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In the area of catalysis, nanoparticles and enzymes are two of the
most important systems. By amalgamating the two, we present
here proof of the concept that it is possible to prepare a
multifunctional catalyst that can carry out a “relay” reaction.
The catalyst consists of a surface bound enzyme on a metal g e
silicaghen Nanoparticle architecture. Here the enzyme catalyzes the
1st reaction and the metal nanoparticles act as a catalyst for the
2nd reaction of the product from the 1st reaction. In particular,
we have studied the catalytic activity of glucosidase grafted
Au@mSiO, on 4-nitrophenyl-p-glucopyranoside, where glucosi-
dase will catalyse the 1st step to generate 4-nitrophenol, which
acts as a substrate for the next reduction step which is catalysed
by the Au nanoparticles present inside the mesoporous silica shell.

Living cells represent a perfect chemical factory where nutrients
are converted into the complex chemical building blocks needed
for the cells’ metabolism."” The multistep synthesis of metabolites
occurs via a series of sequential reactions catalyzed by enzymes in
which the product of one reaction serves as a substrate for the
subsequent reaction. Such examples of multienzymatic systems
are observed in numerous biosynthetic pathways such as in
polyketide biosysnthesis.>* These metabolic pathways serve as an
inspiration for chemists to develop similar synthetic systems so
that a multistep organic synthesis of a desired compound can be
performed in one pot without the isolation of the intermediates.
However, mimicking the living cell is still a distant goal for
synthetic chemists. Currently, reaction cascades that combine two
or more catalytic transformations in a tandem or one-pot process
are being increasingly used and have proven to be a viable
synthetic route for many organic compounds.® The big advantage
of such systems lies in the fact that multiple catalysts operating in
tandem eliminate the time and yield losses associated with the
isolation and purification of intermediates in multistep
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sequences.” Hence a lot of effort has been directed towards the
development of such concurrent tandem catalytic systems.” We
would like to note here that most of the efforts in this direction
have been focused towards the development of tandem catalytic
systems based on organometallic complexes.® On the other hand,
catalysis using enzymes is becoming increasingly important
because they offer high stereo specificity and unparalleled
selectivity to chemical reactions under mild conditions, such as
neutral pH and room temperature in water.”'® However, the types
of chemical reactions catalyzed by enzymes are limited compared
to the vast repertoire of chemical transformations developed using
transition metals as catalysts (including organotransition metal
complexes and recently metal nanoparticles)."' ™ In this context
we envisaged that the coupling of an enzymatic reaction with a
transition metal catalyzed reaction in a tandem fashion can open
up new frontiers in organic transformation. Considerable efforts
have been made in this direction to immobilize enzymes/
biocatalysts onto mesoporous supports using different strategies
and these have been reviewed recently;'® although we would like
to note here that the examples where metal nanoparticles and
enzymes are immobilized onto a single host so that both of these
act as catalysts to bring about cascade reactions are rather
sparse.'” As one would expect, the development of such intricate
systems is laden with several major challenges. First, the metal
catalyst and the enzyme should be incorporated into a matrix in
such a way that the metal catalyst does not interact with the
plethora of functional groups present in the enzyme thereby
denaturating it, leading to activity loss."® Secondly, we should be
able to recover both the enzyme and the metal nanoparticles,
ensuring that the metal and enzyme are not leached into the
reaction mixture."**® The metal would also need to have an
appropriate surface passivation such that their aggregation during
the reaction is prevented.>* > Finally both the enzymes and the
nanoparticles should be easily accessible to the substrates. One
way to overcome all these challenges would be to incorporate both
the metal catalyst and enzyme in a heterogeneous support *2® in
such a manner that they do not interact with each other, yet are
accessible to small organic molecules.**"
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We hereby report the design and synthesis of mesoporous
silica nanoparticles (mSiO,) coated on gold nanoparticles in a
core-shell architechture with an enzyme grafted onto the outside
silica surface. To the best of our knowledge, this is the first
example where a functional enzyme has been covalently attached
to the surface of a AuceMSiOsghen (AU@MSIO,) construct which
allows a two step reaction to be carried out by the enzyme and
metal NPs either independently or cooperatively without inter-
ference between the two.*>™** The following features of the hybrid
material make it very attractive. (i) The synthesis of Au
nanoparticles encapsulated in MSN is performed by a simple
one-pot procedure onto the external surface of which enzymes can
be grafted easily. (ii) This hybrid material allows two concurrent
reactions to be carried out in tandem such that the product
released by the first reaction becomes the substrate for the second
reaction. This can be compared to a “relay” race where the
performance of the second participant depends upon the first. (iii)
At the end of the reaction the hybrid MSN can be separated by
simple centrifugation and subsequently reused. As a proof of
concept, a cascade reaction was carried out where the first step
involved the hydrolysis of 4-nitrophenyl-f-glucopyranoside by the
enzyme glucosidase that was anchored on the external surface of
MSN. In the subsequent step, the 4-nitrophenol released from the
first reaction diffuses inside the pores of MSN where it is reduced
to the corresponding amine by the gold nanoparticle in the
presence of NaBH,.>>* The detailed kinetics of both the reaction
steps is also discussed.

Our strategy to synthesize the enzyme grafted hybrid material
involves three steps (Scheme 1, for full details of the synthesis
please see the ESIt). The first step in this endeavour was the
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synthesis of Au@mSiO, nanoparticles. In the second step, epoxide
was grafted onto the outside surface of these particles using
general silane chemistries. Finally, f-glucosidase was immobilized
by the ring opening of the epoxide by the NH, groups of lysine
present in f-glucosidase to prepare the hybrid -catalyst,
Au@mSiO,@glucosidase.

The core shell nanoparticles (Au@mSiO,) were synthesized
using a sol-gel procedure with the preformed Au nanoparticles. Au
nanoparticles of ~8 nm (please see ESI Fig. 1t) size were prepared
by the borohydride reduction of HAuCl,. To prepare the silica shell
on the Au nanoparticles, we used a typical Stober method. The
nanoparticles were treated with the ionic surfactant cetyltrimethy-
lammonium bromide (CTAB). CTAB serves not only as a
stabilizing surfactant for Au nanocrystals in the aqueous phase
but also as the organic template for the formation of mesopores in
the sol-gel reaction.’” The resulting core-shell nanoparticles were
separated by centrifugation, redispersed in ethanol, and then
characterized by transmission electron microscopy. From TEM
analysis, the size of the particles was determined to be ~42 nm
(Fig. 1A). After silica coating, it has been observed that the particles
were well dispersed in water.

Finally, the CTAB template was removed from the as-
synthesized material by refluxing with ethanol. This led to the
opening of pores in the silica matrix and the formation of
Au@mSiO, particles (Fig. 1B). The particles were found to be well
separated from each other and the size distribution remained the
same as that observed before the CTAB removal (Fig. 1C). The bare
Au nanoparticles displayed a UV-Vis absorption band at 520 nm
(Fig. 2B), which is characteristic of the plasmon resonance bands
of spherical gold nanoparticles. After the silica encapsulation, the
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Scheme 1 Schematic illustrations of the synthetic procedure for gold nanocrystal/mesoporous silica core shell nanoparticles.
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Fig. 1 TEM images of core-shell mesoporous silica NPs. (A) As synthesized Au@SiO, na
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peak shifted from 520 to 533 nm (Fig. 2A), which can be attributed
to the coating of the silica shell, which changes the effective
dielectric constant (Fig. 2A).°® The formation of metallic gold
nanoparticles was also confirmed by the X-ray powder diffraction
(XRD) pattern. The wide-angle XRD pattern of mesoporous silica
coated Au nanopaticles obtained with Cu-Ka (Fig. 2B) shows four
Au diffraction peaks at 20 ~ 38.1°, 44.4°, 64.6° and 76.6°. These
can be assigned to (111), (200), (220), and (311) reflections of the

cubic (fec) gold lattice (JCPDS card No. 04-0784) respectively.*
Furthermore, a very broad signal at 20 = 22.31° suggests the
presence of amorphous silica. The average particle size of the
metal core calculated by the Scherrer equation using the half
width of the intense (111) reflection was ~8 nm, which is
comparable with the value obtained from the TEM images. To
further investigate the chemical composition of the materials,
X-ray photoelectron spectroscopy (XPS), was performed (Fig. 2C).
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Fig. 2 (A) Wide-angle XRD pattern of Au@mSiO; particles. (B) UV-Vis spectra of Au, Au@SiO,, Au@mSiO, and Au@mSiO,-Glucosidase NPs. (C) N, adsorption/desorption
isotherms (inset: pore size distribution from adsorption branch). (D) XPS spectrum of Au@mSiO, NPs.
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We did not observe any peaks of Au at 84.57 eV and 88.21 eV for
Au 4f;,, and Au 4f5),. Since the typical detection depth of XPS is 10
nm, the absence of peaks from metallic gold suggests that all the
Au particles are covered with silica.®® Atomic Absortion
Spectroscopy (AAS) was applied to study the content of gold per
gram of Au@msSiO,. The weight% of gold was determined to be
33.5%. N, adsorption/desorption isotherms (Fig. 2D) show a BET
surface area of 381 m> g~ * and the corresponding BJH pore size
distribution (inset of Fig. 2C) demonstrates that Au@mSiO, has
well-developed mesopores with an average size of 1.6 nm. This
nitrogen-sorption analysis showed that the cavity of the mesopor-
ous SiO, was accessible to N, molecules, which may allow other
guest molecules to diffuse into the hollow cavities.”” The pore
volume was determined to be 1.19 cm® g~'. Assuming that the
removal of CTAB leaves a straight pore and based on the initial
size of the bare Au NPs and the thickness of silica shell formed we
can deduce the pore depth to be ~17 nm.

The grafting of the epoxide functional group was done using
well established silane chemistry.>> Au@mSiO, nanoparticles were
treated with (3-glycidyloxypropyl)trimethoxysilane in dry toluene
for 16 h at 80 °C. After washing three times with ethanol, the
material was characterized with infra-red spectroscopy (Fig. 3A
and ESI Fig. 2f) and thermogravimetric analysis (TGA) in the
presence of air (Fig. 3B). From the IR spectra, it was observed that
the peak intensity at 3000 cm ™" corresponding to the stretching
frequency of -CH, had increased, indicating the incorporation of
glycidyl groups onto the surface. The successful grafting of the
epoxide was further characterized by TGA. A weight loss of nearly
20% was observed after grafting with (3-glycidyloxypropyl)
trimethoxysilane, which is due to the combustion of the organic
moiety present on the surface of Au@msSiO,. The epoxide grafting
density as determined from TGA analysis was ~1.8 mmol g~ of
sample.

The epoxy grafted Au@msSiO, nanoparticles were reacted with
B-glucosidase in PBS buffer (pH = 7.8, 0.1 mM) so that the amino
groups of lysine in PB-glucosidase induces ring-opening of the
epoxy group on the surface of Au@msSiO,, leading to the covalent
immobilization of the enzyme on the surface of the nanoparticle
(Au@mSiO,@glucosidase). After the completion of the reaction,
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the material was washed with buffer solution several times until
the supernatant showed no UV absorption characteristic of the
enzyme. Control experiments were performed so that no enzymes
were electrostatically attached onto the Au@mSiO, nanoparticle
surface. First, the B-glucosidase grafted Au@mSiO, was washed
with NaCl (0.1 M) to destabilize the electrostatic attraction between
the nanoparticle surface and the non-covalently bound enzymes so
that they could be washed out easily.*® Since no enzymes were
observed in the supernatant during these washings, we concluded
that our synthetic procedure leads to the covalent attachment of
the enzyme to the nanoparticle surface and that any of the non-
covalently bound enzymes get washed away during the purifica-
tion. Secondly, the incubation of f-glucosidase with bare
Au@mSiO, (particles that did not have the epoxide group grafted
on them) did not show any attachment of the enzyme onto the
nanoparticle surface. The Au@mSiO,@glucosidase nanoparticles
displayed UV-Vis absorption bands at 520 nm and 270 nm
(Fig. 2B), which are characteristic of the plasmon resonance bands
of spherical gold nanoparticles and glucosidase enzymes, respec-
tively. The amount of grafted enzyme was estimated to be about
1.7 x 10°° mol g71 of Au@msSiO,@glucosidase core-shell
nanoparticles which corresponds to about 23% by weight of the
Au@mSiO,@glucosidae nanoparticles. The amount of enzyme
was estimated from TGA analysis to be 1.15 x 10~° mol g~*
(Fig. 3B). Since the pore size of the Au@mSiO, nanopatrticle (1.6
nm) was less than the average diameter of the enzyme, there was
no possibility that the enzyme would be immobilized inside the
pores of the nanoparticle.

The activities of the immobilized bifunctional -catalyst
Au@msSiO,@glucosidase was tested in a tandem sequence
involving the hydrolysis of 4-nitrophenyl-B-glucopyranoside to
4-nitrophenol and the subsequent reduction of 4-nitrophenol to
4-aminophenol (Scheme 2). First, 4-nitrophenyl-p-glucopyranoside
was added to Au@msSiO,@glucosidase to initiate its efficient
hydrolysis to the corresponding 4-nitrophenol by the immobilized
B-glucosidase on the silica surface. The kinetics of this hydrolysis
reaction were studied by UV-Vis spectroscopy. The gradual
increase in the peak height at 400 nm with time indicated the
formation of 4-nitrophenol. The absorbance vs. time data for this

100

90
°
§
~ 80 -
=
e
D
= 70 -

— Au@mSio,
60 - Au@ mSi0 ~epoxide
1 ——lAu@msS i0 @glucosidase

100 200 300 400 500 600 700 800
Temperature °C

Fig. 3 (A) IR spectra and (B) TGA of Au@mSiO, and Au@SiO,-epoxide nanoparticles.
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Scheme 2 The schematic illustration of tandem reaction using enzyme con-
jugated Au@mSiO, nanoparticles.

particular reaction was fitted according to the first order equation
A, =Ae™™ where A, and A, stand for absorbance at time, ¢ = 0 and
¢ min, respectively (ESI Fig. 3,1 first reaction) and the rate constant
k was determined to be 4.16 x 107> min~ ' (R* = 0.9996).

After the completion of the hydrolysis reaction, excess NaBH,
was added to the reaction mixture so that the gold core present
inside the nanoparticle could reduce the 4-nitrophenol generated
by the previous reaction into the corresponding 4-aminophenol.
The presence of pores in the silica coated Au nanoparticle allows
both the 4-nitrophenol and NaBH, to diffuse through the pores to
the surface of the Au nanoparticle, where the subsequent
reduction reaction takes place. A control reaction performed with
porous silica nanoparticles without any Au nanoparticles
embedded inside showed no reaction over 24 h, indicating that

View Article Online

the presence of the gold nanoparticle as a catalyst is essential for
this reaction. The kinetics of the 4-nitrophenol reduction in the
presence of Au@mSiO,@glucosidase was studied by UV-Vis
spectroscopy (Fig. 4).

After the addition of NaBH,, it was found that the peak height
at 400 nm gradually decreased with time. The decrease in peak
intensity at 400 nm with time can be used to calculate the rate
constant of this reduction reaction. The ratio of C, to C,, where C,
is the concentration of 4-nitrophenol at time, ¢, and C, is the initial
4-nitrophenol concentration, was determined from that of the
respective absorbance ratio (4,/A,) at 410 nm. This reaction follows
first order kinetics with a rate constant of 3.0 x 10" min~"* which
was obtained from In(4, — Ajns) vs. time plot (ESI Fig. 3,f second
reaction) as well as the absorbance vs. time plot considering the
rate equation A, = Aoefk‘. Hence we were able to perform two
reactions in tandem in a one-pot sequence using our
Au@mSiO,@glucosidase nanoparticles. We were also able to
recover the Au@mSiO,@glucosidase nanoparticle by simple
centrifugation after the completion of the reactions. We then
attempted to check if Au@mSiO,@glucosidase nanoparticles
could be recycled for more catalytic cycles. Although
Au@mSiO,@glucosidase nanoparticles were able the carry both
the hydrolysis reaction and the subsequent reduction reaction
independently for 5 catalytic cycles, the activity for cascade
reactions rapidly decreased in successive cycles (ESI Fig. 41). We
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Fig. 4 (A) Time-dependent UV-vis absorption spectral changes of the 1st reaction mixture catalyzed by Au@mSiO2@glucosidase. (B) Time-dependent UV-vis absorption
spectral changes of the 2nd reaction mixture catalyzed by enzyme Au@mSiO2@glucosidase. (C) Combined plot for the exponential change of OD.
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attributed this to the possibility of NaBH, denaturing the enzyme
because of the very high pH generated by the hydrolysis of NaBH,.

In conclusion, we successfully demonstrated the construction
of a bifunctional “relay” catalyst that could carry out a sequential
two step reaction. Au nanoparticles were successfully encapsulated
inside a mesoporous silica shell followed by enzyme immobiliza-
tion on the surface of the shell. In addition, the catalytic activity of
these materials was tested using a model reaction, where the
product released by the first reaction becomes the substrate for
the second reaction. This study also indicates that the micropores
in the silica shell could allow the transport of small species into
the cavity. Moreover, this strategy may be easily extended to
encapsulate other metal NPs inside the mesoporous silica shell
and to functionalize the silica surface with a desirable chemical
moiety using well established silane chemistry.
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