn’t
induce any aldol reaction, suggesting no
chiral amplification mechanism through
autocatalysis.?!l In addition, the treatment of
1 with Pd NCs for >30 h, didn’t influence its
enantiopurity through any possible [Pd]-
induced C-H epimerization.*d In Cal-
Pd@SIiJAR, facile reactant/product
transport and better transition state
stabilization through the chemoenzymetic
co-operative system located at negatively
curved silica interior may be responsible for
high reaction rates and enantioselectivities
(Figure S17).113a 22, 27c, 28]

A range of aldehydes having different
aromatic and aliphatic substitutions (Figure
4c), afforded good to excellent
enantioselectivities of aldol products (2-5)
(Figure S19-27). However, in some cases (6-
9), a,B-unsaturated ketones were isolated
as the final dehydrated products (Figure 4c).
Notably, the catalyst could be recycled
multiple times (up to 5 cycles) without any
significant loss in the reactivity (< 10% loss
in conversion yield) and enantioselectivity
(ee = ca. 87% after 5 cycle) (Figure S28-30).
A control catalyst (Cal-Glt-Pd-NH,SiO,)
having PdNCs (ca. 1.4 nm) and CalA
covalently linked (ca. 9 wt%) to the surface
of colloidal aminated silica nanospheres
(Figure S31) produced aldol product in
quantitative yield but with 77% ee (Figure 4b),
indicating the better enantio-control in the
case of Cal-Pd-SiJAR. Next, we tested the
feasibility of the catalyst’s
compartmentalized design under
biorthogonal conditions. After incubation with
human breast cancer cells (MCF-7 cells)
Cal-Pd@SiJAR (< 400 pg/mL) remained
highly biocompatible (cell viability ca. 85%,
Figure S32), showing good cellular uptake
(ca. 64%). The endocytosis, cytoplasmic
localization and endosomal release of
SiJARs were affirmed by Bio-TEM and also
imaged by high resolution confocal laser
scanning microscopy (CLSM) (Figure 4d,e &
Video S1). Next, we subjected Cal-
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Pd@SiJAR for intracellular catalysis for aldol reaction between a
fluorescent 9-antracenecarboxaldehyde with acetone to form a
aldol product (4) with shifted fluorescence response (Figure S33).
The intracellular aldol reaction (details in SI) was monitored by
fluorescence microscopy and flow cytometry (Figure 4g-i). The
initial strong green fluorescence inside the cells started fading
within 8 h and disappeared after 24 h due to the formation of the
aldol product 4 (Figure 4f). We isolated the aldol product 4 from
the cell lysate and analyzed to show high ee (ca. 79%) (Figure
S34). The absence of Cal-Pd-SiJAR or acetone showed
consistent fluorescence signals until 24 h (Figure S35), validating
that disappearance of fluorescence could only occur through the
intracellular aldol reaction. After incubating with MCF-7 cells for
24 h, we retrieved the Cal-Pd@SiJAR through cell-lysis and
affirmed their preserved nanostructure (by TEM) and catalytic
performance using a standard colorimetric assay kit and aldol
reaction (Figure S36-39). In comparison, Cal-Glt-Pd-NH,SiO; did
not induce any intracellular aldol reaction because of severe
nanostructre deformation and deactivation (details in SI, Figure
S40).24

In conclusion, we developed a solid-state NC-conversion
strategy to selectively modify the controllable arc-section of h-
SiO, with metal-silicate for installing a chemically responsive
circular lid, which endowed noble metal decoration and size-
controlled mouth-opening for the co-localization of catalytic metal
NCs and enzymes inside SiJARs. As a key step, MnO-yolk acted
as metal reservoir which docked and fused as Mn?* into shell-
section; the resulting lid-on-jar Janus shell was isolated as the
intermediate structure before transitioning to symmetric biphasic-
shell. These open-mouth chemo-enzymatic nanoreactors
rendered high enantioselectivity for asymmetric aldol reaction
through a cooperating transition state stabilization role of Pd and
Cal-A co-supported on negatively curved silica-interior. Sub-100
nm sized SiJARs were highly biocompatible and easily
internalized with living cells creating an organelle-like confined
catalytic compartments inside cytoplasm. In future, these highly
customizable hybrid chemoenzymatic nanodevices can be
utilized for synthesizing active therapeutics and bioimging probes
locally inside cells in order to develop next generation biomedical
tools.
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