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Flexible organic frameworks sequester
neuromuscular blocking agents in vitro and reverse
neuromuscular block in vivotf
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Supramolecular sequestration and reversal of neuromuscular block (NMB) have great clinical applications.
Water-soluble flexible organic frameworks (FOFs) cross-linked by disulfide bonds are designed and
prepared. Different linker lengths are introduced to FOFs to give them varied pore sizes. FOFs are
anionic nanoscale polymers and capable of encapsulating cationic neuromuscular blocking agents
(NMBAs), including rocuronium (Roc), vecuronium (Vec), pancuronium (Panc) and cisatracurium (Cis). A
host—guest study confirms that FOFs bind NMBAs in water. The multivalency interaction between FOFs
and NMBAs is able to sequester NMBAs, and prevent them from escaping. These FOFs are non-toxic and
biocompatible. Animal studies show that FOFs are effective for the reversal of NMB induced by Roc, Vec
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Introduction

The sequestration of pharmaceutical agents, drugs and toxins
has great clinical applications." The clinical uses of seques-
tration include emergency treatments for drugs of abuse,** the
prevention of harmful side effects of pharmaceuticals,”® or the
reversal of neuromuscular block (NMB).>**

Supramolecular sequestration often serves as a pharmacoki-
netic approach, and involves molecular recognition.’*** One
important clinical example of a supramolecular sequestration
agent is sugammadex, a y-cyclodextrin derivative, which binds
neuromuscular blocking agents (NMBAs) and reverses their
NMB.**"” Other molecular containers, including cucurbit[n]
uril-family hosts and water-soluble pillar[n]arenes have also
been reported to sequester NMBAs.*** Nevertheless, molecular
containers lack the structural tunability to be optimized for the
binding of NMBAs and other sequestration targets. By contrast,
framework materials may be fine-tuned for binding and
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sequestration by simply changing the building blocks and
cross-linkers.?>?

Herein, we explore the sequestration of NMBAs by frame-
work materials. Metal-organic frameworks (MOFs),>*2¢ cova-
lent-organic frameworks (COFs)**® and supramolecular-
organic frameworks (SOFs)*-** are important framework mate-
rials. To sequester NMBAs, we use a new type of framework,
flexible organic frameworks (FOFs), which are biocompatible,
stable and capable of encapsulating pharmaceutical or biolog-
ical guests.**** For this purpose, FOFs cross-linked by disulfide
bonds are prepared and used. The resulting water-soluble
anionic FOFs are capable of encapsulating NMBAs through
hydrophobic and electrostatic interactions. Considering the
original intention of modular design, different core moieties
were introduced which realized the change in pore size of FOFs
and the size of hydrophobic surfaces. These FOFs are confirmed
to effectively sequester NMBAs in vitro and reverse the NMB in
vivo.

Results and discussion
Synthesis of precursors T1-T3

The synthetic routes of precursors T1-T3 are outlined in
Schemes S1-S3,1 respectively. The linker moiety Boc-Cys(Trt)-
Asp-(OMe), was synthesized from two essential amino acid
derivatives by the conventional EDCI/HOBt condensation reac-
tion. Triphenylmethane is a sulthydryl protective group sensi-
tive to medium-strong acid. Formic acid was used to remove the
Boc protecting group to yield Cys(Trt)-Asp-(OMe),. The EDCI/
HOBt condensation reaction failed to achieve high yield
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conversion in the next amidation step. Therefore, TCPM was
converted to acyl chloride, followed by the reaction with amine.
T1-(Trt),-(OMe)g was obtained in high yield by column chro-
matography and recrystallization (yield 56%). The protective
group of sulthydryl was removed by TFA. To protect the sulf-
hydryl group from oxidation in air, the Schlenk technique was
used to maintain an anaerobic environment during the ester
hydrolysis reaction to obtain T1. Detailed synthetic procedures
are available in the ESL ¥

For precursors T2 and T3, acrylate and benzoate fragments
were introduced into core moieties through the common
coupling reaction, and then the modified derivatives of core
moieties were obtained through ester hydrolysis.*>*® The
following module splicing, deprotection and ester hydrolysis
reactions were operated using the procedures described for T1.

Construction and characterization of FOFs

As shown in Scheme 1, compounds T1-3 were used as precur-
sors to prepare FOF-SS1-3. Precursors T1-3 shared the same core
moiety of tetraphenylmethane and flexible linkers of cysteine—
aspartic acid dipeptide, which were conjugated with a C-C
single bond, ethylene group or p-phenyl group. The three
different conjugation groups gave FOF-SS1-3 different pore sizes
and recognition cavities. The porous polymeric FOFs were
constructed by dynamic covalent disulfide cross-linking with
H,0, oxidation under alkaline conditions. The resulting FOFs
are three-dimensional porous structures based on precursors
T1-3 and cross-linked by disulfide bonds. Two monocationic
NMBAs (rocuronium or Roc and vecuronium or Vec) and two
dicationic NMBAs (cisatracurium or Cis and pancuronium or
Panc) were chosen for the study.

We used '"H NMR spectroscopy to study the formation of
FOF-SS1-3. Briefly, precursors T1-3 (5 mM) were dispersed in
D,0. Precursors were neutralized with a stoichiometric amount
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Fig. 1 (a) *H NMR spectra (400 MHz, D,O, 298 K) recorded for the
formation of FOF-SS1 after the oxidant was added. *H NMR spectra
(400 MHz, DMSO-de, 298 K) recorded for (b) T1 and acidulated FOF-
SS1, (¢) T2 and acidulated FOF-SS2, and (d) T3 and acidulated FOF-SS3.
(e) Size distribution of Cis, T1-3, FOF-SS1-3 and FOF-SS1-3 + Cis in
water. (f) Size distribution of FOF-SS1 at different concentrations in
water (calculated based on [T1]).

of NaOH and oxidized by four equivalents of H,O,. Sodium
iodide played a role as a catalyst in the oxidation process. This
condition could ensure a rapid and clean oxidation reaction.*”
'H NMR spectra showed the emergence of a new set of reso-
nances shortly after the oxidant was added, which remained
unchanged after that (Fig. 1a, S10 and S117). This observation
indicated that the cross-linking reaction was rapidly completed.
The originally sharp and clearly split peaks became wider and
more complex, which proved the formation of a new material.
After incubation for 24 h at 310 K, the 'H NMR spectra remained
the same as the initial state, confirming that an equilibrium had
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Scheme 1 Synthetic scheme for FOF-SS1-3 and chemical structures of NMBAs and acetylcholine.
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been quickly reached. To confirm the formation of disulfide
bonds, the products of the FOF-SS1-3 cross-linking reaction
were acidulated by an excess amount of hydrochloric acid, and
the precipitate was collected and dried under high vacuum. As
shown in Fig. 1b-d, the proton resonance of sulfhydryl groups
almost completely disappeared on the 'H NMR spectra of
acidulated FOF-SS1-3, which indicated the cross-linking of
sulfhydryl groups and the formation of disulfide bonds.

Next, the formation of FOFs was investigated by dynamic
light scattering (DLS) in water. Briefly, neutralized precursors
T1-3 (1 mM) were incubated in an aqueous solution of H,0, (4
mM), and the size distribution was monitored by DLS. As shown
in Fig. le, before H,O, was added, precursors T1-3 alone
demonstrated a hydrodynamic diameter (Dy) of 2.0-2.3 nm.
After incubation for one hour, the Dy of the reaction solution
increased to 68 nm, 44 nm and 106 nm for precursors T1-3,
respectively, confirming the cross-linking and formation of
FOF-SS1-3. When FOF-SS1-3 were diluted by 50 times, the
hydrodynamic diameter did not show a noticeable change,
suggesting that the cross-linking of FOFs prevented them from
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Fig. 2 H NMR spectra (400 MHz, D,0, 298 K) recorded for (a) FOF-
SS3 (2 mM, calculated based on [T3]), (b) a mixture of FOF-SS3 (2 mM)
and Cis (2 mM), and (c) Cis (2 mM).
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dissolution or swelling (Fig. 1f and S151). Combined with the
above stability test in "H NMR, the rapid formation and stability
of the compound were verified which ensured repeatability of
material preparation. When equivalent Cis was added, the
hydrodynamic diameter of FOFs did not show a noticeable
change, indicating that guest molecules did not have a signifi-
cant impact on the size of FOFs. The size distribution of Cis (<1
nm) was not observed, which indicated that Cis was drilled into
the cavities of FOFs rather than dispersed in the solution. All
three FOFs were easily dispersed to form homogeneous and
clear solutions in water up to 50 mg mL " due to the solubility
enhancement of carboxylic acid groups. The carboxylic acid-rich
structure also explained the negatively charged ¢ potential, with
that of —44.2 mV, —44.9 mV and —42.8 mV for FOF-SS1-3,
respectively.

Supramolecular interaction between FOFs and NMBAs in vitro

The pore sizes of FOF-SS1-3 were calculated to be approximately
3.0-4.9 nm, spacious enough to accommodate NMBAs. FOFs
are abundant with negatively-charged carboxylic acid groups,
which render them capable of binding cationic NMBAs. We
used 'H NMR spectroscopy to study the binding in water. As
shown in Fig. 2a-c, when mixed with FOF-SS3, methylene
protons (H;-Hj3) of the alkyl chains and the aromatic proton
(H,) in Cis underwent significant (0.25-0.3 ppm) upfield
shifts.*® In addition, other protons also moved upfield slightly,
which suggested the shielding nature of FOF cavities. The same
upfield shifted resonances were observed for Cis when mixed
with FOF-SS1-2 (Fig. S16 and S17f). Similarly, when FOF-SS3
and steroidal NMBAs (Roc, Vec and Panc) were mixed, reso-
nances of steroidal protons (H,-Hj,) shifted dramatically
upfield (Fig. S18-S207).® Therefore, FOFs are capable of
encapsulating NMBAs.

A fluorescence titration experiment was employed to study
the interaction between Cis and FOFs. Fig. 3a shows that with
the gradual addition of Cis into a solution of FOF-SS3 with
a fixed concentration, the emission intensity at 752 nm
decreased significantly. The emission intensity-Cis concentra-
tion curve reached a plateau when the concentration
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Fig. 3

(a) Fluorescence titration of FOF-SS3 (50 uM in PBS) by adding Cis (0-60 pM), Aex = 325 nm and Aem = 752 nm. (b) Plot of differential

power (ucal s73) vs. time from the titration of FOF-SS3 (0.1 mM) and with Cis (0.8 mM) in PBS (pH 7.4) and plot of the AH vs. molar ratio. The red
line represents the best non-linear fit of the data K, = (1.04 + 0.11) x 10°> M™% (c) The time-dependent change of residual Cis with FOFs in

a dialysis bag. [FOF-SS1] = [FOF-SS2] = [FOF-SS3] = 10 mg mL*and
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Table 1 Binding constants (K, M~Y) for the complex of FOFs and
NMBAs determined by ITC. Conditions: PBS, pH 7.4, 298 K

NMBAs FOF-SS1 FOF-SS2 FOF-SS3

Cis (1.56 & 0.65) x 10* (3.11 £ 0.41) x 10* (1.04 + 0.11) x 10°
Roc (1.39 & 0.86) x 10* (1.30 £ 0.37) x 10* (2.78 + 0.50) x 10"
Vec (1.33 4+ 0.47) x 10* (1.79 £ 0.25) x 10* (5.36 + 0.41) x 10"
Panc  (2.56 + 1.16) x 10" (1.84 4+ 0.69) x 10* (6.95 & 0.52) x 10"

approached 50 uM. This observation indicated that Cis entered
the cavity of the FOF and greatly reduced the fluorescence
emission intensity, which could be explained by the electro-
static interaction between FOF-SS3 and Cis.

To quantitatively analyze the binding strength, isothermal
titration calorimetry (ITC) was employed to determine the
binding constants of FOFs and NMBAs. The titration curves
were well fitted with a 1 : 1 binding model. As shown in Fig. 3b,
$21-S23.7 The value of K, for the complex of FOF-SS1-3 and Cis
was determined to be (1.56 £ 0.65) x 10* M™%, (3.11 + 0.41) x
10* M~ and (1.04 £ 0.11) x 10°> M, respectively. The values of
K, for the complexes of FOFs and other NMBAs were deter-
mined by ITC and are summarized in Table 1. The binding
strength between FOFs and all the four NMBAs was comparable,
indicating that the electrostatic interaction between anionic
carboxylate and cationic NMBAs was the key factor in deter-
mining the binding strength. The binding strength of FOF-SS3
towards NMBAs was slightly higher compared to that of the
other two FOFs, showing that the introduction of a benzene
moiety into the FOF helped enhance hydrophobicity and
improve binding strength. Acetylcholine (ACh) is a neurotrans-
mitter involved in the NMB process. "H NMR spectroscopy was
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employed to compare the interactions between FOFs and Ach or
Cis (Fig. S241). When equivalent stoichiometric FOFs and Ach
were mixed, significant (0.26-0.30 ppm) upfield shifts of Hs and
Hg in Ach were observed. However, as Cis was added, even
excessive ACh did not show stronger competitiveness. The
signal of ACh was consistent with that of pure Ach, while that of
Cis still moved upfield. The competitive assays showed that the
binding towards NMBAs was significantly stronger compared to
that of ACh.

Dialysis experiments were conducted to evaluate the capa-
bility of FOF-SS1-3 to encapsulate Cis. Briefly, a solution of FOF-
$S1-3 (10 mg mL ") and Cis (1 mg mL™") in phosphate buffered
saline (PBS, pH 7.4) was kept in a dialysis bag (MWCO 1000),
and dialyzed against PBS. A solution of Cis alone was used as
the control group. The dialysis rate of Cis escaping from the
dialysis bag was determined by high-performance liquid chro-
matography (HPLC), and plotted against time. A concentration-
absorption standard curve of Cis was plotted which represented
absolute linearity (R* = 0.9996, Fig. S251). As shown in Fig. 3c,
while approximately 30% of Cis escaped from the dialysis bag
containing a solution of Cis within one hour, FOF-SS1-3 reduced
the escaping rate to no more than 5%. FOF-SS3 demonstrated
the best retaining ability due to its highest binding strength.

Biocompatibility of FOFs in vitro

Cytotoxicity and hemolysis assays were used to verify the
biocompatibility of FOFs. The cytotoxicity of FOF-SS1-3 for L02
and H9C2 cells was evaluated using CCK-8 assay. The results
showed that the cells maintain a high survival rate (>85%) even
at the highest concentration of FOF-S$1-3 (512 pg mL™"). There
was no noticeable sign of apoptosis, indicating the low
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Fig. 4 Cell viability values (%) of HOC2 and L0O2 cells estimated by CCK-8 versus incubation concentrations of (a) FOF-SS1, (b) FOF-SS2, and (c)
FOF-SS3. The hemolytic ratio (%) of human and rat erythrocytes versus incubation concentrations of (d) FOF-SS1, (e) FOF-SS2, and (f) FOF-SS3.
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cytotoxicity (Fig. 4a—c). To carry out the hemolysis assay, healthy
erythrocytes were transferred into centrifuge tubes and saline
with different concentrations of FOF-SS1-3. The absorbance of
each sample was recorded at 545 nm using a microplate reader
to determine the erythrocyte cell rupture ratio. As shown in
Fig. 4d-f, the hemolysis rates for all the three FOFs were below
5%, which proved that they did not induce hemolysis.*

Experiment for reversal of NMBAs in vivo

Lastly, we tested the ability of FOF-SS1-3 to reverse NMB in vivo.
For this purpose, rats (n = 6) were anesthetized with isoflurane
and instrumented with an intravenous line, an arterial line and
electrodes to stimulate the femoral nerve. The twitch response
of the quadriceps muscle was measured by the acceleration
sensor of the Algo TOF-Watch monitor with continuous stim-
ulation at 10 mA current. The monitor was calibrated to ensure
a stable response to stimulation, and then switched to TOF
mode with continuous stimulation. As the anesthesia started,
mechanical ventilation was used to maintain the breath, and
Cis was administered by intravenous injection (0.6 mg kg,
two-fold ED90).*® Thirty seconds later, the quadriceps muscles
were completely relaxed (T1 and TOF to 0). Rats were adminis-
trated with placebo (0.5 mL), neostigmine bromide (0.06-0.24
mg kg™ ) or FOF-SS81-3 (40-120 mg kg™ ).

As shown in Fig. 5, FOF-SS1-3 can significantly accelerate the
recovery of neuromuscular transmission (TOF to 90%)
compared with a placebo and neostigmine (placebo: 774 + 127
s; neostigmine: 210 £ 19 s; FOF-SS1: 202 + 42 s; FOF-SS2: 187 +
36 s; FOF-SS3: 115 + 17 s). The clinical drug neostigmine could
shorten the recovery time of NMB induced by Cis compared
with a placebo, which was based on the strategy of inhibiting
the hydrolysis of acetylcholine.* Herein we adopted the strategy
of sequestering NMBAs to accelerate the recovery of nerve
transmission. FOF-SS1-3 could shorten the time by 2.8, 3.1 and
5.7-fold compared to the spontaneous recovery time at the
maximum dose. FOF-SS3 showed the highest reversal efficiency,
which was consistent with its highest K, value based on ITC.
The recovery time was further shortened than that of neostig-
mine. Simultaneously, we could observe that with the
increasing dosage of FOFs, it showed a significantly improved
antagonistic effect against NMB. For FOF-SS3, it reached
a plateau at 60 mg kg ' while FOF-S$1-2 may achieve it at
a higher dose.

Encouraged by the good performance in reversing Cis
induced NMB, we further explored the potential application of
FOF-SS3 in reversing NMB induced by Roc or Vec. FOF-SS3
significantly accelerated the reversal of NMB induced by Roc
(placebo: 510 + 118 s; neostigmine: 362 + 38 s; FOF-SS3: 142 +
7.5 s) and Vec (placebo: 555 + 112 s; neostigmine: 313 + 64 s;
FOF-SS3: 115 + 19 s). We found that neostigmine can slightly
shorten the recovery time while FOF-SS3 could further shorten
the time to a train-of-four ratio of 0.9 by 2.6 and 3.8-fold
compared to placebo. FOF-SS3 could antagonize benzylisoqui-
nolinium and aminosteroid NMBAs, which may act as a broad-
spectrum reversal agent, while the commercial drug sugam-
madex was only used for aminosteroid NMBAs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Time to train-of-four (TOF) ratio of 0.9 recovery from: (a) Cis,
(b) Roc (solid line) and Vec (dotted line) induced NMB after adminis-
tration of FOFS, neostigmine or placebo. FOF-SS3 accelerated
recovery significantly compared with a placebo (*P < 0.0001).

Conclusions

In summary, we constructed three negatively charged and
disulfide cross-linked FOFs by oxidative coupling of sulthydryl
groups. FOFs are capable of encapsulating NMBAs due to the
synergy between electrostatic and hydrophobic interactions.
These FOFs are nontoxic and biocompatible. Animal studies
confirm that FOFs are able to efficiently reverse NMB in vivo.
This study paves the way to explore other clinical applications of
supramolecular sequestration by framework materials.
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