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ABSTRACT: Mesoporous silica nanoparticles loaded with rhod-
amine B and capped with acetylcholinesterase are able to be
selectively opened and deliver their cargo in the presence of nerve
agent simulant diisopropyl fluorophosphate (DFP).

N owadays, unfortunately, nerve agents have become a used for the controlled release of drugszo_24 and, more recently,
matter of concern for our society. Their use as chemical in sensing and diagnostic applications.”* "
weapons in indiscriminate attacks carried out by terrorists and in In relation to nerve agents, the use of gated mesoporous
armed conflicts boosted the interest of the international supports is especially appealing, and for instance, the design of
community on these lethal molecules."”” Nerve agents are capped solids able to be selectively opened in the presence of a
hazardous species because they can disrupt certain functions of certain nerve agent in an aqueous environment can be
the nervous system.”" In this respect, nerve agents are known to envisioned. Such devices have not been developed, but
cause severe toxicity because are able to inhibit acetylcholinester- applications may be found, for instance, in remediation protocols
ase enzyme with the subsequent accumulation of acetylcholine in (via the delivery of molecules able to hydrolyze nerve
synaptic junctions, hindering muscle relaxation.” In addition, agents),”"" as early detection systems (releasing a reporter in
nerve agents are easily synthesized, and their indiscriminate use the presence of nerve agents),” or in the release of a certain
by terrorist organizations has directed interest toward antidote.
remediation and detection studies of these lethal chemicals.” " In order to design such delivery systems that are capable of
The preparation of smart nanodevices based on mesoporous being selectively opened in the presence of certain nerve agents,
silica scaffolds (in the form of micro- or nanoparticles) has we focused herein on the use of mesoporous silica materials and
attracted much attention in recent years."*~'* Mesoporous silicas enzymes. Enzymes are highly valuable molecules as they have
present interesting features such as large surface area, inertness, proven to have exquisite selectivity in the design of advanced
ease of functionalization using well-known alkoxysilane chem- gated devices for on-command delivery applications.””**™*’ In
istries, and the presence of a highly ordered porous network."” fact, several enzyme-driven capped materials have been recently
One recently developed appealing concept that uses mesoporous described, applied mainly for controlled release protocols in
scaffolds is the design of gated mesoporous materials. To prepare which a given cap is hydrolyzed in the presence of a certain
these gated systems, the pores of the inorganic scaffold are loaded enzyme.” In contrast, there are very few examples in which
with selected cargoes, and the external surface is functionalized enzymes themselves are used as Caps.41
with certain (bio)molecules or supramolecular ensembles able to
control the release of entrapped species upon application of Received: September 16, 2016
triggering stimuli. These gated materials have been extensively Published: October 18, 2016
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Based on these concepts, we report herein the preparation of
mesoporous silica nanoparticles (MSNs) capable of selectively
opening and releasing an entrapped cargo (we selected a dye asa
proof of concept) in the presence of DFP, which is a mimic of
nerve agents sarin or soman. We employed acetylcholinesterase
(AChE) enzyme as the cap and rhodamine B as the cargo and
directed experiments to detect DFP in aqueous environments.
The design of the system is shown in Scheme 1. MSNs were first

Scheme 1. Schematic Representation of the Sensing Paradigm
for DFP Detection Using Solid S1-AChE

loaded with the rhodamine B dye, and the surface was grafted
with P1, a derivative of pyridostigmine, which is a well-known
AChE inhibitor.” The interaction between P1 and AChE was
expected to block pores and avoid the entrapped dye from
leaking. We speculated that the presence of a stronger AChE
inhibitor, such as DFP, would induce a displacement of the
enzyme from the solid surface and result in cargo release (see
Scheme 1).

MSNs were synthesized according to reported procedures.*”
The pores of the calcined mesoporous scaffold were loaded with
fluorophore rhodamine B. In another step, the external surface of
nanoparticles was functionalized with pyridostigmine derivative
P1 to yield solid S1. P1 was obtained by a two-step procedure
(see Scheme 2). In a first step, la was reacted with 1b to yield
carbamate derivative 1c. In a second step, the pyridine moiety in
1c was quaternized upon the reaction with methyl iodide to yield
P1 (see the Supporting Information for further details). The final

Scheme 2. (A) Structure of the AChE Inhibitor
Pyridostigimine and Synthesis of P1. (B) Chemical Structure
of Nerve Agent Simulants and Other Organophosphorus
Derivatives Tested
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solid, S1-AChE, was prepared by suspending S1 in an aqueous
solution of AChE (TRIS buffer at pH 8.0) for 30 min (see the SI).
UV—vis studies of the solution before and after the capping
process allowed us to estimate that an amount of 250 + 40 gzmol
g~' AChE was attached to the final solid.

The starting MSNss and solid S1 were characterized following
standard procedures (see the SI for details). Powder X-ray
diffraction (PXRD) and transmission electron microscopy
(TEM), carried out on the starting MSNSs, clearly showed the
presence of a mesoporous structure that persisted in solid S1
regardless of the loading process with rhodamine B and further
functionalization with P1 (see Figure 1). From the thermogravi-
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Figure 1. (Left) Powder X-ray patterns of (a) MCM-41 as synthesized;
(b) calcined MCM-41; (c) solid S1. (Right) TEM images of (d) calcined
MCM-41 and (e) solid S1.

metric and elemental analyses, rhodamine B (0.012 mmol/g
SiO,) and P1 (0.93 mmol/g SiO,) contents were determined.
Table 1 lists the main structural properties (BET specific surface

Table 1. BET-Specific Surface Values, Pore Volumes, And
Pore Sizes Calculated from the N, Adsorption—Desorption
Isotherms

SEE BJH pore size“* total pore volume”
solid (m*g™) (nm) &m3 g
MCM-41 747.5 2.45 0.334
S1 65.9 0.027

“Pore size was estimated by the BJH model, applied to the adsorption
branch of the isotherm. “Pore volumes and pore sizes were associated
with only intraparticle mesopores.

area, pore volumes, and pore sizes) for the starting MSNs and S1
obtained from the N, adsorption—desorption measurements
(see the SI for N, adsorption—desorption isotherms for calcined
MCM-41 and S1 and pore size distribution of calcined MCM-41
nanoparticles). The size of MSNs was assessed by TEM images,
which gave an average particle diameter of 100 + 8 nm (see
Figure 1).

The activity of AChE in S1-AChE was measured using the
Elman assay and amounted to 1.97 U mg™" (see the SI for
details). Remarkably, the activity of the enzyme in S1-AChE was
significantly reduced when compared to the free enzyme (101.41
U mg ") due to the coordination of the enzyme active site with
the P1 inhibitor.

In a typical experiment, S1-AChE (500 ug) was suspended in
TRIS buffer, and the resulting suspension was divided into two
parts. Both mixtures were diluted with TRIS until a final volume
of 1 mL. Then 3 uL of DFP or water was added to the
suspensions. In both cases, the suspensions were stirred at room
temperature, aliquots were extracted at certain times, and the
solid was removed by centrifugation. Dye delivery to the bulk
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solution was easily detected by monitoring the emission band of
rhodamine B at 572 nm upon excitation at 555 nm. The cargo
release profile is shown in Figure 2. It can be seen that, in the
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Figure 2. Kinetics of the release of rhodamine B from solid S1-AChE (a)
in the presence of DFP and (b) in the absence of DFP.

absence of DFP, a poor rhodamine B release was found.
However, when DFP was present, a remarkable cargo delivery
was observed. The release of the entrapped rhodamine B was
attributed to a preferential coordination of DFP with the active
site of AChE enzyme. In fact, it has been reported that DFP
displays a stronger interaction with the AChE enzyme (half the
maximal inhibitory concentration (ICs) for DEP is 120 nM)™*
than that shown by pyridostigmine derivative P1 (ICy, for
pyridostigmine is 330 nM).** Moreover, the partial delivery of
rhodamine B observed in the absence of DFP was ascribed to the
fact that P1 (as pyridostigmine) is a reversible inhibitor of AChE
enzyme. As a consequence, a slow enzymatic hydrolysis of P1
occurs with subsequent detachment of enzyme from the surface
and dye release.

Cargo release from S1-AChE, in the absence and in the
presence of DFP, was monitored at pH 8.0 because this is the
optimal proton concentration for the AChE enzyme. However,
following a similar procedure, cargo release from S1-AChE was
also studied at pH 4.0 and 6.0 (see the SI). Cargo release profiles
at these pHs were quite similar to that found at pH 8.0. However,
at pH 4.0 and 6.0, in the absence of DFP, a greater pore closure
was observed, and in the presence of DFP, the release of
rhodamine B was reduced at short times when compared with the
delivery profiles at pH 8. These observations are most likely due
to the lower AChE enzymatic activity at acidic pH.

To assess the selective aperture of S1-AChE with DFP, the
fluorogenic response of S1-AChE in the presence of other nerve
agent simulants and some other organophosphorus compounds
was tested (see Scheme 2 for chemical structures). Figure 3
shows the emission of rhodamine B in the solution at 572 nm 15
min after addition of these organophosphorous derivatives (1000
ppm) to the buffered suspensions of S1-AChE. It is apparent
from Figure 3 that S1-AChE is highly selective for DFP, whereas
other simulants such as DCP, DCNP, and other organo-
phosphorous derivatives such as OP1-OPS were unable to
induce remarkable cargo delivery.

In order to test sensitivity in terms of the cargo release of S1-
AChE for DFP, the fluorogenic response obtained upon the
addition of increasing quantities of this nerve agent simulant
(after 15 min) was tested. As seen in Figure 4, a clear correlation
between DFP concentration and rhodamine B release was
observed, which agreed with an uncapping protocol that involved
AChE displacement from the surface of MSNs. From the
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Figure 3. Emission intensity of rhodamine B at 572 nm (excitation at
555 nm) released from solid S1-AChE (TRIS, pH 8.0) in the presence
of selected organophosphorous derivatives (1000 ppm) 15 min after
addition.
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Figure 4. Release of rhodamine B from solid $1-AChE in the presence
of different amounts of DFP in TRIS buffer at pH 8.0 15 min after
addition.

titration profile shown in Figure 4, a limit of detection (LOD) for
DEFP as low as 0.28 ppm was determined.

Sensing features of S1-AChE for the detection of DFP in
aqueous environments are similar to those of other reported
probes (see the SI). S1-AChE displays a remarkable selectivity
toward DFP and slower response time (15 min), when compared
with other probes, which are in the range of few minutes (from
0.5 to S). The slower response observed with S1-AChE was
ascribed to several factors. In this respect, in order to detach
AChE from the surface of the solid, DFP must first displace P1.
Then, once the DFP—AChE pair is formed, the rhodamine dye
must diffuse from the porous structure to the bulk solution. This
multistep mechanism is slower than that in other probes reported
in the literature. In addition, the LOD of other published
chemosensors ranged from 21 ppt to 147 ppm with the measured
for S1-AChE nanoparticles (0.28 ppm) located in the lower part
of the interval.

Finally, in order to assess the use of S1-AChE for DFP
detection in a more realistic setting, we measured cargo release
profiles from S1-AChE in tap water (pH 7.65, 637 uS cm™") in
the absence and in the presence of DFP (3 pL). The obtained
profiles were quite similar to those found in buffered solutions
(see the SI) pointing toward a possible use of S1-AChE solid for
the detection of DFP in real competitive media.

In summary, we report herein the synthesis, characterization,
and delivery behavior of a new hybrid material functionalized
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with a pyridostigmine derivative and capped with AChE. The
gated support is only able to open and deliver the cargo in the
presence of nerve agent simulant DFP among other simulants
and organophosphorous derivatives. As a proof of concept, we
used this material for sensing DFP in aqueous solution by
employing reporter rhodamine B as the cargo. The fluorogenic
response obtained in the presence of DFP is a consequence of
competitive DFP binding with the active site of the AChE, which
resulted in cargo delivery. The response of capped nanoparticles
is highly selective and sensitive to DFP with an LOD of 0.28 ppm.
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