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ABSTRACT: A 2-PAM@bio-MOF-1 composite was prepared by
cationic exchange of counter N,N-dimethylammonium cations in the
pores of the anionic, biocompatible metal—organic framework (bio-
MOF-1) with pralidoxime chloride (2-PAM-CI) by impregnation. In
vitro drug release measurements revealed that the release rate of 2-
PAM from 2-PAM@bio-MOF-1 in simulated body fluid (SBF) was
more than four-fold higher than that in deionized water, indicating
that the presence of endogenous cations in SBF triggered the release
of 2-PAM through cation exchange. The release of 2-PAM was rapid
within the first 10 h but was much slower over the period of 10—50 h.
At room temperature, the maximum release rate of 2-PAM was 88.5%
(15 mg of 2-PAM@bio-MOF-1 in 1 mL of SBF), indicating that the
drug was efficiently released from the composite MOF in SBF. In
simulated gastric fluid, 64.3% of 2-PAM was released from bio-MOF-1 into the simulated gastric fluid after SOh. This suggested that
2-PAM@bio-MOF-1 might be effective for enabling the slow release of 2-PAM in the human body. Indeed, the maximum
reactivation rate of acetylcholinesterase in sarin-poisoned mice reached 82.5%. In addition, 2-PAM@bio-MOEF-1 demonstrated the
ability to adsorb and remove sulfur mustard (HD) in solution and from the skin of guinea pigs.
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Bl INTRODUCTION

Organophosphorus-based cholinergic nerve agents, such as
sarin and soman, are highly toxic substances that have been

intravenous injection of 2-PAM-CI is widely used in clinical
practice. However, controlling the dosage and maintaining a
stable concentration of the reactivator in blood plasma is

used historically as chemical warfare agents."”” They interfere
with the human nervous system by inhibiting acetylcholines-
terase (AChE) activity, resulting in the accumulation of
acetylcholine (Ach) in the human body, thereby making the
central nervous system continuously excited.”* Exposure of the
body to high concentrations of these substances can be quickly
lethal.>® Pralidoxime chloride (2-PAM-CI), an oxime-contain-
ing organic cationic compound, has been commonly used in
the treatment of neurotoxic poisoning because it can reactivate
phosphorylated AChE.” To avoid acute toxicity from ingestion
of cholinergic nerve agents, poisoned victims will undergo
follow-up treatment depending on the severity and progression
of the disease.” Nerve agents that do not get metabolized in the
body will distribute into tissues, where they will be stored and
slowly released into systemic circulation, resulting in persistent
toxicity; this persistent toxicity requires more sustained
administration of reactivators’ or anticholinergic drugs'® after
poisoning, which requires monitoring the AChE activity in the
patients’ blood."" To overcome any inconveniences associated
with repeated administration and to maintain a constant and
stable blood concentration of the reactivator, the continuous
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difficult via this method. In addition, an insufficient dosage
may not be sufficient to overcome the toxicity associated with
the neurotoxic agent, while too high of a dosage will result in
overdose because the agents inhibit the function of the
respiratory system and cause respiratory arrest."”>'* Therefore,
the development of a stable and continuous delivery system for
2-PAM that can overcome these issues has significant
theoretical and practical advantages for the treatment of
neurotoxic agent poisoning.

Metal—organic frameworks (MOFs) are compounds, in
which metal ions/clusters, serving as vertices, are coordinated
to each other through organic ligands (i.e, connecting the
vertices to form a periodic structure). MOFs typically feature
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Scheme 1. Schematic Diagram of the Synthesis of 2-PAM@bio-MOF-1 by Exchanging Me,NH>" and 2-PAM in Bio-MOF-1, as
well as Sustained Release of 2-PAM Facilitated by Exchange of 2-PAM with Metal Cations in Bodily Fluids

high porosities, excellent chemical stabilities, and tunable
pores. ”'® Several biocompatible MOFs have been developed
and have demonstrated to be suitable candidates for use as
drug delivery systems.'”'® Among these MOFs, bio-MOF-1 of
the formula Zng(ad),(BPDC)s0-2Me,NH,*-8DMF-11H,0
(ad = adenine, H,BPDC = 4,4’-biphenyldicarboxylic acid) is
a biocompatible MOF, in which adenine molecules are
coordinated by central Zn** ions.'” In its structure, the
secondary units consisting of adenine and Zn*" are linked by
the BPDC” ligand to form an infinitely extending three-
dimensional framework (pcu network topology).”” The
negatively charged skeleton of bio-MOF-1 features cationic
Me,NH," groups, and DMF and water are present in the pores
of the MOF. The anionic properties of the bio-MOEF-1
skeleton could facilitate its use as a potential material for the
storage and release of cationic drug molecules. In addition, the
physiological toxicity of bio-MOF-1 is low, and all components
can be metabolized by the human body, which support this
potential. Given that 2-PAM is a cationic drug, it was
speculated that 2-PAM could be loaded into the pores of the
bio-MOF-1 skeleton by cation exchange of the Me,NH," ions
with the drug molecules. Once in the body, the controlled
release of 2-PAM from the MOF could be achieved, in theory,
by cationic exchange with endogenous cations (e.g., sodium
ions) (Scheme 1).

After exposure to the skin, erosive poisons, such as mustard
gas (HD), can cause erythema, blistering, and ulceration.
However, because the toxicological mechanism of HD in the
human body remains unclear, no specific drugs have been
successfully developed for treating HD poisoning.”’ Currently,
the use of materials like activated clay to decontaminate and/
or eliminate HD as quickly as possible after skin exposure
remains the most effective measure to reduce further casualties
after exposure to HD.

Considering these deficiencies, we report herein the
synthesis and characterization of 2-PAM@bio-MOF-1, in
which the bio-MOF-1 carrier was loaded with 2-PAM via
cation exchange of the N,N-dimethylammonium cations in the
bio-MOEF-1. The therapeutic performance of 2-PAM@bio-
MOF-1 in sarin-poisoned mice and its decontamination
effectiveness against HD on the skin of guinea pigs were
investigated. The results indicated that 2-PAM@bio-MOF-1 is
a promising treatment for late-stage neurogenic organo-
phosphate poisoning and has the potential to adsorb and
remove erosive poisons, such as HD, on the skin surface.

B EXPERIMENTAL SECTION

Chemicals and Reagents. All reagents used in this study
were of analytical grade and used as obtained without further
purification. Mustard gas (HD, 95%), sarin (GB, 95%),
activated white clay, and active skin detergent were provided

by the Chinese Academy of Military Medical Sciences (Beijing,
China). Bio-MOF-1 was prepared by a previously reported
method'” and characterized by elemental analysis, infrared
spectroscopy (IR), scanning electron microscopy (SEM), and
powder X-ray diffraction (P-XRD).

A simulated body fluid (SBF) was prepared according to the
reported procedure.”” (Supporting Information).

Caution! GB can only be handled in very small quantities by
well-trained person in a special-designed fume cupboard due to
its high toxicity.

Animals. Two to three week old male Kunming mice (20—
24 ¢) and male guinea pigs (300—350 g) were obtained from
Beijing Weitonglihua Experimental Animal Technology Co.,
Ltd. and kept in stainless steel cages with hardwood chips. The
cages were stored in a room at a temperature of 25 + 1 °C and
a relative humidity of 55 + 5% and under 12-h cycles of dim
light (150—300 Lux) and darkness. The animals were provided
free access to food and water for 1 day before the experiments.
All experiments were performed in compliance with the
Institutional Animal Care and Use Committee (IACUC) of
Beijing Institute of Pharmacology and Toxicology and other
relevant guidance and laws. The doses of the drugs or poisons
were calculated based on the average weight of mice (22 g).

Instruments. IR spectra were recorded on an ICAN9
Fourier transform infrared spectrometer (Tianjin Energy
Spectrum Technology Co., Ltd.) using the KBr pellet method
over the range of 4000—400 cm™'. UV—vis spectra were
obtained on a UV-2550 ultraviolet—visible spectrophotometer
(Shimadzu Corp., Japan) over the spectral window of 200—
500 nm. A multifunctional microplate reader (Spectra Max
(MS), UK) was used to measure the absorption of 5,5-
dithiobis-(2-nitrobenzoic acid) at a wavelength of 412 nm to
determine the reactivation rate of AChE. Powder X-ray
diffraction (XRD) spectra were recorded using a Rigaku D/
max 2500 X-ray diffractometer (Rigaku, Japan) using Cu Ka
radiation as the X-ray source (4 = 0.15405 nm). The samples
were scanned over the 20 range of 5—50° at a scanning rate of
10 °/min. N2 adsorption/desorption isotherms were obtained
using a BET [(Quantachrome)-AUTOSORB-1 surface area
analyzer. The samples were degassed at room temperature (25
°C) for 8 h and measured at 77 K. The thermal stability of the
samples was characterized by thermogravimetric analysis-
differential scanning calorimetry (TGA-DSC) using an
STA449 simultaneous thermal analyzer (NETZSCH, Ger-
many)]. The samples were heated from 25 to 800 °C at a rate
of 10 °C/min under a stream of air. Scanning electron
microscopy (SEM, SupraS$, Zeiss) was employed to study the
morphology of the MOF samples. Elemental analysis for C, H,
and N was conducted on a Vairo EL CUBE analyzer
(Elementar Analysensysteme GmbH, Germany), and analysis
for Cl was performed by inductively coupled plasma—mass
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spectrometry (ICP—MS) on a 7500 series ICP—MS
(Shimadzu Corp., Japan). Gas chromatography—mass spec-
trometry (Agilent GC (7890B)-MS (5977A)) with a HP-5 GC
column (30 m X 250 gm X 0.25 ym) was used to analyze the
degradation products of HD. The electron ionization (EI)
source energy was 70 eV, the EI source temperature was 230
°C, the quadrupole temperature was 150 °C, and the initial
column temperature was 50 °C; the column was maintained at
50 °C for 1 min, heated to 280 °C at a rate of 10 °C/min, and
then maintained at 280 °C for 5 min.

Preparation of 2-PAM@bio-MOF-1. 10 mL of a 0.1 M
solution of 2-PAM-Cl was added to soak bio-MOF-1 (50 mg)
in a tube for 10 min, then the solution was dumped after
centrifugation. Another fresh 10 mL of 0.1 M 2-PAM-CI
solution was added. The resulting suspension was then stirred
at room temperature for 24 h, after which the solid sample was
isolated by filtration. This step was repeated three times.
Following, the sample was rinsed with deionized water and
dried at 120 °C to obtain the 2-PAM@bio-MOEF-1 composite
[Zng(ad),(BPDC)4O-8(pyridinealdoxime)*-6Cl~-12H,0;
Ci60H176045N36ZngClg . Elemental analysis (calculated values)
revealed that the composition of C, H, N, and Cl in the 2-
PAM@bio-MOEF-1 was 47.50% (47.34%), 4.03% (4.37%),
11.85% (12.42%), and S.01 (5.24), respectively.

In Vitro Release of 2-PAM from 2-PAM@bio-MOF-1.
The 2-PAM@bio-MOF-1 composite (15 mg) was added to 1
mL of SBF in a 4 mL centrifuge tube. The tube was immersed
in a water bath at 37 °C, during which 200 pL of the solution
was removed from the centrifuge tube at various times (vide
infra) within 50 h and diluted with SBF to 4 mL. After each
extraction of the sample solution, 200 uL of fresh SBF was
added to replace the volume removed. The release rate (7) of
2-PAM from 2-PAM@bio-MOEF-1 in the sample solutions was
determined by monitoring the change in the absorbance at 294
nm (Supporting Information, Figures S1 and S2), from which
the amount of drug released was calculated based on eq 1
below

Cc, - C
release rate(r7) = [u] X 100%
Co (1)

where C, was the initial concentration of the drug, and C, was
the concentration of the released drug. In the control group,
the contents of 2-PAM in simulated gastric fluid (pH = 1.2)
and deionized water were measured by the same method.
Determination of the Median Lethal Dose (LD;) of
Sarin by Intragastric Administration. Sarin (5 uL, 95%
purity) was diluted with physiological saline to S mL to
prepare a stock solution of sarin. Working solutions with
concentrations of 0.077, 0.062, 0.049, and 0.039 ug/uL were
prepared by diluting the stock solution with physiological
saline; these working solutions of sarin served as the poisons
for the mice. Aliquots (0.2 mL) of the working sarin solutions
were administered to the mice in each group (n = 8) at doses
of 700.0, 559.1, 445.5, and 359.1 pug/kg (in total four groups)
by oral gavage. The LDy, of sarin was calculated based on the
number of deaths of the mice in each group using the Blue
Cosmos Studio LDy, data processing 1.00 package program.
Determination of the dose of 2-PAM-Cl was needed to fully
rescue the mice poisoned by intragastric administration of 1.5
X LDy, sarin. A stock of solution of sarin was prepared by
diluting S uL of sarin (95%) with physiological saline to S mL.
The stock solution was diluted to 0.081 ug/uL to prepare a

working solution of sarin that was used as the poison for mice.
Each mouse in each group (n = 8) was administered 0.2 mL of
the 0.081 ug/uL sarin solution by oral gavage (corresponding
poison dose was 1.5 X LDy, = 736.4 ug/kg, value determined
in Section 3.8). After 0.5 min, each mouse was intragastrically
administered 0.2 mL of 1.1 mg/mL atropine (corresponding
dose = 10 mg/kg)*’ and 0.2 mL of either 1.65 or 3.3 mg/mL
2-PAM-CI (corresponding doses = 15 or 30 mg/kg).”* Finally,
the full-rescue dose of 2-PAM-Cl was determined based on the
minimum dosage of 2-PAM-Cl required to prevent the mice in
each group from dying in 24 h after being poisoned.

Dosage of 2-PAM@bio-MOF-1 in the Treatment of
Mice Poisoned by 1.5XLDs, Sarin. To calculate the initial
dose of 2-PAM@bio-MOF-1 administered to each mouse after
1.5 X LDy, sarin poisoning, the full-rescue dose of 2-PAM-CI
obtained above was divided by the loading rate of 2-PAM@
bio-MOE-1. Herein, 2-PAM-CI was replaced with 0.2 mL of
either 15.6 or 31.2 mg/mL 2-PAM@bio-MOF-1 (correspond-
ing dose of 2-PAM@bio-MOF-1 for each mouse was 141.8 or
283.6 mg/kg). The dose of 2-PAM@bio-MOF-1 for the
treatment of mice poisoned by 1.5XLDy, sarin in order to
study the reactivation rate of AChE in mice was determined
based on the minimum dose needed for more than four mice
in each group to survive within a 24 h period.

Determination of the Reactivation Rate of AChE in
Mice Treated with 2-PAM@bio-MOF-1 with Atropine
after 1.5 X LDs, Sarin Poisoning. The AChE activity in the
mice was determined based on the following method.” First,
ACHhE reacts with thioacetylcholine to produce thiocholine and
acetate, after which thiocholine reacts with the sulfthydryl
group in $,5-dithiobis-2-nitrobenzoic acid (DTNB) to produce
2-nitro-S-thiobenzoate, which ionizes in solution to produce a
yellow-colored species (TNB*"). Therefore, the change in the
absorbance of the assay solution due to the production of
TNB?~ could be directly correlated to the AChE activity. First,
the AChE activity in mice without sarin poisoning (normal
group)’® was determined. The inner wall of a 1.5 mL
centrifuge tube was first washed with a 5% heparin sodium
solution in water, after which 1 mL of blood was removed from
the eyes of six mice and added to the heparin-coated centrifuge
tubes. The tubes were centrifuged at 3000 rpm and 4 °C for 8
min, the uppermost layer (plasma) was removed, while the
pelleted erythrocytes in the tube were rinsed with normal
saline several times, and after each wash by centrifugation, the
plasma was removed to obtain the erythrocytes. The
erythrocytes (10 uL) were extracted and added to a 1.5 mL
centrifuge tube followed by 70 uL of saline and 30 uL of 3
mmol/L ATCh. The tubes were incubated in a water bath at
37 °C for 20 min and then centrifuged at 3500 rpm and 4 °C
for 5 min. The supernatant (60 uL) was extracted from the
centrifuge tube and added to a 2 mL centrifuge tube. The
supernatant was diluted with 800 uL of normal saline followed
by 200 pL of a 0.073 mol/L solution of DTNB to obtain a
light-yellow-colored solution. The absorbances of the solutions
were measured at 412 nm (absorbance maximum of DTNB)
using a microplate reader after 2 min. The average of the
measured absorbances was calculated and denoted as OD 50,
(normal group).

Second, the reactivation rate of AChE in mice after
poisoning with 1.1 X LDg, sarin (exposed group) was then
determined. Each group consisted of six mice, and each mouse
was intragastrically administered 2 mL of 0.059 ug/uL sarin
solution (corresponding dose to each mouse was 1.1 X LD, =
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540.0 ug/kg, which was the maximum dose of sarin poisoning
by intragastric administration when all mice were alive). First,
the inside of a 1.5 mL centrifuge tube was washed with a 5%
solution of heparin sodium in water. Blood was then extracted
from the eyes of the sarin-poisoned mice in the different
groups at regular time intervals over the course of 72 h and
added to the heparin-coated centrifuge tubes (vide infra). The
tubes were centrifuged at 3000 rpm and 4 °C for 8 min, and
the plasma layer (upper part in the centrifuge tube) was
removed. The erythrocyte layer (highest-density layer in the
centrifuge tube) was rinsed with normal saline several times
and centrifuged, after which the plasma layer was removed
each time to obtain the red blood cells. Aliquots (10 uL) of the
erythrocyte layer were extracted and added to a 1.5 mL
centrifuge tube followed by 70 uL of saline and 30 uL of 3
mmol/L ATCh. The centrifuge tube was incubated in a water
bath at 37 °C for 20 min and centrifuged at 3500 rpm and 4
°C for 5 min. Then, 60 uL of the resulting supernatant was
removed, added to a 2 mL centrifuge tube, and diluted with
800 pL of normal saline followed by 200 uL of a 0.073 mol/L
DTNB solution to obtain a light-yellow-colored solution. The
absorbance of the solution was measured at 412 nm using a
microplate reader within 2 min. The average absorbance was
calculated and denoted as OD,yy,, (poisoned). The AChE
reactivation rate [enzyme reactivation rate,ose (%)] of the
mice after poisoning by 0.2 mL of 0.059 ug/uL sarin was
calculated at regular intervals over a 28 h period from the
measured absorbances using eq 2.”

. . 0,
Reactivation rate of enzymeexposure( %)

= (ODj},m[poisoned]/(OD;,,,[normal] (2)

Lastly, the reactivation rate of AChE in the 1.5 X LDy sarin-
poisoned mice treated with 2-PAM@bio-MOF-1 and atropine
(treatment group) was determined. This procedure was similar
to the previous protocol, except that the 0.2 mL of 0.059 ug/
uL sarin (the corresponding dose to each mouse was 1.1 X
LDs, = 540.0 ug/kg) in Part (B) was replaced with 0.2 mL of
0.081 pug/uL sarin (the corresponding dose to each mouse was
1.5 X LDg, = 540.0 pug/kg). After being poisoned by sarin, the
mice were immediately treated with 0.2 mL of 1.1 mg/mL
atropine (the corresponding dose to each mouse was 10 mg/
kg) and 0.2 mL of 31.2 mg/mL 2-PAM@bio-MOF-1 (the
corresponding dose to each mouse was 283.6 mg/kg). The
average absorbance for each group was calculated and denoted
as ODy5,, (treatment). Using the measured absorbance, eq 3
was used to calculate the AChE reactivation rate (enzyme
reactivation rateg.,umeny %) Of the mice poisoned by 0.2 mL of
0.081 pg/pL sarin at regular intervals over a 28 h period.”’

Enzyme reactivation rate, (%)
= (ODj s p[treatment] — OD,;,,. [control])
/(ODy3m[normal] — OD,y, .. [control]) (3)

Elimination of HD by 2-PAM@bio-MOF-1. Elimination
of HD by 2-PAM@bio-MOEF-1 was evaluated according to a
previously reported method.”® First, 100 mg of 2-PAM@bio-
MOF-1 was divided into five 1.5 mL centrifuge tubes
(corresponding to 20 mg for each tube). HD (2 uL) was
added to each centrifuge tube, which was then shaken to allow
even mixing, and the samples were left to stand for varying
periods of time (1, 2, 3, 4, and S h, respectively) to allow the

HD and 2-PAM@bio-MOF-1 to react. Following, 1 mL of n-
hexane was added to the tube to extract the free HD for S min.
After centrifuging the tubes, 25 pL of the n-hexane extract was
removed and added to a S mL centrifuge tube, to which
another 75 pL of n-hexane was added. Then, 100 uL of
absolute ethanol and 200 uL of the blue reagent [prepared by
dissolving NaOH (0.2 g) and thymolphthalein (1.2 g) in a
solution consisting of 12.5 mL of water and 87.5 mL of
absolute ethanol] were added into each of the tubes,
respectively. The tubes were sealed, incubated in a water
bath at 80 °C for 15 min, and then allowed to cool to room
temperature. Then, 5 yL of 6 mol/L glacial acetic acid was
added to each tube. After mixing, the color of the solutions
changed from blue to orange-yellow. Finally, 3 mL of 95%
ethanol solution was added. The absorbances of the solutions
were measured at 445 nm using a UV—vis spectrophotometer
(Supporting Information, Figure S3), and the elimination rate
of HD was calculated using eq 4 below

C,— C
decontamination rate 17 = [%] X 100%
0

(4)

where C, and C, were the concentrations of HD before and
after elimination by 2-PAM@bio-MOF-1, respectively.

Due to the extreme toxicity of HD, CEES (mustard gas
simulant) was used to replace HD to help determine the
elimination products of HD, 2-PAM@bio-MOF-1 (20 mg)
and 2 uL of CEES were added to a 1.5 mL centrifuge tube, and
the tube was shaken for 5 min to allow full contact with the
composite and left to stand in a fume hood for S h. Following,
1 mL of dichloromethane was added to the tube, and the tube
was kept for S min and then centrifuged. A 1 mL aliquot of the
supernatant was collected and analyzed by GC—MS for
identification of the elimination products.

Skin Decontamination of Guinea Pigs Exposed to HD
by 2-PAM@bio-MOF-1 and Bio-MOF-1. To evaluate the
ability of 2-PAM@bio-MOF-1 and bio-MOF-1 to decontami-
nate the skin of animals exposed to HD, guinea pigs were
selected as the animal model. One day before the experiment,
Na,$ solution(8 g of Na,$ dissolved in 100 mL of deionized
water) was used as a depilatory and applied to the hair on both
sides of the spine of the guinea pigs. After the application of
the depilatory for about 3 min, the applied area was rinsed
repeatedly with warm water until no depilatory remained.” A
total of 30 guinea pigs were randomly divided into five groups:
the blank control group (no treatment after depilation), the
poisoned group (poisoned only), the activated clay-treated
group, the 2-PAM@bio-MOF-1-treated group, and the bio-
MOF-1-treated group. The next day, the guinea pigs were
anesthetized with chloral hydrate (300 mg/kg) before the
experiments commenced. Then, an area (3 cm diameter) of
the undamaged skin of the back was labeled, and 2 uL of neat
HD was dropped onto the center of this area. After 1 min, 20
mg of each treatment sample was applied to the skin in this
area, and the irritation response was observed after 24, 48, and
72 h. The skin surface irritation responses were scored
according to Table 1 ,*% and the average score (stimulus index)
of each guinea pig during the observation period was calculated
using eq S below
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Table 1. Criteria for Scoring of Skin Irritation”

score of skin irritation

skin irritation response response
formation of none 0
erythema
barely visible 1
obvious 2
severe 3
purple-red erythema with 4
eschar
formation of none 0
edema

barely visible

the skin is raised and the 2
contour is clear

edema uplift about 1 mm 3

edema bulge more than 1 mm 4

“The criteria adopted in this work comply with that reported in ref 31

stimulus Index

_ Y (total score of erythema and edema per mouse)

number of mice

©)

B RESULTS AND DISCUSSION

Characterization of 2-PAM@bio-MOF-1. Figure 1 shows
the FT-IR spectra of bio-MOF-1, 2-PAM-Cl, and 2-PAM@bio-

2-PAM-CI

bio-MOF-1

Transmittance

2-PAM@bio-MOF-1

——— T

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm'l)

Figure 1. FT-IR spectra of 2-PAM-CI, bio-MOF-1, and 2-PAM@bio-

MOF-1 over the spectral window of 4000—400 cm™" after preparing a
KBr pellet of each sample.

MOF-1. In the FT-IR spectrum of bio-MOEF-1, IR bands were
observed at 3341 and 3188 cm™!, which corresponded to the
characteristic N—H stretching vibrations of the free amines in
the adenine molecules. The band at 1590 and 1401 cm™
correspond to the stretching vibrations of the C=C bond on
the benzene rings. The presence of these bands was consistent
with IR data reported previously.””* In the infrared spectra of
2-PAM-C], the bands at 3085, 1502, and 1016 cm™!
correspond to the stretching vibrations of C—H bonds, the
stretching vibrations of C=N bonds, and the bendin

vibrations of the C—H bonds on the pyridine ring.’

Additionally, in the FT-IR spectrum of 2-PAM@bio-MOF-1,
bands appeared at 1687 and 1428 cm™', which were attributed
to bio-MOF-1. The bands appeared at 3085, 1502, and 1016

cm™!, which were attributed to 2-PAM-CL. It indicated that 2-
PAM was successfully incorporated into bio-MOEF-1 without
changing its structure. More detailed spectral data are listed in
Table S1.

Figure 2 (left) displays the P-XRD spectra of 2-PAM@bio-
MOF-1, bio-MOF-1, and 2-PAM@bio-MOEF-1 after release of
2-PAM. The P-XRD spectrum of bio-MOEF-1 was consistent
with previously reported XRD data,”® corroborating the
successful synthesis of bio-MOF-1. The loading of 2-PAM
into bio-MOF-1 did not change the XRD pattern of the MOF
significantly, indicating that 2-PAM did not alter the structure
of bio-MOF-1 and that 2-PAM was highly dispersed
throughout the pores of the bio-MOEF-1. After drug release,
the structure of bio-MOF-1 (curve c) remained unchanged, as
evidenced by the almost intact P-XRD pattern. These results
suggested that bio-MOF-1 was highly stable in the release
solution and further demonstrated that the drug was released
slowly and steadily in the later stage of the drug release
experiment.

Figure 2 (right) shows the SEM images of bio-MOF-1 and
2-PAM@bio-MOF-1 after 2-PAM release. As a result of the
synthetic conditions used, the bio-MOF-1 crystallized into
tetragonal prisms with quadrangular pyramids on both sides,
the sizes of which were approximately 20 ym in length (Figure
2 (right, a). The formation of these large, single crystals was
consistent with previous studies.”> As shown in Figure 2 (right,
b), the crystal morphology of 2-PAM@bio-MOF-1 after
release of 2-PAM remained almost the same as that of pristine
bio-MOFEF-1, despite slight damages to the external surface of
the crystals, which might have been attributed to mechanical
stirring when the bio-MOF-1 was immersed into the solution
of 2-PAM to prepare the 2-PAM@bio-MOF-1.*® The results
showed that the structure of bio-MOF-1 remained stable
during long time drug release.

Figure S4 shows the N, adsorption/desorption isotherms of
bio-MOF-1 and 2-PAM@bio-MOF-1 at 77 K. As observed, the
N, adsorption curves of bio-MOF-1 and 2-PAM@bio-MOEF-1
were consistent with a Type I adsorption isotherm, indicating
that both materials had microporous structures.*® When the P/
P, ratio was low (less than 0.1), the adsorption of N, onto the
two MOFs increased sharply as N, molecules were adsorbed
onto the inner surface of the micropores; when the P/P, ratio
increased further, the adsorption of N, onto both MOFs
plateaued at their saturation levels. The saturation could be
attributed to the fact that N, molecules filled a large volume of
the micropores in the materials, heavily restricting further
adsorption of N, molecules. When the P/P, ratio approached
the saturation pressure, N, molecules condensed within the
porous materials resulting in increased adsorption. These
phenomena are observed with typical microporous molecules
during N, isothermal adsorption experiments. The BET
specific surface area and the pore volume of bio-MOEF-1
were measured to be 981.25 mz/g and 0.682 cm3/g,
respectively, which were slightly lower than the corresponding
values of this material reported elsewhere.”” This discrepancy
might have been attributed to the presence of residual
molecules with high boiling points in the pores, which led to
differences in the desorption temperatures. The specific surface
area and the pore volume of 2-PAM@bio-MOF-1 calculated
using the BET model were 51.205 m’/g and 0.098 cm’®/g,
respectively, both of which are significantly lower than those of
bio-MOEF-1. It was speculated that the lower values were
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Figure 2. Left: P-XRD spectra of (a) 2-PAM@bio-MOF-1, (b) bio-MOF, and (c) 2-PAM@bio-MOF-1 after drug release; (d) simulated P-XRD
spectrum of bio-MOF-1. Right: SEM images of bio-MOF-1 (a) and 2-PAM@bio-MOF-1 after the 2-PAM release experiment (b).

attributed to the presence of 2-PAM within the pores of the
material.

As observed in the TGA curve of 2-PAM@bio-MOF-1 in
Figure S5, the thermal decomposition of 2-PAM@bio-MOF-1
occurred in four stages over the temperature range of 25—800
°C. In the first stage (100—200 °C), crystal water and
dimethylammonium cations were evaporated from the materi-
al. In the second stage (200—220 °C), 2-PAM that was
adsorbed onto the surface of bio-MOF-1 decomposed. In the
third stage (250—400 °C), 21.7% of 2-PAM loaded into the
carrier MOF decomposed. The temperature range of
decomposition of 2-PAM is basically comparable with the
data reported in the literature.””** In the fourth and final stage
(>400 °C), the bio-MOF-1 framework decomposed, which is
consistent with previous reports.'” From the TGA analysis
result together with the elemental analysis result, it was
determined that the loaded 2-PAM accounted for 21.7 wt % of
the 2-PAM@bio-MOE-1.

In Vitro 2-PAM Release from 2-PAM@bio-MOF-1. The
release rates of 2-PAM from 15 mg of 2-PAM@bio-MOEF-1
were investigated in 1 mL of SBF, simulated gastric fluid, and
deionized water, respectively, over a period of S0 h (Figure
S2). In SBF, 2-PAM was released rapidly within the first 10 h,
with half of 2-PAM being released from bio-MOEF-1 within the
first 6 h (Figure 3, line a). After 18 h in the SBF, approximately
80% of 2-PAM was released from the MOF. However, after 40
h, the release of the loaded 2-PAM increased negligibly in the
SBF, eventually reaching 88.5% after 50 h. In simulated gastric
fluid, the release trend is consistent with the SBF. As shown in
Figure 3 (line b), 64.3% of 2-PAM was released from bio-
MOF-1 into the simulated gastric fluid after S0h. The decrease
between the release amount of 2-PAM in SBF and SGF is due
to the fact that the amount of cations in SBF is more than that
in SGF. These results demonstrated that bio-MOF-1 was
capable of a slow and sustained release of 2-PAM over an
extended period of time until plateauing at a high release
percentage, and the release amount of 2-PAM is really
governed by the amount of exogenous cations.

To verify that cation exchange contributed to the release of
the cationic drug, the results in SBF were compared to an
analogous experiment conducted in deionized water. As shown
in Figure 3 (line c), after 50 h, only 20.1% of 2-PAM was
released from bio-MOF-1 into the deionized water, indicating
that the release of 2-PAM from the bio-MOF-1 was
significantly slower in water compared to in SBF; this result

30725

100

80

=)
<>
1

N
<
1

Release(%)

20

)
20 30

Time(h)

40 50

Figure 3. Drug release curves of 2-PAM@bio-MOF-1 (15 mg) in SBF
solution [(1 mL of SBF solution, pH = 7.4)] (black curve) (a),
simulated gastric fluid [1 mL of simulated gastric fluid (PBS), pH =
1.2] (blue curve) (b), and deionized water (1 mL of deionized water)
(red curve) (c) over the period of S0 h at 37 °C.

substantiated the effects of cations, like Na*, on the release of
2-PAM (and potentially other cationic molecules) in SBF.
Therefore, the cation exchange process played a significant role
in drug release in SBF.

Determination of the LDs, of Sarin in Mice by
Intragastric Administration. The working sarin solution
(0.2 mL of each concentration) was administered to the mice
in each group (n = 8) at doses of 700.0, 559.1, 445.5, and
359.1 ug/kg by oral gavage. According to the data listed in
Table 2, the LDy, of sarin in mice by intragastric
administration was calculated to be 490.9 ug/kg. Therefore,
the dose of sarin to be administered by intragastric
administration for full rescue treatment with 2-PAM@bio-
MOF-1 was calculated as the 1.5 X LDy, to be 736.4 ug/kg.

Table 2. Survival of Mice after Sarin Poisoning by
Intragastric Administration

sarin dosage number of number of total number of
(ug/kg) deaths survivals mice
700.0 6 2 8
559.1 6 2 8
445.5 4 4 8
359.1 1 7 8
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Table 3. Determination of the Dose of 2-PAM and 2-PAM@bio-MOF-1 to Enable Full Rescue of Mice Poisoned with 1.5 X
LDy, Sarin by Intragastric Administration

sarin dose atropine amount of materials used for number of deaths number of survivals total number
(ug/kg) (mg/kg) treatment (mg/kg) within 24 h within 24 h of mice
exposure group 736.4 0 0 7 1 8
2-PAM-CI treatment group I 736.4 10 15 4 4 8
2-PAM-CI treatment group II 736.4 10 30 0 8 8
2-PAM@bio-MOEF-1 736.4 10 141.8¢ S 3 8
treatment group I
2-PAM@bio-MOEF-1 736.4 10 283.6" 0 8 8

treatment group II

“141.8 mg/kg is equivalent to 30 mg of 2-PAM-1 per kilogram of mice, and 283.6 mg/kg is equivalent to 60 mg of 2-PAM-1 per kilogram of mice.

Determination of the Dose of 2-PAM-ClI to Enable 100
Full Rescue of Mice Poisoned with 1.5 X LDs, Sarin by ®  Treatment group
Intragastric Administration and the Dosage of 2-PAM@ s0d ° Exposure group .

bio-MOF-1 in the Treatment of Mice Poisoned by

1.5XLDs, Sarin. The dose of 2-PAM-Cl needed to fully S
rescue the mice poisoned with a 1.5 X LD, sarin (the g 601
minimum dosage of 2-PAM-CI required to not kill any mice in g
each group) was regarded as the minimum dose of the drug % 404
required to overcome the neurotoxic poisoning by sarin. Mice S

administered a dose of sarin equal to 1.5 X LDy sarin (736.4 20

ug/kg) exhibited slow poisoning that became lethal after 20
min. 30 s after poisoning, therapeutic drugs were administered M

to the mice by oral gavage. As indicated by the data in Table 3, 0 v T - pe " T o

the full rescue dose of 2-PAM-CI by intragastric treatment was ) Time (h) )

calculated to be 30 mg/kg, while the full rescue dose of 2-

PAM@bio-MOF-1 was calculated to be 283.6 mg/kg. Figure 4. Comparison of the AChE activity between the mice
Therefore, the dosage of 2-PAM@bio-MOF-1 in the treatment poisoned with sarin (exposure group, black line) and the sarin-

poisoned mice treated with atropine and 2-PAM@bio-MOEF-1

of mice poisoned by 1.5 X LD, sarin was determined to be
P U 50 (treatment group, red curve) over the course of 2—28 h. In the

283.6 mg/kg. Subsequently, the reactivation rate of AChE in exposure group, the sarin dose was 11 x LDy; in the treatment
. . . ) . 507
the mice treated with 283.6 mg/kg 2-PAM@bio-MOF-1 and group, the sarin dose was 1.5 X LDy, the atropine dose was 10 mg/

atropine was evaluated after being poisoned with 1.5 X LDy kg, and the 2-PAM@bio-MOF-1 dose was 283.6 mg/kg.
sarin.

Determination of the Reactivation Rate of AChE in
Mice Treated with 2-PAM@bio-MOF-1 and Atropine 43.7%. This amounted to an elimination of HD by 2-PAM@
after Being Poisoned with 1.5 X LDsq Sarin. The in vivo bio-MOF-1 of 0.27 mmol/g. Due to the extreme toxicity of
(mice) AChE activity was measured by UV—vis spectroscopy HD, the simulant CEES was used to replace HD to help

by monitoring the change in the absorbance of the AChE assay determine the elimination products of HD. Known from the
solution, resulting from the production of TNB>~ over the fact (Supporting Information, Figure S7), only CEES (the
course of 28 h. All mice poisoned with 1.5 X LDy, sarin and retention time of CEES was 7.46 min) was present after the
treated with 283.6 mg/kg 2-PAM@bio-MOF-1 survived. As digestion reaction of CEES by 2-PAM@bio-MOF-1, we
shown in Figure 4, the reactivation rate of AChE increased concluded that no chemical reaction between HD and 2-
rapidly during the first 8 h but decreased from 10 to 19 h, PAM@bio-MOF-1 occurred, which might have been attrib-
eventually reaching 80.6% after 20 h, when it only negligibly uted to the coordination of Zn®* by the N', N*, N7, and N’
changed. The reactivation rate was the highest (82.5%) after atoms of adenine in the bio-MOF-1 framework (Supporting
24 h. Compared to the control group, whose reactivation rate Information, Figure S8). Because N normally participates in
of AChE was only 15.5% after 24 h, the reactivation rate of the alkylation of HD, the involvement of N* in coordination
ACHhE in the treatment group was significantly higher (82.5%), prevented it from alkylating HD. Since the adenine moieties in
indicating that 2-PAM@bio-MOF-1 and atropine were capable bio-MOEF-1 were not capable of chemically coordinating HD, it
of effectively treating the mice poisoned with sarin. These was speculated that the porous structure of 2-PAM@bio-
results also corroborated the effective release of 2-PAM from MOF-1 facilitated the adsorption of the HD in solution, but
2-PAM@bio-MOEF-1 in biologically relevant environments the relatively low adsorption capacity of HD by 2-PAM@bio-
triggered by cations such as Na'. MOF-1 might be attributed to the occupation of pores in bio-
Elimination of HD by 2-PAM@bio-MOF-1 and the MOFE-1 by 2-PAM molecules.
Epidermal Decontamination of HD-Poisoned Guinea Due to the ability of bio-MOF-1 and 2-PAM@bio-MOEF-1

Pigs by 2-PAM@bio-MOF-1 and Bio-MOF-1. The to adsorb HD, the decontamination performances of these
elimination of HD by 2-PAM@bio-MOEF-1 at different time materials on the epidermis of the HD-poisoned guinea pigs

intervals (1, 2, 3, 4, and S h) was investigated by monitoring were preliminarily evaluated. As shown in Figure S5 (left),
the change in absorbance of the assay solution at 445 nm. As significant differences in the extent of erythema of the
shown in Figure S6, when 2 L of HD was reacted with 20 mg epidermal tissue between the poisoned and decontaminated
of 2-PAM@bio-MOF-1 for S h, the elimination rate of HD was groups were observed. One day after exposure, severe
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Figure S. Left: Comparison of the decontamination efficacy of HD-poisoned guinea pigs using activated white clay, bio-MOF-1, and 2-PAM@bio-
MOF-1. The severity of the erythemas within the pre-labeled areas of the epidermis of the guinea pigs were monitored 1, 2, and 3 days after
decontamination. From left to right: blank control group (A), poisoned group (B), activated clay group (C), bio-MOF-1 (D), and 2-PAM@bio-
MOF-1 (E) group. Right: Skin irritation response scores (based on the extent of erythema) of the HD-poisoned guinea pigs with and without
decontamination with activated white clay, bio-MOF-1, or 2-PAM@bio-MOEF-1. Experimental conditions: 2 #L of HD; 1 min exposure time; 20

mg dose of activated white clay, bio-MOF-1, or 2-PAM@bio-MOF-1.

erythema and edema were observed on the skin surface of the
poisoned group, while obvious erythema and barely visible
edema were observed on the skin surface of the decontami-
nation group, indicating that decontamination with the various
materials could mitigate erythema and edema caused by HD
poisoning. By the third day, erythema was barely visible on the
epidermis of the guinea pigs in the decontamination group,
suggesting that the three decontamination agents were capable
of successfully decontaminating the HD-poisoned skin. The
experimental results were based on the skin irritation response
scores using the scoring standard [Figure S (right)], which
indicated that all three decontamination agents demonstrated
suitable epidermis decontamination performance without
notable differences. In particular, the bio-MOEF-1 exhibited
the best decontamination effect among the three decontami-
nation agents based on the erythema scores [Figure S (right)].
This might have been attributed to the large pore volumes and
high specific surface area of bio-MOF-1 for adsorption of the
HD droplets. Overall, these results indicated that 2-PAM@bio-
MOF-1 could serve as a decontamination agent for HD
poisoning and a replacement for materials like activated white
clay.

B CONCLUSIONS

In this study, a cation-exchangeable 2-PAM@bio-MOF-1
composite with a drug loading rate 21.2 wt % was prepared
by a simple ion exchange reaction between the N,N-
dimethylammonium cations present in the pores of the anionic
bio-MOEF-1 with pralidoxime. The in vitro drug release
experiments conducted in SBF, SGF, and H,0 proved that
the endogenous cations in SBF facilitated the release of 2-PAM
from the 2-PAM@bio-MOF-1 composite through cation
exchange, which was rapid initially but then slowed as the
incubation period progressed. Treatment of mice poisoned
with a 1.5 X LDy, dose of sarin with the 2-PAM@bio-MOF-1
composite combined with atropine was very effective for
remedying the sarin poisoning and AChE reactivation. The
slow and sustained release of 2-PAM from the composite in the
later stage of incubation would enable a sustained release of 2-
PAM in the blood to avoid tedious and repeated admin-
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istration of 2-PAM and avoid poisoning from excessive
accumulation of the drug after direct, repeated administration.
In addition, the composite was also capable of removing HD
via adsorption and was effective for the epidermal decontami-
nation of HD-poisoned guinea pigs, demonstrating the ability
to detoxify biological tissue and fluid containing HD.
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