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Abstract: Photodynamic therapy (PDT) introduces a promising alternative to traditional antibiotics.
However, the mechanism of binding the photosensitizers (PSs) to the bacterial cells and their specific
cellular localization is not fully understood. The importance of understanding the mechanism of binding
comes from two reasons. The first one is: the binding site is expected to be the place of the first damage
of the photodynamic effect. This helps in understanding the mechanism of action. This moves us
forward to the second reason, which is, by developing our understanding of the PDT mechanism, we
can know and avoid the potential resistance pathways by bacteria. This study chooses one of the
promising photosensitizers, toluidine blue O (TBO), to study its binding with a single membrane
component, teichoic acid. Teichoic acid (TA) is a potential binding target in the Gram-positive bacterial
membrane. By applying to model using the semi-empirical SP3 method to find out the potential binding
interaction between single TA and single TBO molecules, we find that the nitrogen atom in the middle
ring of the TBO molecule is the most probable to be the root of interaction with the TA molecule. While
OH groups in the TA structure are the most likely site of interaction with TBO.

Keywords: teichoic acid; toluidine blue O; photodynamic therapy; multi-drug resistance; dye-cell
interaction.
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1. Introduction

Discovering penicillin by Fleming in 1928 [1] was a great victory over the bacterial
threads that save millions of humans. Unfortunately, after years of excessive, random misusing
and overusing antibiotics, many bacteria have developed multi-drug resistance (MDR) against
most of our antibiotics [2]. After the prolonged use of a broad spectrum of antibiotics, MDR
bacteria cause difficult-to-treat or even untreatable infections with conventional antimicrobials
[3]. MDR is a growing problem that affects the health sector worldwide. International
organizations as World Health Organization (WHO), the European Centre for Disease
Prevention and Control (ECDC), and the US Centers for Disease Control and Prevention
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(CDC) are considering infections caused by MDR bacteria as an emergent global disease and
a major public health problem [4]. Recently, bacteria achieved some victories in this battle, so
that we must develop new treatment options and alternative antimicrobial therapies.
Photodynamic therapy (PDT) introduces a promising alternative to traditional antibiotics.

PDT depends on three elements light, oxygen, and photosensitizer (PS). By irradiating
the PS by light, with the proper wavelength, in the presence of oxygen, the stimulated PS
produces singlet oxygen or reacts with the surrounding molecules to produce free radicals
species, which, in turn, damages the targeted cells [5]. Photosensitization mediated cell damage
has many important medical applications, especially in cancer therapy and photodynamic
microbial inactivation (PDI). One of the very promising photosensitizers is toluidine blue O
(TBO). TBO (2-methyl-3-dimethylamino-7-amino-phenothiazin-5-ium), a cationic
phenothiazinium metachromatic dye, has a high affinity to acidic tissue components [6]. TBO
is commonly used in oral antimicrobial PDT as a photosensitizing agent due to its high
selectivity in bacteria destruction [7]. Moreover, TBO is a very promising drug for the detection
and therapy of oral squamous cell carcinoma and general oral cavity [7]. While the uptake of
cationic PSs is mediated by electrostatic interactions and self-promoted uptake pathways [8].
However, the PS's mechanism to the cells and its specific cellular localization is not yet fully
understood. Many efforts had been made to reveal the mechanisms of TBO cell binding. Some
were in the context of chemical bonds [9]. But many literatures nominate wall teichoic acid
(TA) as a potential binding site for cationic PSs in Gram-positive (G+) bacterial cell wall [9-
11]. Wall teichoic acid (TA) is an anionic glycopolymer that functionalizes the peptidoglycan
layers of many G+ bacteria [12]. TA has important bacterial physiology functions in
colonization, cell shape determination, cell division regulation, and infection. TA has recently
attracted major attention as a target structure for novel anti-infective strategies and antibiotics
[13,14]. TA governs the interaction of many substances with Gram-positive bacterial cell walls
as nanoparticles [15] and dyes. TA exhibits variable structures between bacterial species.
Usually, it contains phosphate and alditols [16]. Computational modeling tools is a very
promising and successful tool. Although various biological and chemical experimental assays
for drug-target interaction identification are available, they are extremely costly, time-
consuming. To face this challenge, various computational modeling introduces a new high
efficient tool to predict potential drug-target associations [17]. To achieve a satisfactory
assignment of the TBO/TA interaction was assigned using the semi-empirical method.
Computational methods show effective applications in many research areas, whereas the
experimental tools are limited or unavailable [18-20]. It covers a wide area of applications such
as environmental [21-23], biological [24-26], polymers science [27-30] as well as emerging
materials [31-33]. Semi-empirical methods provide information on primary calculations of
different chemical properties with reasonably good results [34]. The simplified P3 theory, or
SP3 for short, is believed to be more compatible than diffusion theory in advanced reactors,
mini cores, and other complicated whole core three-dimensional transport calculations at pin
level resolutions. At locations in the core with high flux gradient, such as material boundaries,
the SP3 has high precision due to the use of the higher-order Pn scattering library [35]. The
SP3 method, as expected, can provide accuracy improvement compared with the commonly
used diffusion method. Besides, implementing the SP3 equations into the diffusion code is not
difficult because of the similar structure of the SP3 and diffusion equations [36].

In an earlier study, we demonstrated the photodynamic inactivation (PDI) of
Escherichia coli and Bacillus cereus by TBO and red laser experimentally [37]. In the current
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study, we try to decipher the potential binding ways between TBO and TA, G+ bacterial cell
wall component, by using computational modeling.

2. Materials and Methods

To find out the potential binding interaction between single Teichoic acid (TA) and
single toluidine blue O (TBO) molecules, the TA structure was drawn by GaussView 5.0.9
software (Gaussian, Inc., Wallingford, CT) (Figure 1A) [38]. Also, the TBO structure was
drawn by GaussView 5.0.9 software (Figure 1B) [7]. The geometries of individual TA and
TBO were optimized using Gaussian 03 Revision-B.05 (Gaussian, Inc., Wallingford, CT) by
employing (Semi-empirical/Default Spin/PM3) method. Different binding interactions are
suggested. The highest occupied molecular orbital (HOMO), lowest unoccupied molecular
orbital LUMO, changes in the HOMO-LUMO energy (AE), dipole moment (TDM), and total
energy (E) of TA, TBO, and the eight binding interaction of TBO and TA were calculated using
Gaussian 09 [39] at Spectroscopy Department, National Research Centre, Egypt.
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Figure 1. (A) and (B) illustrating the chemical structures of TA and TBO, respectively.
3. Results and Discussion

Figure 2 illustrates the structure, molecular electrostatic potential (MESP) maps, and
HOMO-LUMO for TA and TBO. MESP map indicates the net electrostatic effect produced at
that point by the total charge distribution (electron + nuclei) of the molecule.
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Figure 2. (A) and (A”) illustrating the structure and the selected binding sites in TBO and TA, respectively; (B)
and (B’) the MESP of TBO and TA, respectively; (C) and (C’) the HOMO-LUMO of TBO and TA,
respectively.
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It correlates with charge—dipole, dipole-dipole, quadrupole—dipole, partial charges, and
chemical reactivity of the molecule that leads to the understanding of the interaction with
biological molecules [40]. The molecular electrostatic potential values are clarified at the
surface by gradient colors, whereas red represents regions of the highest negative electrostatic
potential (electrophilic attack), and blue shows regions of the highest positive electrostatic
potential (nucleophilic attack). So, the MESP negativity in descending order is red < orange <
yellow < green < blue [41,42].

Therefore, twelve hypothesized binding sites were selected in both TBO and TA
according to the obtained MESP, by alternative exchanges of the different potential binding
sites in both structures. Subsequently, the suggested structures were calculated by the semi-
empirical PM3 basis set. Only eight binding interactions were succeeded according to the
applied method. The selected binding sites, as illustrated in figure 2A, A’.

3.1. Molecular electrostatic potential of unbound TBO.

The unbound TBO MESP surface map (Figure 2B) shows that the structure has a dense
red color surrounding the nitrogen atom in the middle ring. This is attributed to the high
electronegativity nature of the nitrogen atom. It possesses two lone pairs of electrons that have
the ability to draw the electrons from other carbon and hydrogen atoms in the ring. Then, come
in the second order of electronegativity, the terminal amine group, as it shows orange color.
Meanwhile, the triple ring structure of TBO has a predominant negative backbone, which is
surrounded by pale blue color around the rings due to hydrogen atoms that possess positive
nature. Moreover, only one sulfur atom in the TBO structure shows a pale blue color related to
its similar electronegativity to C and its additional valence electrons [43]. Thus it would be
expected that nitrogen will be the most reactive site for an electrophilic attack in the TBO
molecules, while sulfur will be the most nucleophilic reactive site [42]. According to the stated
results, three potential binding sites in the TBO structure were selected.

3.2. Molecular electrostatic potential of unbound TA.

The calculated MESP surface map for TA (Figure 2B’) shows that the negative regions
are electrophilic. These are mainly over the phosphoryl groups. The deep blue positive regions
were mainly the hydroxyl groups in the TA molecule. Thus it would be expected that
phosphoryl groups will be the most reactive site for electrophilic interaction site, while the two
hydroxyl groups will be the most nucleophilic interaction site in the TA molecule [42]. The red
surface color represents the high negative sites in the structure. The surface color around
phosphoryl groups shows the TA molecule's high negatively, followed by the surface map's
orange color around the OH group along the entire TA molecule. In comparison, the blue color
covers some places in the TA’s surface map around some hydrogen atoms. According to the
stated results, four potential binding sites in the TA structure were selected.

The succeeded eight binding interactions are illustrated in Figure 3. They were named
as TAmid P-TBO S, TA mid P- TBO N, TA mid P- TBO NHz, TA last P-TBO NH2z, TA mid
OH- TBO N, TA mid OH- TBO N, TA mid OH- TBO S, and TA 1% P-TBO N. While the
MESP, and HOMO-LUMO of every structure are illustrated in figures 4-11.
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Figure 3. Potential binding sites of TA and TBO as (A) TA mid P- TBO S; (B)TA mid P- TBO N; (C)

TA mid P- TBO NHy; (D) TA last P-TBO NH. (E) TA mid OH- TBO N; (F) TA mid OH- TBO N; (G) TA mid

OH- TBO'S; (H) TA 1%OH-TBO N.

3.3. Molecular electrostatic potential of

3.3.1. TAmid P- TBO S.

hypothesized interacted TA — TBO.

This prospect depends on the interaction between the sulfur atom in the TBO

https://biointerfaceresearch.com/

phenothiazine molecule (TBO S) and the middle phosphoryl group of TA molecule backbone
(TA mid P) (TA mid P- TBO S) (Figure 4), has appeared in the MESP map of unbound TBO,
the sulfur atom was surrounded by a blue cloud that indicates the positivity of this atom, while
the oxygen atom in the unbound TA MESP map showed a clear orange color that indicates its
negativity. By studying TBO-TA interaction probability through TA mid P- TBO S binding
interaction, the MESP map shows the very pale yellow color of the same phosphoryl group in
the TA molecule. After the interaction, the phenothiazine S show a light blue color. This
indicates that after an interaction, both molecules show charge redistribution. Nonetheless, the
N atom in the middle ring of TBO still red that refers to its high activity.
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HOMO-LUMO

Figure 4. TA mid P- TBO S MESP, and HOMO-LUMO.
3.3.2. TAmid OH- TBO S.

This prospect depends on the interaction between the sulfur atom in the TBO
phenothiazine molecule (TBO S) and the oxygen atom of the middle OH group of the TA
molecule (TA mid OH) (Figure 5), as appeared in the MESP map of the unbound TA the
oxygen showed a clear orange color that indicates its negativity. By studying TBO-TA
conjugation probability through TA mid OH- TBO S binding interaction, the resulted MESP
map shows charge redistribution compared to the unbound TBO and TA molecules. The very
pale blue color of the binding site after conjugation indicates the vanishing of extreme positive
and negative sites. While the N atom in the middle ring of TBO possesses slightly high
negativity, this could be due to the unconjugated lone pair of electrons around the nitrogen
atom [44, 45].

MESP HOMO-LUMO

Figure 5. TA mid OH- TBO S MESP and HOMO-LUMO.

3.3.3. TA mid P- TBO NH..

In this scenario, the interaction is between the terminal amine group in the TBO
molecule (TBO NH2) and the TA mid P (TA mid P- TBO NH2) (Figure 6). The bound TA
show distinct electron-rich regions (orange) at the phosphoryl groups, while the C—H hydrogen

https://biointerfaceresearch.com/ 12317
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atoms regions in the rest of the TA molecule was found to be strong and slightly electron-
deficient (blue and pale blue, respectively). Concomitantly, the bounded TBO molecule shows
lower electronegativity compared to the unbound molecule. This could be due to the attraction
of the electrons by the oxygen atoms in TA phosphoryl groups. While the N atom in the middle
ring of the bound TBO still high negative, that refers to its high activity and low electrostatic
potential [40].

MESP HOMO-LUMO

Figure 6. TA mid P- TBO NH;, MESP and HOMO-LUMO.

3.3.4. TA last P-TBO NH>.

The current scenario study the interaction between TBO NH2 and the last phosphoryl
group of TA molecule (TA last P) (TA last P- TBO NH2) (Figure 7). The bound TA show
distinct electron-rich regions (red and orange) at the phosphory! groups of TA, while regions
around the rest of the TA molecule show the C-H blue and pale blue colors. Concomitantly,
the bounded TBO molecule shows lower electronegativity compared to the unbound molecule.
This could be due to the attraction of the electrons by the phosphoryl groups in TA. While the
N atom in the middle ring of the bound TBO still high negative that refers to its high activity
and low electrostatic potential [40].

MESP HOMO-LUMO

Figure 7. TA last P-TBO NH2 MESP and HOMO-LUMO.

3.3.5. TAmid OH-TBO N.

This prospect explores the interaction between TBO N and the hydrogen atom in the
last hydroxyl group of TA molecule (TA mid OH") (TA mid OH - TBO N) (fig. 8). As the
nitrogen atom in the middle ring of TBO shows high negativity, it was worth studying the

https://biointerfaceresearch.com/ 12318


https://doi.org/10.33263/BRIAC114.1231212325
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC114.1231212325

prospect of its interaction with the positive hydroxyl group of TA. Results show that the bound
TA shows the as previous red/blue surface map. Meanwhile, the bounded TBO molecule shows
lower electronegativity compared to the unbound molecule. This could be due to the attraction
of the electrons by the oxygen atoms in TA phosphoryl groups. While the N atom in the middle
ring loses its negativity, and the total TBO appears to have a neutral distribution of charges
[40]. This could be explained as the lone pair of electrons of nitrogen could delocalize and
conjugate with the TA mid OH" [44].

MESP HOMO-LUMO

Figure 8. TA mid OH- TBO N MESP and HOMO-LUMO.
3.3.6. TA mid O'H-TBO N.

Because the hydroxyl group of the TA molecule was the more prospected binding site
in the TA molecule, the interaction between the oxygen atom of the last hydroxyl group of the
TA molecule (TA mid O'H) and TBO N was studied (TA mid O'H- TBO N) (fig. 9). Results
show that the bound TA shows its repeated MESP surface map. While the bounded TBO
molecule shows lower electronegativity than the unbound molecule, this could be due to the
attraction of the electrons by the phosphoryl groups in TA. Whereas, the N atom in the middle
ring loses its negativity.

MESP HOMO-LUMO

Figure 9. TA mid O'H- TBO N MESP and HOMO-LUMO.
3.3.7. TAmid P-TBO N.

The interaction between TBO N and the middle phosphoryl group of TA molecule (TA
mid P) (TA mid P- TBO N) is illustrated in figure 10. The study of the interaction prospect of
the TBO N with TA mid P shows that the bound TA shows the same MESP pattern. While, the
https://biointerfaceresearch.com/ 12319
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bounded TBO show approximately the same electronegativity compared to the unbound
molecule. Moreover, the N atom in the middle ring keeps its high negativity. This could be due
to the equal electronegativity of both atoms TBO N and TA mid P, keeping the electrons in the
middle distance between both atoms.

MESP HOMO-LUMO

Figure 10. TA mid P- TBO N M ESP, and HOMO-LUMO.

3.3.8. TAL"P-TBON.

In this hypothesize scenario the TBO N interacts with the first terminal phosphoryl
group of TA molecule (TA 1% P) (TA 1% P- TBO N) (Figure 11). The interaction prospect
shows that the bound TA shows yellow color at the phosphoryl groups, while regions around
the rest of the TA molecule keep its blue and pale blue colors. On the other hand, the whole
TBO molecule, including the N atom in the middle ring, shows charge redistribution.
Nevertheless, middle N still slightly high electronegative the thing that depicts its activity. On
the other hand, it’s noted that the bound molecule loses the deep red color; instead of that,
orange and yellow colors appeared that depicts relatively lower negativity compared to the
unbound TBO molecule.

MESP HOMO-LUMO

Figure 11. TA 1P-TBO N MESP and HOMO-LUMO.

3.4. HOMO-LUMO calculations.

The HOMO energy and the LUMO energy reflect the total electron densities on a
structure, where they both are the main orbits that take part in chemical stability [45,46]. The
energy gap reflects the chemical activity of the molecules. The lower HOMO-LUMO energy

https://biointerfaceresearch.com/ 12320
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gap explained the eventual charge transfer interactions within the molecules [41]. Whereas the
HOMO-LUMO energy gap is a significant stability index, the visualization of HOMO-LUMO
gap of TA, TBO, and all succeeded binding interactions are shown in Figures 2 C, C’, and 4-
11, respectively.

Moreover, Table (1) lists the summary of our data with the HOMO, LUMO, changes
in the HOMO-LUMO energy (AE), dipole moment (TDM), and total energy of TA, TBO, and
eight binding interaction of TBO and TA. From the listed results it was found that the calculated
values of the total energy of all suggested structure take the ascending order as TA mid P- TBO
NH2< TA mid P- TBO S< TA mid P- TBO N< TA last P-TBO NH2< TA mid O'H-TBO N<
TA mid OH- TBO S< TA mid OH™- TBO N< TA 1 P-TBO N.

TBO and TA possess AE 0f 0.00961 and 0.20275 eV, respectively. The AE has changed
significantly upon the binding of TA with TBO to take the ascending order TA 1%t OH-TBO
N< TA mid P-TBO NH2< TA mid O'H-TBO N< TA last P-TBO NH2< TA mid O- TBO S<
TA mid OH- TBO S< TA mid OH"- TBO N< TA mid P- TBO N. This indicate that TA 1% P-
TBO N is more reactive [47].

Table 1. the summary of our data with the HOMO, LUMO, AE, TDM, and Total E of TA, TBO, and eight
binding interactions of TBO and TA.

Structure AE HOMO LUMO TDM Total E
TBO 0.00961 -0.00943 0.00018 0.4871 0.09725612
TA 0.20275 -0.33022 -0.12747 3.0301 -1.59008845
TA mid P- TBO S 0.05696 -0.30312 -0.24616 2.6428 -1.49585732
TA mid OH- TBO S 0.03664 -0.28071 -0.24407 1.2000 -1.40079572
TA mid P- TBO NH2 0.07065 -0.24441 -0.17376 5.8642 -1.49932667
TA last P-TBO NH2 0.05734 -0.30369 -0.24635 4.3930 -1.48892547
TA mid OH- TBON 0.03422 -0.28044 -0.24622 4.2767 -1.37849178
TA mid O'H-TBO N 0.06935 -0.24313 -0.17378 9.1217 -1.48429456
TA mid P- TBO N 0.28943 -0.32201 -0.03258 13.2716 -1.49306738
TA1tP-TBON 0.07897 -0.25429 -0.17532 15.3599 -1.32672646

On the other hand, the TDM of TA and TBO were 0.4871 and -1.59008845 Debye,
respectively. However, TA 1%t OH-TBO N shows 15.3599 Debye which was the highest TDM
amongst all calculated structures. This indicates that it has the highest polarizability.
Hypothesized prospect TA mid OH- TBO N shows the lower AE, however, the TA 1% OH-
TBO N shows the higher TDM. Ultimately depending on these results, the nitrogen atom in
the middle ring of the TBO molecule is the most probable root of interaction with the TA
molecule. While OH groups in the TA structure are the most probable root of interaction with
TBO. This could be ascribed to the opposed electronegative nature between them. Since the
nitrogen atom has a single lone pair of electrons with high reactivity, the hydroxyl groups in
the TA structure. TBO is a fast stain. Its interaction with TA is believed to be weak interaction
as donor-acceptor hydrogen bond and dipole-dipole interaction [48]. As part of the TA cell
wall, it mainly accounted for the physical adsorption [49,50].

4. Conclusions

The TBO is a promising antibacterial photosensitizer. However, its interaction with
membrane teichoic acid is still uncovered as far as we know. Based on our results, the nitrogen
atom in the middle ring of the TBO molecule is the most likely site of interaction with the TA
molecule. This could be due to the electronegative nature of the nitrogen atom that can possess
high reactivity. These findings represent a step toward understanding the mechanism of
antibacterial action.
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