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ABSTRACT: Molecular self-assembly can trigger or regulate wu~_n i
specific chemical reactions that would otherwise be infeasible
when molecules exist individually. Supramolecular structures can ‘
significantly affect the rate of chemical reactions; therefore,
optimizing supramolecular structures by manipulating intermolec-
ular interactions is crucial for achieving the desired reactivity.
Melamine is known to form hydrogen bonds with cyanuric acid,
resulting in the formation of a supramolecular network.
Melarsomine, an effective medication for heartworm treatment in
dogs, contains a melamine moiety. It has yet to be studied how the
chemical stability of melarsomine is affected by its interaction with other molecules. Herein, we report the formation of a two-
dimensional supramolecular network between melarsomine and cyanuric acid via hydrogen bonds. This network structure captures

Melarsomine =,

+

Supramolecular Network

Cyanuric acid (Capture of Oxygen)

dissolved oxygen in an aqueous solution, accelerating the oxidative degradation of melarsomine.

1. INTRODUCTION

Supramolecular chemistry explores the unique noncovalent
interactions between molecules, such as hydrogen bonds,
hydrophobic interactions, van der Waals forces, 7—7 inter-
actions, and ionic bonds.'™ Specific structures, including
micelles, vesicles, sheets, networks, and ribbons, can be formed
through the precise control of noncovalent interactions.”™ "
Combining multiple molecules results in supramolecules with
novel and distinct functions not observed in individual
molecules.”'® Among these functions, assembly-driven reac-
tions involve initiating or controllin$ a particular chemical
reaction by forming a supramolecule."” This approach enables
the simple and efficient control of reactions without
modification of other variables. For example, Jiang et al.
assembled a monomer containing an azide and an alkyne into
a nanofiber to induce a click reaction without using a metal
catalyst.'” Wang et al. fabricated vesicles composed of pyridine-
based ampbhiphiles to induce nucleophilic aromatic substitution
reactions through molecular assembly."” This demonstrates a
correlation between the formation of supramolecular structures
and the occurrence of chemical reactions.

Network structures have a greater tendency to undergo
chemical reactions because of their large surface area, which
provides numerous opportunities for chemical interactions and
increases their susceptibility to such reactions.'* Supramolecular
networks can be formed by the interactions of molecular units
through hydrogen bonds; as a result, they exhibit various
structural and physical properties. For example, Zhang et al.
reported that two-dimensional (2-D) hydrogen-bonded supra-
molecular networks can serve as templates for controlling
chemical reactions."® These networks, with tunable cavities of
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different sizes and shapes, have been used as molecular
templates for hosting and spatially confining reactions,
demonstrating their control and predictability in chemical
processes. Kimizuka et al. reported that melamine and cyanuric
acid (CYA) form a unique type of hydrogen bond that results in
the formation of a consecutive supramolecular network.'® In
aqueous environments, functionalized melamine and CYA form
bilayer structures through hydrogen bonds, demonstrating the
adaptability of these networks in various solvents. This
intermolecular interaction involves the sharing of electrons
between the nitrogen atoms of melamine and the nitrogen atoms
of CYA, leading to the formation of a highly stable and organized
structure.'”” Melarsomine, a derivative of melamine, is the
primary component in Immiticide, a canine heartworm
treatment. It is water-soluble and is absorbed by the body and
muscles to eliminate heartworms."® It is important to note that
drugs interact with various molecules, which can affect their
chemical stability and physical properties.'” However, the
chemical instability of melarsomine after interaction with other
molecules and the formation of supramolecular assemblies have
not yet been studied.

Herein, we report a strategy for controlling the decomposition
rate of melarsomine by creating a 2-D network structure using a
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Figure 1. (a) Chemical structures of melarsomine and cyanuric acid (CYA) and the hydrogen-bonded network formed between them. (b) Schematic
illustration of the accelerated oxidation of melarsomine by the supramolecular network created by the assembly of melarsomine and CYA.
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Figure 2. (a) Absorption spectra of melarsomine (M) (600 #M), cyanuric acid (CYA) (600 M), and melarsomine with 1.0, 2.0, and 3.0 equiv of CYA
added. (b) FT-IR spectra of melarsomine, CYA, and melarsomine with added 1.0, 2.0, and 3.0 equiv of CYA. (c) DFT calculations of the hydrogen

bond sites in the supramolecular network formed by melarsomine and 1.0, 2.0, and 3.0 equiv of CYA.
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Figure 3. (a) TEM and (b) optical microscopy images of the assembled structures of melarsomine (600 M) with different amounts of cyanuric acid

(CYA).

supramolecular approach. When CYA was added to melarso-
mine, a network structure spanning several tens of micrometers
was formed. This network structure was created by the
formation of hydrogen bonds between the melamine moiety
of melarsomine and CYA. This network captures ambient
dissolved oxygen, which facilitates the oxidation and decom-
position of melarsomines. This feature promotes efficient
oxidative degradation by exposing drug molecules to oxygen.

2. RESULT AND DISCUSSION

2.1. Self-Assembled Structures of Melarsomine and
Cyanuric Acid. Melarsomine contains a melamine moiety with
a bis(2-aminoethyl) phenylarsonodithioite group (Figure 1a).
Because of the high aqueous solubility of the several amino
groups of melarsomine, no aggregates were observed in its
transmission electron microscopy (TEM) image (Figure S1).
Hydrogen bonds between melarsomine and CYA were utilized
to endow melarsomine with self-assembling features.”® Samples
were prepared by adding different amounts of CYA to
melarsomine, and the intermolecular interactions between
them were studied by using UV—vis spectroscopy. The
absorbance of melarsomine at 275 nm was initially measured
to be 1.44 arbitrary units (AU), gradually decreasing to 1.3S,
1.16, and 0.85 AU with the addition of 1.0 to 3.0 equiv of CYA.
This represents a significant decrease in the absorption
coefficient, indicating that the addition of CYA to melarsomine
imparted aggregation properties (Figures 2a and $2).>' Fourier
transform infrared (FT-IR) spectroscopy was used to investigate
whether CYA formed hydrogen bonds with melarsomine
(Figure 2b). The complex of melarsomine and CYA exhibited
a shift to lower wavenumbers at 1732 cm™" and the emergence of
new bands at 1718 cm™". These changes indicate variations in
the carbongl stretching vibrations of CYA due to hydrogen bond
formation.”” Proton nuclear magnetic resonance ('"H NMR)
spectroscopy revealed that all hydrogen peaks of melarsomine
shifted downfield upon the addition of 1.0 equiv of CYA,

indicating the formation of hydrogen bonds between CYA and
melarsomine (Figure $3).”* However, no discernible additional
shift occurred when more than 1.0 equiv of CYA was added. The
hydrogen peak of the melamine moiety was not observed in the
NMR spectra because of hydrogen—deuterium exchange in
deuterium oxide (Figures S4 and S5). Density functional theory
(DFT) calculations (B3LYP-D3 basis set) revealed the
hydrogen bond sites between melarsomine and CYA. When
1.0 and 2.0 equiv of CYA were used, CYA formed hydrogen
bonds with the melamine moiety of melarsomine. When 3.0
equiv of CYA was used, two CYA molecules formed hydrogen
bonds with the melamine moiety, while one CYA molecule
formed hydrogen bonds with the ammonium moiety of its
aliphatic chain (Figures 2c and S6).

The supramolecular structures formed via hydrogen bonds
between melarsomine and CYA were characterized by
negatively stained TEM. Notably, CYA did not form aggregates
because of its high solubility in aqueous solutions (Figures S7
and S8). The TEM images show sparse networks of the complex
in aqueous solution, with a single-strand width of approximately
10 nm in the presence of 1.0 equiv of CYA. In the presence of 2.0
equiv of CYA, the networks appeared dense. In addition, dense
networks resembling sheets were observed when 3.0 equiv of
CYA was added to melarsomine (Figure 3a). Optical
microscopy (OM) was used to study the assembled structures
ofmelarsomine and CYA in solution. The OM images revealed
that melarsomine and 1.0 equiv of CYA formed irregular
aggregates, while 2.0 equiv of CYA formed networks with a
length of approximately 20 ym. Sheet formation was observed
upon the addition of 3.0 equiv of CYA. The sizes of the sheets
ranged from 2 to 10 pm, indicating the significance of CYA
concentration on their morphology (Figure 3b).

2.2. Oxidative Degradation of Melarsomine Driven by
Supramolecular Structures. As many drugs are generally
degraded by oxidation or hydrolysis for elimination from the
body, the decomposition of melarsomine under oxidation
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Figure 4. (a) Molecular structures, HPLC results, and "H NMR spectra of unoxidized and oxidized melarsomine. (b) Percentage of unoxidized
melarsomine in supramolecular structures formed by melarsomine and CYA during 6 h of exposure to air. (c) Relative amount of dissolved oxygen in
the solution containing the supramolecular structures. *p < 0.05; ***p < 0.001 (n = S).

conditions was studied using HPLC.”* In the HPLC chromato-
gram, the peak observed at 11.5 min corresponded to
melarsomine. A small peak was detected at 10 min, which was
then analyzed by using mass spectrometry. A mass peak with an
M value of 368.1 was observed, which indicated that the bond
between arsenic and sulfur was cleaved, and oxygen
subsequently bonded to the arsenic atom (Figure $9).**° To
confirm that the observed product was formed through
oxidation, a small amount of 1% hydrogen peroxide was added
to the melarsomine solution. An increase in the peak area at 10
min and a decrease at 11.5 min were observed in the HPLC
chromatogram (Figure 4a). 'H NMR spectra revealed an
increase in the intensity of peaks A’, B, C’, and D’ in oxidized
melarsomine compared to peaks A, B, C, and D in melarsomine
after exposure to oxidation conditions for 1 h (Figures 4a, S10,
and S11). Based on these combined results, we can conclude
that the peak at 11.5 min in the HPLC chromatogram represents
unoxidized melarsomine, while the peak at 10 min represents
oxidized melarsomine.

The molecular assembly of compounds can alter their
chemical reactivity, leading to different reactions. Our study
aimed to investigate whether the supramolecules formed by
melarsomine and CYA could modify the oxidation rate of
melarsomine. After adding CYA to melarsomine in an aqueous

30989

solution, the resulting supramolecular structures were exposed
to air with stirring for 0—6 h (Figure S12). The percentage of
oxidized melarsomine in the mixture was analyzed using HPLC.
After 6 h of exposure to oxygen, only 10% of melarsomine in the
sample without CYA was oxidized (Figure 4b). Melarsomine
assembled with 2.0 equiv of CYA showed the highest reactivity,
with 30% oxidation after 6 h. In contrast, when 1.0 and 3.0 equiv
of CYA were added, only 26% and 23% of melarsomine,
respectively, underwent oxidation. Therefore, the supramolec-
ular networks formed by 2.0 equiv of CYA and melarsomine
were more effective in oxidizing melarsomine than the irregular
aggregates (formed using 1.0 equiv of CYA) and sheets (formed
using 3.0 equiv of CYA). TEM images revealed that the
supramolecular networks maintained their original structure
after 6 h of oxidation (Figure S13). To understand the rapid
oxidation of melarsomine in its supramolecular network
structure, we prepared samples by using an aqueous solution
purged with argon gas. Subsequently, the samples were exposed
to air and stirred for 30 min. The samples were tested for the
quantity of dissolved oxygen not captured by the supramolecular
structure by using a dissolved oxygen meter. Interestingly, the
amount of dissolved oxygen within the supramolecular networks
was only 59% of that in melarsomine alone (Figure 4c). There
was a significant difference between the rate of melarsomine
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oxidation and that of oxygen captured by the supramolecular
network. This indicates that the networks captured dissolved
oxygen prior to melarsomine oxidation. To verify that CYA does
not affect the concentration of dissolved oxygen, various
concentrations of CYA were dissolved in water and aerated for
30 min with continuous stirring. Subsequently, the dissolved
oxygen levels in these samples were measured. The results
showed that the concentration of dissolved oxygen remained
consistent across different CYA levels, demonstrating that CYA
did not affect the amount of dissolved oxygen (Figure S14). We
then investigated whether adding 2.0 equiv of CYA to
melarsomine traps dissolved oxygen within the formed supra-
molecular networks by examining the effect of network
concentration. Samples of supramolecular networks at concen-
trations of 600 M, as well as their dilutions to 300 and 150 uM,
were exposed to air for 30 min. The dissolved oxygen levels were
then measured. As the concentration of the networks decreased,
the amount of dissolved oxygen in the samples increased (Figure
815).

To determine whether oxygen captured by the supra-
molecular networks was more than just a structural phenom-
enon, we conducted experiments involving the molecular
assembly of cyromazine (CYR), a cyclopropyl derivative of
melamine, and CYA (Figure SSa). The TEM images used to
identify the supramolecular structure of CYR and CYA in
aqueous solution revealed that 1.0 equiv of CYA produced loose
networks, 2.0 equiv resulted in dense networks, and 3.0 equiv
produced very large sheet-like structures (Figure S16a). The
structures of the complexes formed between CYR and CYA were
comparable to those of the complexes formed between
melarsomine and CYA. To assess the oxygen capture capabilities
of the supramolecular structures formed using CYR and CYA,
we conducted dissolved oxygen measurements. These results
indicated that none of the supramolecular complexes composed
of CYR and CYA could capture oxygen (Figure S16b). The
results of the study showed that supramolecular networks
formed by combining 2.0 equiv of CYA with melarsomine
capture surrounding oxygen molecules more efficiently than the
smaller aggregates formed using 1.0 equiv of CYA and the sheets
formed using 3.0 equiv of CYA. The extensive surface area of
these 2-D networks allows melarsomine better access to the
oxygen trapped in the solution, thereby facilitating oxidation
reactions.

3. CONCLUSIONS

We investigated the 2-D supramolecular structures formed by
combining melarsomine and CYA through hydrogen bonds.
These networks were assembled by varying the concentration of
CYA to 1.0, 2.0, and 3.0 equiv relative to melarsomine. Optical
microscopy images revealed that 1.0 equiv of CYA and
melarsomine formed irregular aggregates, while 2.0 equiv
formed networks, and 3.0 equiv produced sheets. Dissolved
oxygen measurements demonstrated that the supramolecular
network formed by melarsomine with 2.0 equiv of CYA trapped
oxygen more effectively than the other structures. This
enhanced oxygen capture, facilitated by the large surface area
of the network at both the nano- and microscales, was further
confirmed by HPLC. This analysis indicated that oxygen
absorption by the network promoted the oxidation of
melarsomine. This oxidation is crucial, as it exposes arsenic in
melarsomine to oxygen, promoting an oxidation reaction. In this
study, we utilized CYA to enhance the assembly driven reaction
of melarsomine and control its oxidation rate. This study

represents a significant initial step toward understanding the
mechanisms of melarsomine oxidative degradation.

4. EXPERIMENTAL SECTION

4.1. General Methods. All solvents and organic reagents
were obtained from commercial suppliers and used without
further purification. Sterile Immiticide powder (melarsomine
dihydrochloride) was obtained from Boehringer Ingelheim.
Distilled water (DW) was obtained by ion-exchange deion-
ization and filtration. Mass spectrometry was performed using an
Expression CMS (Advion) electrospray ionization (ESI) mass
spectrometer. Absorption spectra were obtained by using a
PerkinElmer Lambda 465 UV—visible spectrophotometer.
Fourier transform infrared spectroscopy (FT-IR) was performed
by using a Shimadzu IRSpirit instrument in the ATR mode. 'H
NMR spectra were obtained on a 400 MHz FT-NMR
spectrometer using a JNM-ECZ400S/L1. HPLC was performed
using a Shimadzu LC-20AR instrument equipped with a YMC-
Triart C18 column (250 X 4.6 mm LD. S-S ym). Optical
microscopy (OM) images were obtained using a Leica DMi8
fluorescence microscope, and the results were analyzed using the
LAS X software (version 3.7.1.21655).

4.2, Preparation of Supramolecular Materials. The DW
used to prepare the supramolecular materials was purged with Ar
to make them as oxygen-free as possible. Powdered melarsomine
(Immiticide) and CYA were dissolved in DW to prepare a stock
solution with a concentration of 0.1 wt %. The stock solution
was transferred to a sterile vial via a Hamiltonian syringe, and
DW was added to achieve the target concentration of the
sample. The vials containing the samples were purged with Ar
and sealed. The samples were then sonicated for 30 min under
ambient conditions. All samples were incubated in the dark in a
refrigerator at 4 °C until the supramolecular structures
stabilized.

4.3. FT-IR Spectroscopy. The FT-IR spectra of melarso-
mine and CYA were measured in the ATR mode. The FT-IR
spectrum of the sample in which melarsomine (600 uM) and
CYA were coassembled was measured after concentrating the
sample by repeated drop-casting. The resolutions of all samples
were set to eight.

4.4. Molecular Simulations. Molecular simulations were
conducted between melarsomine and CYA using the Jaguar
module in Schrodinger Maestro software. The B3LYP-D3
functional and the 6-31G** basis set and the Poisson—
Boltzmann/Fermi (PBF) water solvent model were employed.
The dispersion calculation for BSLYP-D3 in density functional
theory (DFT) is a valuable tool for the precise modeling of
hydrogen-bond interactions. By including a dispersion correc-
tion (D3) to the B3LYP functional, it becomes possible to more
accurately capture the weak, noncovalent forces that play a
crucial role in hydrogen bonding scenarios. The PBF water
solvent model provides a more accurate representation of
solvent molecules, particularly water, in simulations. It uses the
Poisson—Boltzmann theory to account for electrostatic
interactions and the Fermi-like distribution function to simulate
the behavior of water molecules around solutes. This approach
offers a detailed representation of solvation effects, which is
especially useful for studying biomolecular systems.

4.5. Transmission Electron Microscopy. The prepared
sample solution (2 uL) was drop-cast onto a carbon-coated grid
(Carbon Type B, 12—25 nm thickness, 200 mesh, with Formvar;
Ted Pella, Inc.). The solution was then evaporated under
ambient conditions and stained by depositing a drop of filtered
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uranyl acetate aqueous solution (0.4 wt %) on the surface of the
sample-loaded grid. The dried specimen was observed using a
Hitachi H-7650 instrument operated at 100 kV in a high-
contrast mode.

4.6. Optical Microscopy. Ten microliters of the sample
solution was dropped onto a glass slide and covered with a cover
glass. The prepared specimens were observed at 100X
magnification using an optical microscope.

4.7. HPLC Experiments. First, 20 uL of a sample solution
prepared by incubation was injected into the HPLC instrument.
The weight of the vial containing the sample was then measured,
followed by stirring for a predetermined time. Then, DW was
added to the vial until the desired weight was reached before
stirring again. Subsequently, the weight of the vial was measured
again to maintain the concentration of the sample solution
constant. Thereafter, DW was added until the desired weight
was reached before stirring. This process was repeated to
maintain the concentration of the solution, and the amount of
unoxidized melarsomine was analyzed. All samples were
analyzed using reverse-phase HPLC. We used a solvent system
comprising water/acetonitrile in a 95:5 ratio with a transition to
a 0:100 ratio over 30 min. The solvent system contained 0.1%
trifluoroacetic acid. A C18 analytical column was used, and
quantification was based on the area ratio of the result detected
at 254 nm.

4.8. Dissolved Oxygen Measurements. A vial containing
the sample solution was opened and stirred for a specific
duration. The amount of dissolved oxygen in the sample
solution not captured by the supramolecular structures was
measured using a dissolved oxygen meter (CAS Dissolved
Oxygen TESTER DM-2).

4.9. Statistical Analysis. All tests were conducted in
triplicate, and the results were presented as mean =+ standard
deviation. Student’s ¢ test and one-way analysis of variance
(ANOVAs) with posthoc Tukey’s honest significant difference
(HSD) test were used for statistical comparisons between
groups. Statistical significance was set at p < 0.0S.
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