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ABSTRACT: A chemical amplifier was constructed based
on enzyme-encapsulated mesoporous silica nanoparticles.
By employing a supramolecular nanogate assembly that is
capable of controlling the access to the encapsulated
enzyme, selectivity toward substrate sizes is enabled. When
an analyte molecule actuates the mechanical nanogate and
exposes the enzymes, a catalytic production of fluorescent
molecules is initiated. This study demonstrates a new
concept of self-amplification of a chemical sensing process
and can potentially increase the detection sensitivity.

In this Communication we present a new concept of an
autonomously amplifying chemical sensing process, where
an analyte molecule actuates a mechanical nanogate and
exposes enzyme amplifiers that lead to catalytic production of
fluorescent molecules. Traditional enzymatic amplification,
such as ELISA, requires the conjugation of an enzyme to a
recognition moiety that is capable of binding to the analyte.'™®
This binding stoichiometricly translates the concentration of
the analyte to that of the enzyme. After the excess enzyme
conjugates are removed and the enzyme substrates are added,
enzymatic catalysis effects the amplified readouts. In our design,
the analyte recognition process exposes the enzyme amplifiers
and turns on enzyme-catalyzed fluorophore generation. This
first stage of the amplification causes exposure of more enzyme
molecules, and the cascade effect leads to a second
amplification stage. This design eliminates washing or
separation procedures and can dramatically increase the
detection sensitivity. We demonstrate here an example of this
type of design, which consists of two components: a
mesoporous silica matrix with encapsulated enzymes in the
pores, and a pH-responsive supramolecular nanogate assembly
that controls the substrate access toward the enzyme. We first
prove that the encapsulated enzymes retain their activity and
that the nanogate enables substrate size-selectivity. We then
show that the analyte molecule activates the nanogate, exposes
the enzymes, and initiates an autonomously amplified chemical
sensing process.

Enzyme encapsulation in silica matrices has been widely
studied.” *° In this study, we use mesoporous silica nano-
particles that are synthesized through a sol—gel process, where
a triblock copolymer (Pluronic P104) serves as a templating
agent.”! The resulting material exhibits pore sizes around 6.5
nm, determined from N, adsorption—desorption measure-
ments (Supporting Information). The pore structure provides
ample space for encapsulation of the model enzyme (porcine
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liver esterase, PLE), which has a hydrodynamic radius of about
4 nm.*?

In order to successfully encapsulate the model enzyme as
well as to enable the substrate size selectivity toward the
enzymatic activity, a previously established pH-responsive
supramolecular nanogate assembly was constructed at the
pore opening.>® This nanogate consists of two components: /3-
cyclodextrin molecules that are grafted onto the silica surface
through imine bonds, and an adamantane cluster molecule with
a star-like structure that forms an inclusion complex with the
cyclodextrin moieties (Figure 1A). When the derivatized
mesoporous silica is exposed to the adamantane cluster, the

-

Figure 1. (A) Assembly of the nanogate-based amplifier. The capping
agent is synthesized using a Cu-catalyzed azide—alkyne coupling
reaction. The green knot represents the enzyme molecule that is
trapped in the pore. (B) Mechanism of the self-amplifying chemical
sensing process. The size selectivity of the nanogate enables separation
of the substrate (blue cubes) and the enzyme. A small analyte
molecule (blue ball) actuates the nanogate, which opens access to the
enzyme, and fluorescent products are generated catalytically.
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clusters that bind over the pore openings block the pore
entrances and only allow molecules with small enough sizes to
diffuse in and out of the pores. The pH-sensitive imine bonds
are cleaved under acidic conditions,”* and the cyclodextrin
molecules together with the included adamantane cluster move
away from the pore opening and allow molecules with larger
sizes to freely diffuse through. When the analyte molecule
recognition generates acid, the acid can activate the nanogate
and open access toward the enzyme. This will facilitate the
enzymatic catalysis for larger substrate molecules and provide
chemical amplification (Figure 1B).

In this study, the cyclodextrin-modified silica nanoparticles
were loaded with PLE and then capped with the adamantane
cluster molecules. Enzymes that were not successfully capped
by the nanogate were removed through extensive washing with
polyethylene glycol (MW 2000).>* Two PLE substrates with
different sizes (4-acetoxycinnamic acid, ACA, and S-carboxy-
fluorescein diacetate, CFDA) were chosen to serve as model
substrate molecules. These substrates exhibit no fluorescence
before undergoing hydrolysis reactions, but the resulting
products are strongly fluorescent. Moreover, the thermal
hydrolysis process of these substrates in solution occurs at a
significantly slower rate without the enzymatic catalysis. A
continuous-monitoring fluorescence spectroscopy method was
employed to monitor the hydrolysis of the substrate. In those
experiments, a substrate solution and the enzyme-encapsulated
silica nanoparticles were stirred at room temperature, and an
excitation beam was introduced to excite the fluorescent
product molecules. The corresponding fluorescence intensity
was recorded over the course of the experiment.

The operation of the amplifier was investigated in two stages.
First, the analyte recognition step of the chemical amplifier was
studied. ACA molecules are small enough to pass through the
nanogate.”® After they interact with the enzymes in the
mesopores, the corresponding fluorescent product molecules
diffuse out and are detected. As shown in Figure 2, the
fluorescence intensity of the solution dramatically increases
over time in the presence of the enzyme-encapsulated
nanoparticles, indicating that the ACA molecules pass through
the nanogate and interact with the enzyme (red bars). These
results also prove that the enzymes retain their activity when
trapped in the mesopores. When the silica nanoparticles are not
loaded with the enzyme, the hydrolysis rate (green bars) is the
same as that of the thermal hydrolysis of the ACA molecules in
the buffer solution (black bars). In another control experiment,
the nanoparticles are loaded with enzyme, but without a
capping agent. In this case, the loaded enzymes were extracted
by ethylene glycol during the washing step. As a result, there is
no enzymatic hydrolysis activity (blue bars). These experiments
prove that the ACA analyte is recognized and processed by the
encapsulated enzymes. However, this recognition process is
stoichiometric; ie., the fluorescence intensity is directly
correlated with the amount of ACA molecules in the solution,
and no amplification is involved.

The amplification steps were demonstrated using a second
enzyme substrate, CFDA, and utilizing the design features of
the nanogate. The analyte recognition process triggers the
amplification of the fluorescence readout. Unlike the ACA
molecules, the CFDA molecules are too big to freely enter the
gated pore (Figure 3A). As a result, enzymatic production of
the fluorescent compound 2 (hydrolyzed CFDA) is prohibited
by the nanogate. As shown in Figure 3B, in the presence of the
enzyme-encapsulated nanoparticles, the fluorescence intensity
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Figure 2. (A) Illustration of an ACA molecule passing through the
nanogate, resulting in catalytic production of a fluorescent product.
(B) Normalized fluorescence intensity for compound 1 (hydrolyzed
ACA) in four different samples: the fully assembled nanogate system
with encapsulated enzymes, the control showing that all the enzymes
in the uncapped nanoparticles were removed through washing with
PEG solution, the no-enzyme control where no enzyme was loaded
into the pore, and the ACA solution by itself.

of compound 2 does not increase much over a long period
(green curve). This result proves that the size-selectivity of the
nanogates prohibits catalytic hydrolysis of CFDA.*® In contrast,
when a small amount of ACA is introduced to the solution, the
fluorescence intensity increases over time (Figure 3B, red
curve). As demonstrated above, the ACA molecules enter the
pore and are recognized by the esterase. This analyte
recognition generates acetic acid and therefore actuates the
nanogate (Supporting Information). When access to the
enzymes occurs, the CFDA molecules diffuse into the pore,
and a large amount of fluorescent product molecules
(compound 2) are generated. At this stage, the fluorescence
intensity readout for the compound 2 is no longer
stoichiometricly correlated with the amount of the analyte
(ACA molecules) and this serves as a signal amplification
process. Moreover, the fluorescence intensity of compound 2
(Figure 3B, red curve) exhibits a self-accelerating feature, while
that of compound 1 shows a typical enzymatic kinetics (Figure
3B, inset). This positive curvature can be explained by the
cascade effect of this system. Because the hydrolysis of CFDA
also generates acetic acid, the catalytic process in one mesopore
can activate nanogates on other neighboring pores and can
open access to more enzymes. When the initial amount of
CFDA molecules in the solution is high, this process functions
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Figure 3. (A) Ilustration of the operation of the amplifier. (B)
Normalized fluorescence profiles of hydrolyzed CFDA in the presence
of enzyme-encapsulated silica nanoparticles in different experiments:
with the addition of ACA analyte (red curve), no ACA (green curve),
no enzyme in the particles (black curve), and the amino version of the
nanogate (blue curve). Inset: the corresponding fluorescence profile of
the hydrolyzed analyte for the experiment with ACA. The arrows
indicate when ACA was added.

as a chain reaction and provides additional amplification
features to the system.

In order to further prove the mechanism of this chemical
amplifier, three control experiments were conducted. In the
case where the nanoparticles were not loaded with the enzymes,
negligible change of the fluorescence intensity was observed.
This proves that there are no side reaction involving the ACA
and the CFDA molecules. In the second experiment, the acid-
responsive imine groups in the nanogate assembly were
reduced to amines, which disabled the acid-responsive
feature.”” When the amino version of the nanogates were
employed to trap the enzymes, negligible change of the
fluorescence intensity was observed (Figure 3B, blue curve).
This was because the acid generated from the analyte
recognition could not activate the nanogate, and thus the
access for the CFDA molecules to the enzyme remained
blocked. This result proves that pH-responsiveness is critical for
the operation of this system, and the nanogate must be
mechanically actuated to initiate the self-amplifying chemical
sensing process. In the third experiment, the nanoparticles were
removed after the initiation of the amplification process, and
the solution fluorescence stopped increasing in the absence of
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the nanoparticles. This experiment demonstrates that the
amplification does not result from the enzymes escaping from
the pores into the solution and accelerating the hydrolysis
(Supporting Information).

In summary, a new concept of autonomously amplifying
chemical sensing process is introduced. The specific example
based on the enzyme-encapsulated mesoporous silica nano-
particles and the pH-responsive size-selective supermolecular
nanogates is proof of principle. The nanogate assembly allows
the coexistence of the enzyme substrates and the enzymes and
prevents their interaction before the system is activated. An
analyte molecule can mechanically actuate the nanogate and
open access to the enzyme. Fluorescent molecules are
catalytically produced to generate amplified readout. Because
the product of this process can also activate the nanogate, this
system operates in a cascade manner and provides self-
acceleration and additional signal amplification.
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Synthetic procedures, characterization of the nanoparticles,
fluorescence spectra of ACA and CFDA, fluorescence profiles
of acetic acid-induced nanogate opening, and the control
experiment where the nanoparticles were removed from the
solution. This material is available free of charge via the Internet
at http://pubs.acs.org.
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