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Abstract: In this research, graphene-surface was used as an adsorbent for the evaluation of the su-
pramolecular interaction energies of Tetrodotoxin and molecular analogs using Merck Molecular
Force Field (MMFF94). Energy values obtained for Tetrodotoxin supramolecular complexes with
graphene sheet and analogs are comparable with values found for the same interaction study for
Paralytic shellfish poisoning. All optimized supramolecular complexes lie within an energy window
of 2 kcal/mol. The higher adsorption capacity was found by a simulated reduced-GO sheet when
comparing the energy of TTX supramolecular complexes. These rGO interaction values from the
MMFF94 model result in a better predictive retention time pattern comparing chromatographic elu-
tion using a HPLC-Hypercarb column.
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1. Introduction

Tetrodotoxin (TTX) is a low molecular weight non-proteinaceous potent neurotoxin.
TTX has a heterocyclic structure consisting of a guanidinium group and a 2,4-dioxaada-
mantane skeleton with five hydroxyl moieties (Figure 1). TTX polarity is comparable to
saxitoxin despite having only one guanidinium group'-=.

(b)

Figure 1. Structure of Tetrodotoxin. (a) atom position, (b) TTX guanidinium-cation ball and stick
representation TTX has similar biological activity blocking the voltage-sensitive Na+ channel as
STX. Tetrodotoxin and analogs are the active toxins of pufferfish poisoning. The positive guani-
dinium group is charged at physiological pH and the hydroxyl groups are responsible for binding
to the sodium channel (Figure 2)*
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Figure 2. TTX charge state as a function of the respective pKas values. pKa1 =8.76 for C10-hydroxyl
group>®. *pKaz = 11.28 taken from pkas from saxitoxin’s 1,2,3-guanidinium group’. pka of the guan-
idine in TTX cannot be determined accurately because of decomposition in basic solution®. Guani-
dinium cation structures stabilized by resonance are depicted only for zwitterionic form.

Tetrodotoxin exists as a mixture of hemilactal and lactone forms, Figure 3. TTX NMR
analysis from Laboratorio CIFGA S.A. in aqueous [AcOH] = 1 mM, pH = 3.91 reveals an
hemilactal and 10,7-lactone ratio around 3.6—4.4 similar to those found in the literature,
around 4:1 ratio. The rigidity of the entire skeleton is undoubtedly a factor that favors
equilibration with the hemilactal form, resulting in the formation of the dioxaadamantane
nucleus®.
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Figure 3. Tetrodotoxin moieties interconversion in aqueous media. Experimental qNMR data at
25°C in CD3COOD/D20 (4/100, v/v) show a ratio hemilactal/10,7 lactone = 3.6 — 4.4. Tetrodonic

acid is obtained when tetrodotoxin is refluxed in water.

Moreover, TTX also exists as a chemical equilibrium mixture of TTX, 4-epiTTX, and
4,9-anhydroTTX in acidic aqueous solution (Figure 3). Tetrodotoxin turned into 4-epiTTX,
and 4,9-anhydroTTX in acidic aqueous solution at 80° C and partially further into tetro-
donic acid at 90°C. TTX epimerization yields instability of TTX in solution, this epimeri-
zation takes place through special C-4 adjacent to N-3 of the guanidinium group, i.e., 4-
Deoxy-tetrodotoxin is very stable as it did not change in a water solution after being boiled

for 2 hs.

There are more than 30 naturally occurring analogs of TTX whose degree of toxicity
vary according to structure: number and position of hydroxyl groups present in the struc-
ture. TTX and its analogs are widely distributed among marine and terrestrial animals
and have the potential to induce dangerous intoxications. Their toxicity varies with struc-
ture?. Itis found that deoxy analogs of TTX are less toxic than TTX, while hydroxyl analogs

are more toxic!. TTX analogs studied in this research are shown in Figure 4.

6-epiTTX 11-deoxyTTX
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Figure 4. Tetrodotoxin analogs studied in this research.

The counterpart to toxins in this theoretical study is Graphene (G). Graphene, a
promising material in the field of nanotechnology, is a nanosheet of sp2-carbon atoms
organized in a hexagonal lattice. Graphene-based materials (GBMs) are materials with
great potential to be used as a sorbent due to their very large surface area'®!!. Graphene
oxide and reduced graphene oxide are graphene derivatives whose main difference lies
in oxygen content:

Graphene oxide (GO): the oxidized form of graphene. The abundance of functional
groups results in a hydrophilic behavior strongly dependent on the oxidation level. The
C/O ratio is low. Graphene is known to be a hydrophobic material, whereas GO contains
nanoscale hydrophilic and hydrophobic domains'2.

Reduced graphene oxide (rGO): reduction of graphene oxide, still contains residual
oxygen and structural defects originated. The C/O ratio is higher than GO and also almost
zero. The higher the C/O ratio the closer the properties of rGO to the properties of gra-
phene. The rGO monolayer used in this research is obtained by tuning the oxygen content
of the graphene framework used for primary calculations, Figure 5.
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Figure 5. MMFF94 Minimized Chemical 3D frameworks of the Graphene sheet (a) and designed
reduced graphene oxide (b) used in this research. Molecular formulas are C23sHa0 and C234Ha4Os for
Graphene and rGO respectively. rGO is constructed from graphene by hydroxyl and epoxy groups
addition. The optimized graphene structure is almost planar while the inclusion of epoxy and hy-
droxyl groups results in a noticeable curvature for the rGO.

The presence of tetrodotoxin and its analogs in several kinds of matrixes can be de-
termined by several detection methods'>'5. Recently, we developed a liquid-chromatog-
raphy method with fluorescence detection or MS/MS to analyze TTX and PSPs in shellfish
matrixes. It was based on the use of a porous graphitized column, Hypercarb (Figure
6)1617.
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Figure 6. Chromatography of PSPs + TTXs on Hypercarb column.
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Commercial TTX purified from pufferfish is typically sold in two forms, with or with-
out citrate buffer. Laboratories under an ISO 17025 accreditation need to validate meas-
urement results are traceable through certified reference materials (CRMs) from a compe-
tent producer whose measurements of concentration, uncertainty values, homogeneity
and stability studies are clearly stated, namely that are fully metrologically traceable?s.

Certified Reference Material of TTX including a mixture of TTX, 4-epiTTX, and 4,9-
anhydroTTX in acidic aqueous solution is supplied by Laboratorio CIFGA S.A. stipulated
by ISO 17034:2016 accreditation. Certified Reference Material of TTX, CRM-03-TTXs (20-
001), presents a 73.9 % (TTX): 20.2 % (4,9-anhydroTTX): 5.9% (4-epiTTX) ratio in aqueous
[AcOH] = 1 mM, pH 3.91. Data are similar to the ratio 4:1 for TTX:4,9-anhydroTTX pair
(NMR) for the slow equilibrium mixture of TTX and 4,9-anhydroTTX5.

This batch also contains small amounts of non-certified analogs: tentative 4,4a-anhy-
dro Tetrodotoxin (4,4a-anhTTX), monoformyl Tetrodotoxin (monoformylTTX) and 11-de-
oxy Tetrodotoxin (11-deoxyTTX) which could be significant to settle retention time of
these minority analogs?.

Commercial TTX Certified Reference Materials are obtained based on a primary
quantification using gNMR spectroscopy and a secondary quantification using HILIC-
MS/MS. The fact of introducing a different separation methodology, Hypercarb, allows
presenting a better characterization of the impurities in the certificates. Both CRM-03-
TTXs batches 12-001 (obsolete) and 20-001 (updated) present: TTX, 4-epiTTX, and 4,9-an-
hydro-TTX by equilibrating tetrodotoxin in aqueous solution and re-analyzed by HPLC-
MS/MS on Hypecarb column, Figure 7.
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Figure 7. Chromatography of CRM-03-TTXs (20-001) on Hypercarb column. Chromatographic
method of Figure 6. The obsolete batch 12-001 contained traces of four analogs: 11-deoxyTTX, 4-
epiTTX, 5,6,11-trideoxyTTX and norTTX. Meanwhile the updated batch 20-001 contains: tentative
4,4a-anhydro Tetrodotoxin (4,4a-anhTTX), monoformyl Tetrodotoxin (monoformylTTX) and 11-de-
oxy Tetrodotoxin (11-deoxyTTX) as impurities.

2. Objectives

The purpose of this molecular simulation is to understand the supramolecular inter-
action mechanism of TTXs over a graphene surface through a molecular mechanics force
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field (MMFF94) and to calculate the strength of the supramolecular process of toxin/gra-
phene through the energy of molecular self-assembly.

3. Methodology

To help the understanding of the mechanism of supramolecular interaction of TTXs
with graphene surface, computational simulation of the single molecules and final supra-
molecular structures was performed using the Merck Molecular Force Field 94 (MMFF94)
implemented in Chem3D version 18.121.22,

As in our previous work, the procedure involves the following steps:

(1) The 2D structures of all the compounds were constructed in the builder module of
ChemDraw software. The 2D structures of the compounds were transferred to
Chem3D.

(2) The conformations were optimized using Merck Molecular Force Field 94 (MMFEF94).
Geometry optimizations for all molecules were computed using convergence criteria
for root-mean-square for the gradient of the potential energy surface of 0.001 kcal/mol.
No essential difference was observed if 0.002 kcal/mol is used as convergence criteria.
Etoxin is the potential energy of the toxin (adsorbate) and Eg,qppene is the potential
energy of graphene (substrate).

(3) A bottom-up scheme, in which the starting topology consists of a toxin placed at the
center of the graphene sheet (234 carbon atoms, C23s:Hu) separated by approximately
5-6 Amstrongs. Then the energy and geometry of the supramolecular complex were
optimized, without fixing the position of the graphene atoms in space to obtain
Esupramotecutar (potential energy of the complex in vacuum at the local minimum).

(4) The calculations were made in an Intel Dual Core 2.6 GHz computer with 8 Gb of
RAM. Computational analysis of liquid chromatography retention was carried out
taking into account the following approximations:

1. Minimizations were performed without solvents (vacuum is the media of minimi-
zations).

2. Final supramolecular complex is a local minimum energy, to get a value to can
make a statistical energy suggestion, taking into account 0.15 kcal/mol was the difference
between the minimum planar conformation energy of graphene and the energy of the
sheet after the interaction that can be used as the minimum value to assess the absorption
energy. We should notice that small molecule minimization results depend on initial con-
formation and internal hydrogen bonding. Problems with possible biases due to TTX in-
tramolecular hydrogen bonding can be included in a 0.19 kcal/mol energy factor, Figure
8. Total £0.34 kcal/mol is the minimum potential energy which is taken as energy error to
differentiate two local minimum conformers.

base-side

(a) (b)

Figure 8. (a) Distance of tentative intramolecular hydrogen bonding in TTX cationic form. (b) Stereo-
structure of tetrodotoxin with our triangular side nomenclature to define three-dimensional inter-
action with graphene. Different orientations of the molecule can affect the binding energy.
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3. Tetrodotoxin is often chemically represented as a zwitterion. Since the pka of C10
hemilactal is 8.76 therefore Tetrodotoxin is found in the cationic form at lower pH values.
In this research, we only evaluate the interaction with this form. For convenience, a new
approach where the guanidinium group with the charge located in the (C = N;) group
is studied instead of evaluating the three resonance forms.

4. The topology of the initial toxin alignment is crucial to the value of this method.
Tetrodotoxin interaction with graphene is evaluated by comparing three different ap-
proaches: from a nearly flat side where the carbon-4a is located, one with the carbon-8a
carbon and one as the base of the dioxaadamantane group, Figure 6b.

5. The binding energy of single toxins (with and without counter anion) adsorbed on
a large poly-aromatic hydrocarbon mimicking graphene substrate was determined by
subtracting the energy of the toxin and the graphene model from that of the supramolec-
ular complex.

AE = Esupramolecular - (Etoxin + Egraphene) (1)

Where Egypramotecuiar 1S the potential energy of the complex in vacuum at the mini-
mum, and Etoyin and Egprqpnene the potential energies of the adsorbate and the substrate
separated at an infinite distance.

4. Results and Discussion

Toxin adsorption over graphene were evaluated without counter anions, taking into
account only the guanidinium-cationic (C = N;°) conformation. The corresponding en-
ergy values are shown in Table 1

Table 1. Energy values of TTXs and supramolecular complexes with graphene sheet, without coun-
ter-anion. Values are given in kcal/mol.

~ Graphene - 1200825

 TTX-hemiacetal Base-side -24.29
~ TTX-hemiacetal 4a-side -157.548 -22.68
 TTXhemiacetal 8a-side 2163
- TTX-10,7-lactone Base-side -105.007 -24.73
. 4epiTTX Base-side -152.609 -24.19
~ 49-anhydroTTX Base-side -145.316 -24.60
 6-epiTTX Base-side -149.845 -24.12
~ 1l-deoxyTTX Base-side -169.259 -23.97
~ 511-dideoxyTTX Base-side -135.725 -24.37
~ 611-dideoxyTTX Base-side -202.705 -25.06
~ 5,6,11-trideoxyTTX Base-side -148.288 -25.35
. 1l-oxoTTX Base-side -175.980 -24.26
~ 11-nor-TTX-6(R)-ol Base-side -174.693 -24.22
_ 11-nor-TTX-6(S)-0l Base-side -176.222 -23.66

When TTX is adsorbed on the graphene, Tetrodotoxin gradually approaches the sur-
face and the graphene slightly moves from the planar configuration. Two approaching
stages were observed before a local minimum equilibrium structure was reached. In a first
stage, the noncovalent cation—m force is responsible for the approach, while in a second
stage the stabilization can be associated with the presence of CH-m interactions. After
around 6000-12000 steps, an equilibrium structure is reached.

TTX minimum structure 3D model shows a quasi-planar interaction between each of
the triangular sides with a graphene layer, an average plane of van der Waals contact
atoms around 2.9-3.1 A, Figure 9. It must be noted that guanidinium contact with the
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surface is approximately about 3.0 amstrongs, similar values to the guanidium group from
PSTs.

(©

Figure 9. 3D model of the local optimized geometry for the basal plane of graphene with TTX: (a)
Dioxadamantane base-side. (b) 4a-side. (c) 8a-side orientations. Distances were calculated using
Mercury software?,

Dioxadamantane base-side approximation is the most favorable. Cation—m through
two hydrogens of iminium group, two CH-m and one polar-m close contacts (van der
Waals plane) yield less energetic conformation than base-4a approaching which presents
six contacts through two CH-m and four polar—m interactions. In this local minimum no
cation—m alignment was reached. Base-8a approximation takes place by H of the iminium
group, one CH group and one hydroxyl group.

Tetrodotoxin in solution exists as an equilibrium mixture of its ortho ester, lactone,
anhydride and epi forms, the set of generated target interaction energies agree fairly well
being 10,7 lactone is the most favorable moiety, although the energetic value is similar to
4,9-anhydroTTX (fall inside +0.34 kcal/mol).
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The most stable supramolecular complexes take place in 6,11-dideoxyTTX and 5,6,11-
trideoxyTTX. The lack of the hydroxyl group in the axial position at C6 is the main factor.
If we analyze the epimeric pair 11-nor-TTX-6(R)-ol versus 11-nor-TTX-6(5)-ol we find the
same result. Graphene interaction with H-alkane is preferred instead of the hydroxyl
group. The lack of 6-axial-hydroxyl induces a closer approximation of a plane formed H8-
H4-H6 axial protons of adamantane base to graphene surface at the cost of slightly in-
creasing the cation—-m distance. Therefore, the closer adamantane-base van der Waals in-
teraction with graphene supports adsorption despite increasing space for non-covalent
bonding between a monopole (cation) and a quadrupole (7 system), Figure 10.

<V . ¢
1 1 \%/‘“‘\T '”j 5,6,11-trideoxyTTX
g

, L\Y « 5,11-dideoxyTTX
s

AE = -24.37 kcal /mol

Figure 10. 3D model of minimum energy of supramolecular complex of graphene layer with 5,6,11-
trideoxyTTX, 6,11-dideoxyTTX and 5,11-dideoxyTTX through dioxadamantane base-side approxi-
mation.

Hypercarb column, porous graphite carbon, is used to separate different analogs of
TTX and PSPs, Figure 7. The elution order for TTXs is 4epiTTX-TTX-4,9-anhTTX, accord-
ing to values of Table 1 theoretical elution order is screened by a statistical value of 0.34
kcal/mol due to local minimum energy conformations.

Table 2 shows the same results but includes TFA as a counter-anion to the system.
TFA is an additive used in the mobile phase for TTX elution. But the same problem is
encountered to establish a theoretical elution order at lower energy values because the
TFA interacts with the guanidinium residues and the charges will be screened to remain
available for the interaction with the surface, therefore cation-m interaction is reduced.

The mobile phase is a major determinant of retention because it influences the ioni-
zation state of both analytes and the PGC surface. Trifluoroacetic acid and water could
modify the oxidation state of the graphite surface. rGO possesses the ability to form
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hydrogen bonds with the neighboring molecules, no such interactions can take place at
the surface of graphene. According to a higher oxidation state of graphite, a simulated
rGO is used to evaluate TTX interaction. Energy values for some analogs are shown in
Table 3.

Table 2. Energy values of TTXs using TFA as a counterion and supramolecular complexes with a
graphene sheet. Values are given in kcal/mol.

 Graphene - 1200.825

DTSRl  Base-side -117.899 -19.44
PEE0Aongl  Base-side --68.177 -19.86
ST Base-side -105.848 -19.68
DSERRYGIOTIX  Base-side -107.974 -19.62
ST Base-side -113.672 -18.73
DTl Baseside -129.342 -18.89
DG  Base-side -99.945 -19.50
_ Base-side -164.944 -20.92
T  Base-side -114.912 -21.00
ST Base-side -135.797 -19.14
ORI  Base-side -139.350 -19.34
IEGETTXEEN™I Base-side -136.495 -20.26

In silico characterization of TTX and rGO yields lower energy values for the supra-

tion time values: 4epiTTX-TTX—4,9-anhTTX.

Table 3. Energy values of TTXs without TFA as a counterion and supramolecular complexes with
rGO sheet. Values are given in kcal/mol.

= 1304.808
Base-side -157.548 -52.12
Base-side -152.609 -49.72
Base-side -145.316 -53.26
Base-side -148.288 -54.24

The introduction of hydroxyl and epoxy groups on the surface of graphene leads to
hydrogen bonding between the adsorbent and the substrate, Figure 11.
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Figure 11. 3D model of minimum energy of supramolecular complex of rGO layer with TTX through
dioxadamantane base-side approximation.

5. Conclusions

In conclusion, we have studied the interaction of TTXs with graphene theoretically.
The dominant forces during the adsorption are mainly cation—7t and hydrophobic inter-
actions than hydrophilic (polar—m).

Due to structural differences each toxin has a slightly different affinity to the gra-
phene surface but, small variations of the computational energy values do not show a
specific correlation with the experimental elution order of TTX, 4,9-anhTTX, and 4-epiTTX
found on chromatography over PGC column.

Tuning graphene, modifying the oxidation state, yields a better approach to experi-
mental adsorption by introducing hydrogen bonding interactions between the adsorbent
and substrate. This work could help to understand better the nature of the interactions
between TTX and analogs with graphene and contribute to the design of new materials to
improve the removal and analysis of this family of molecules. This approach may also be
useful to predict interactions in other possible applications such as chromatographic mo-
lecular separations.
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