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ABSTRACT: Immobilized enzymes typically have greater
thermal and operational stability than their soluble form.
Here we report that for the first time, a nerve agent
detoxifying enzyme, organophosphorus acid anhydrolase
(OPAA), has been successfully encapsulated into a water-
stable zirconium metal—organic framework (MOF). This
MOF features a hierarchical mesoporous channel structure
and exhibits a 12 wt % loading capacity of OPAA. The
thermal and long-term stabilities of OPAA are both
significantly enhanced after immobilization.

erve agents are the most toxic of all chemical weapons."”

Development of antidotal therapy for chemical agent
poisoning has been a significant research focus since World
War IL> The use of catalytic enzymes for nerve agent
detoxification has sparked widespread interest due to the
excellent biocompatibility and high efficiency of these
enzymes.” " Organophosphorus acid anhydrolase (OPAA;
EC.3.1.8.2) is a prolidase enzyme that catalyzes the hydrolysis
of P—F, P—O, P—CN, and P—S bonds commonly found in
toxic organophosphorus compounds and G-type chemical
agents.” However, the use of OPAA in nerve agent
detoxification applications is made difficult by the poor stability
of this enzyme in organic solvents, at elevated temperature and
when storing the enzyme long-term.'® Field application
requires that the enzyme antidote is easy to handle in dry
powder form to reduce complicated storage logistics and the
burden of shipping."'

Significant effort has been devoted to developing useful
materials as solid supports for encapsulation of OPAA to afford
stable and convenient formulation for use in chemical agent
detoxification and detection. Previously, various materials
including polymers,'” silica gel,"> functionalized mesoporous
silicas (FMS),"*"* and porous silica (PSi)'® have been used to
immobilize OPAA. For example, FMS encapsulated OPAA
shows enhanced tolerance to organic solvents. Nevertheless,
due to a lack of long-range ordering, the loading capacity of
OPAA in EMS is usually very low (<0.01 wt %)." In addition,
enhanced thermal and long-term stability of immobilized
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OPAA has not yet been achieved. Therefore, the development
of new host materials is important for targeting both high
enzyme loading and enhanced stability for OPAA immobiliza-
tion.

Recently, metal—organic frameworks (MOFs),'” a rapidly
growing class of hybrid crystalline materials, have been shown
to be effective for enzyme immobilization applications.'®
Several reports on the immobilization of enzymes into cage-
like mesoporous MOFs (mesoMOFs) show higher loading of
enzymes with superior stability compared to those incorporated
into mesoporous silica.'”~*' However, the development of
channel-type mesoMOFs for enzyme encapsulation has
significantly lagged behind that of cage-like mesoMOFs.
Nevertheless, it should be noted that the isoreticular synthesis
strategy”” has been used to produce channel-type MOFs with
hexagonally arranged pores up to 10 nm in diameter.”’
Mesoporous zirconium-based MOFs are of interest for
exploration in enzyme immobilization due to their excellent
aqueous stability.”** Ideally, an enzyme support should have a
hierarchical pore structure with large pores for enzyme
immobilization and smaller, enzyme-free pores for reactant
delivery and product expulsion. Among these reported
zirconium MOFs, frameworks with csg-net topology”®™>’
featuring large hexagonal and small triangular channels could
potentially serve as ideal enzyme encapsulation platforms.”® By
matching the size of the enzyme with that of the large channel,
various enzymes could be encapsulated.

We reasoned that the large mesoporous channels of the
zirconium MOF PCN-128y (4.4 nm)’' should be ideal for
confining but not constricting the wild-type OPAA (from
bacterium Alteromonas sp. JD6.5, 440 amino acid),*” a protein
featuring a small-axis length of ~4.4 nm, in highly concentrated,
yet nonaggregated, form (Figure la). In contrast, the narrower
triangular channels (micropores) of PCN-128y should
effectively exclude OPAA, leaving them free instead to
transport molecule-sized reactants and products. Windows
between small and large channels, present in high density,
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Figure 1. (a) Immobilization of OPAA in the mesoporous channels of
PCN-128y. (b) Side view of PCN-128y with open windows between
mesoporous channels and microporous channels (Zr atoms are shown
in green, C atoms in gray, O atoms in red, and H atoms in white). (c)
Chemical structures of nerve agents used in this study.

should permit reactants to readily access the immobilized
OPAA (Figure 1b). These features, combined with the high
chemical and thermal stability of PCN-128y,”" make this MOF
a promising candidate material for the preparation of an
immobilized nerve agent antidote. Herein we report the
successful encapsulation and characterization of OPAA in
PCN-128y and its catalytic performance in detoxifying the
nerve agent simulant diisopropyl fluorophosphate (DFP) and
the real nerve agent O-pinacolyl methyl fluorophosphonate
(Soman) (Figure lc). More importantly, the immobilized
OPAA shows higher thermal stability than the free enzyme and
superior long-term storage stability.

To immobilize OPAA, we treated activated crystals of PCN-
128y with a bis-tris-propane buffer (BTP) solution of OPAA
(0.2 mg/mL, pH 7.2) at 25 °C (Figure 1). The uptake of
OPAA by PCN-128y was followed using UV—vis spectroscopy,
and a maximum loading of 0.10—0.12 mg/mg was reached after
24 h (Figure S1). The solid sample (hereafter denoted as
OPAA@PCN-128y) was then washed with BTP buffer solution
five times to remove the OPAA adsorbed on the surface. To
confirm the loading of OPAA in PCN-128y, inductively
coupled plasma—optical emission spectroscopy (ICP-OES)
was used to measure the ratio of Zr (Zr nodes in MOF) to S
(methionines and cysteines in OPAA) in the digested OPAA@
PCN-128y samples. The ICP analysis confirms an OPAA
uptake of 0.12 mg/mg. To the our knowledge, the OPAA
loading capacity of PCN-128y is much higher than that of any
other porous material yet examined."”* The N, adsorption
isotherm of OPAA@PCN-b128y exhibits a lower N, uptake
capacity than that of PCN-128y (Figure 2a). The density
functional theory (DFT) pore size distribution analysis of
PCN-128y and OPAA@PCN-128y shows that the pore volume
corresponding to the triangular channels (1.2—1.5 nm) of
PCN-128y drops from 0.19 to 0.14 cm?®/g, while the
incremental pore volume corresponding to the hexagonal
channels (3.3—4.0 nm) drops from 0.52 to 0.13 cm’/g after
OPAA encapsulation (Figure 2b). These results are in
agreement with the contention that a considerable portion of
the mesopores in PCN-128y are occupied by OPAA, while the
micropores in PCN-128y are still mostly empty. The powder X-
ray diffraction (PXRD) patterns and scanning electron
microscopy (SEM) images of PCN-128y before and after
OPAA immobilization confirm that bulk crystallinity and
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Figure 2. (a) N, adsorption—desorption isotherms. (b) DFT pore size
distributions for PCN-128y (red) and OPAA@PCN-128y (black). (c)
PXRD patterns of simulated PCN-128y, experimental PCN-128y, and
OPAA@PCN-128y. (d) SEM image and EDX spectra of a single
crystal of OPAA@ CN-128y. EDX scan lines for Zr and S are,
respectively, in cyan and red. The dashed black line indicates where
the EDX scan was taken.

morphology of PCN-128y are retained (Figures 2c and S2).
To determine the distribution of OPAA in PCN-128y crystals,
we used in situ confocal laser scanning microscopy (CLSM) to
image AlexaFluor-647-tagged OPAA in crystals of PCN-128y at
different depths (Figure S3).”* Comparison of CLSM micro-
graphs from the bottom to the top of a S ym z-axis height
indicates that OPAA is not only on the surface of PCN-128y
but also is dispersed throughout the PCN-128y crystals. In
addition, SEM-EDX images show an even distribution of sulfur
along a single crystal of PCN-128y, which further confirms that
OPAA is dispersed throughout the MOF (Figure 2d).

We next examined the enzyme activity and encapsulation
efficacy of OPAA@PCN-128y by utilizing a less toxic nerve
agent simulant diisopropyl fluorophosphate (DFP) as a model
substrate (Figure S4). Previous studies have demonstrated that
zirconium MOFs themselves®*>*® are excellent nerve agent
detoxification catalysts, but only in buffered solutions at pH
values of ~8.5 and higher.”” Enzyme-free PCN-128y in pH 7.2
BTP buffer, however, shows no catalytic activity, and the
hydrolysis of DFP is not evident (Figure 3a). Compared to free
OPAA under the same conditions, the initial rate of DFP
hydolysis rate of OPAA@PCN-128y is comparatively low
possibly due to slow intra-MOF diffusion by reactants and
products (Figure 3a).”® Nevertheless, for both free OPAA and
OPAA@PCN-128y as catalysts, the conversion of DFP plateaus
at 80—90%. To examine the enzyme accessibility after
immobilization, composites with different enzyme loadings
were prepared and tested for DFP hydrolysis (Figure SS). The
results indicate that the activity of composites systematically
increased as the enzyme loadings. To assess enzyme thermal
stability, we measured the extent of hydrolytic degradation of
DEFP achieved over a range of incubation/reaction temperatures
using free versus encapsulated OPAA as the catalyst (Figures 3b
and S6). Both free OPAA and OPAA@PCN-128y show
optimal activity after incubation at 45 °C. However, the
incubation of free OPAA at 55 °C results in a significant loss of
the conversion of DFP, indicating the loss of enzymatic activity.
In contrast, OPAA@PCN-128y yielded around 90% con-
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Figure 3. (a) Reaction profile of DFP hydrolysis by free OPAA (blue),
OPAA@PCN-128y (green), PCN-128y (red), and the background
reaction (black). (b) Thermal stability as measured in terms of
conversion of DFP hydrolysis upon incubating at increasing
temperatures (black bar for OPAA@PCN-128y and red bar for free
OPAA) (c) Long-term stability as measured in terms of conversion of
DFP hydrolysis after room temperature storage in dry powder form
over time (black bar for OPAA@PCN-128y and red bar for free
OPAA). (d) Reaction profile of Soman hydrolysis by OPAA@PCN-
128y.

version. When we further increased the incubation temperature
to 70 °C, the OPAA@PCN-128y showed remarkable stability
and a conversion of almost 75%. In contrast, the low
conversion for free OPAA at 70 °C suggests that free OPAA
is denatured at this temperature.

Encouraged by the high thermal stability of OPAA
encapsulated in PCN-128y, we sought to address the issue of
long-term stability, an important one for field applications issue
of OPAA or other detoxification enzymes. To assess temporal
stability, the as-synthesized OPAA@PCN-128y was air-dried,
and free OPAA was lyophilized. Both dried samples were then
stored at room temperature, with smaller samples being
removed and tested after storage for various lengths of time
(Figures 3c and S7). Stability was measured by determining the
conversion of DFP using the same conditions used previously.
Initially, when reintroduced to DFP solutions, both the dried
OPAA@PCN-128y and lyophilized OPAA achieve nearly 90%
conversion. For lyophilized OPAA subjected to 1 day of dry
storage, conversion plateaued at 79%, implying some loss of
stability. After 3 days of dry, lyophilized free OPAA proved
capable of catalyzing hydrolysis of 30% of the DFP present. In
striking contrast, even after 3 days of dry storage, OPAA@
PCN-128y remained capable of catalyzing the hydrolysis of
90% of the DFP present. These results show that the MOF can
be used to protect and stabilize OPAA, which is important for a
portable antidote material to be used in extreme conditions
(such as high temperatures in the desert with low humidity).
To further demonstrate the efficacy of OPAA@PCN-128y as a
decontaminant for G-type nerve agents, we examined its
catalytic performance for the hydrolysis of the real nerve agent,
Soman. Caution: Soman is deadly. It can be safely and legally
studied only by specifically trained and authorized personnel
working in secure, approved facilities. The results indicate that
OPAA@PCN-128y can efficiently defluorinate/deactivate
Soman (thereby removing the leaving group that enables its
binding to acetylcholinesterase). By using an F~ electrode, the
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initial reaction rate was calculated to be in the range of 56—75
umol/min/mg (Figure S8). Similar to its behavior in the
hydrolysis of DFP, OPAA@PCN-128y hydrolyzes Soman and
reaches 90% conversion in 60 min using 3.75 ug OPAA@PCN-
128y on 3 mM Soman at 25 °C (Figure 3d).

In summary, the water-stable mesoporous channel-type
zirconium MOF PCN-128y is shown to be capable of
encapsulating OPAA with a high loading. This size-matching
encapsulation process is performed rapidly under mild
conditions and requires no prior chemical modification of the
protein of interest. More importantly, following OPAA uptake
by the large (mesoporous) channels of PCN-128y, the smaller
channels (microporoes) of the hierarchically structured host
material remain open and available as conduits for reactant and
product diffusion to and from the active sites of the
encapsulated enzymes. In addition, we have shown that PCN-
128y excels at stabilizing the enzyme at high temperature and in
dry-form, whereas the free enzyme degrades rapidly under
these conditions. These findings suggest that MOF encapsu-
lated OPAA (or related enzymes) may be suitable for large area
and personnel decontamination.
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