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Toluidine blue (TB) dye molecules are intensively utilized for large-area photophysics applications such as
carcinoma detection, photoinactivation of bacteria, biosensors, and photovoltaic cells. Understanding the nature
of the TB aggregation state becomes an essential point of the research process in order to know the-structure
function relationship and to foresee technological applications of this class of metachromatic-dye molecules.
However, no structural information on toluidine blue is available in the literature, maybe because of the poor
crystalline character of the aggregate. Here, we present the first structural determination of TB organic molecules
using the energy dispersive X-ray diffraction technique. The investigation highlights dimeric arrangements
of stacked molecules in antiparallel fashion, forming a superstructure of two dimers in a transverse arrangement.
The behavior of the TB higher aggregates indicates that these dye molecules, in spite of repulsion due to
similar charge (cationic dyes), undergo self-aggregation to form helical conformations.

Introduction The self-aggregation of metachromatic dye still occurs even
when metachromatic dyes are in the form of inclusion complexes
with non-metachromatic molecules, and that is aided by
noncovalent interactior’s-28

Several optical rotation and circular dichroism studies were
made to obtain information on the phenomenon of helical
aggregation of metachromatic dyes in the solution phase. These
investigations have shown that TB dye has a great ability to

Toluidine blue (TB) belongs to the class of thiazine dye
molecules which change color when interacting with a variety
of electrically charged materials. Generally, dye ions (toluidine
blue, methylene blue, thionin, etc.) react with specific biological
macromolecules in aqueous solution and impart to it colors
which are different from those of the dye molecule. This is

metachromasy, and macromolecules exhibiting such behav'orreveal the helical geometry of DNAprotein complexes as a

are said to be metachromatié. L
. - consequence of molecular-ordered binding of TB molecules at
The mechanism of metachromasy staining between metachro-

. . the DNA surfacé:?°

matic dyes and_macr_omole_cules In water occurs through hydro- An interesting result was observed on helical aggregations
phOb'(.: Interactions, mvolymg dyedye formation of dimers, of dye molecules bonded in a repetitive fashion to form a dye
and hligher aggregates with increasing dye concent.ré'ﬁon. . “super-helix” superimposed on a polypeptidehelix. The

Taking advantage of the hydrophc_)blc_ effects, Increasing asymmetric polypeptide influenced the screw sense of a dye
researc_h has been focu_s_ed on th? Ut'l'za.‘t'on of TB appllpatl_on helix located tangentially to the polypeptidehelix. This result
as an au_j to the.recognmo.n and diagnosis of carcinoma in situ brought a conclusion that the helical structure of the dye cluster
or invasive malignant lesiorfs? The valuable ability of TB

. . . _is an intrinsic feature of the d e interaction, because the
molecules to permeate and accumulate in the hydrophobic region yedy

. ) dye helix was also formed in the absence of an asymmetric
of the cellular membrane has attributed to the molecule a higher ¥t 30 y
- 12 chiral polymers
photobactericidal activity®~

; . . . The energy dispersive X-ray diffraction (EDXD) technique
The changing of spectroscopic or electrochemical properties has been chosen to study the aggregation aspect of TB samples
of the TB molecules by interaction with mediators and biological

) ! ; . . because of the amorphous characteristics of this material. The
molecules is arousing grela71t interest in the field of sensors andangular dispersive X-ray diffraction (ADXD) technique also
blosk(]ansors develolprpleﬁr. . . ¢ toluidi | allows the study of amorphous samples by a molybdenum X-ray

The redox and ight sensitivity properties of 1o U|d_|ne b U source, but the energy dispersive method has various advantages
have also led to an increasing interest in photovoltaic devices

! ! . > over the conventional angular dispersive method: the reduction
becauslg_g(f) their possible role as transducers of light to electric ;¢ acquisition time of experimental data and the accessible
energy. _ o _ region in the reciprocal space is wid@r2The aim of this work

Although the subject of toluidine blue dye has been consid- s therefore to achieve more detailed information on the spatial
ered by numerous authors, the investigations reported in thesganization and molecular interactions of toluidine blue in the

literature are mainly confined within the identification of solid phase, which proves to be crucial for chemical-physics
chemical-physics properties and the aggregation occurring in properties.

solution phase.
Evidence of the degree of aggregation of the toluidine and Experimental Section

methylene blue dissolved in water was observed by absorption

spectra and confirmed by properly theoretical investigafibris. Sample Preparation.Toluidine Blue (TB), CA index name
phenothiazin-5-ium, 3-amino-7-(dimethylamino)-2-methyl-, chlo-

* To whom correspondence should be addressed. E-mail: r.caminiti@ ide, was purchased from Sigma Aldrich and subjected to
caspur.it. the purification procedure reported by Pal and Shubert prior to
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Figure 1. X-ray diffraction patterns and structural analysis of the toluidine blue dye in solid amorphous phases: (a) experimental structural function
(SF) represented as dots and theoretical curve drawn as solid line calculated for 16 dimers; (b) the correBdmilifogm.

use3® The powder samples were, then, recovered for EDXD TABLE 1: Final Values of the Adjusted rms ¢ for the

characterization. Model Used

EDXD Data Collection and ProcessingX-ray diffraction distance range (A) o
data were recorded with a custom b_uilt X-ray energy scanning 00<r<18 0.057
diffractometer$*35 consisting of a Seifert X-ray HV generator 18<r<36 0.103
supplying a water-cooled tungsten X-ray source, with a maxi- 3.6<r=<8.0 0.167
mum power of 3.0 KW. The bremsstrahlung (braking radiation) 8.0<r=19.0 0.205
of the X-ray source was used. The operating conditions were ég-gi : =350 8-43125

the following: high voltage supplies 45 kV, current intensity

35 mA. A germanium solid-state detector (SSD) was used for  the experimental structure function and the experimental
the pllffractlon spectra recording. T_he SS_D was Imked_to a radial distribution function, in the form (r) = D(r) — 4sr2po,
multichannel analyzer by an electronic chain. A set of collimat- 516 shown in Figure 1. Theoretical peak shapes were calculated
ing slits in front of and behind the sample, two step motors for - Fourier transforming the theoretical structure function,

moving arms on which the source and detector were mounted, c3cylated by the Debye equation for the pair interactions of
and an adjustable sample holder placed in the optical center ofi,a theoretical models proposed:

the diffractometer completed the setup.
The complete experimental scattering parameter ragge, N sin(r,0) 1
0.12-17.00 A, was explored by performing several measure- i ()= zfm(Q) f(q) —— ex;{— - Omnzqz) 3)
ments made in correspondence with a set of scattering angles, &= r 2
0, at 26.0, 15.5, 8.0, 3.5, 2.0, 1.0, and<Gahid using the relation
g = (4r sin®)/A = ECsin®, whereq is expressed in inverted  whererp, corresponds to the distance betweeandn atoms
angstroms and is expressed in angstroms; the utilized energy andomnis the root mean square (rms) in the interatomic distance.
range isEmin = 13.5 keV andEnax = 38.2 keV, and the value  The number of parameters was reduced by taking the same
of the constanC is 1.014 (keVA)1. value for distances falling within predefined ranggs, instead
The experimental data were corrected for the following of using a differentmyvalue for each distance. The TB distance
effects: escape peak suppression, normalization to the incidentranges of the interatomic interactions and the associatedrms
radiation intensity, division by X-ray absorption and polarization were determined, and the values are reported in Table 1.
coefficients, and subtraction of the contributions, due to inelastic  For calculating the best agreement between experimental data
scattering, from the observed intensiti¢g, 6).3637 Then, the and theoretical peaks, we used the following formula:
spectra were joined to reconstruct the whole diffraction pattern.

m

Atomic scattering factord;(q), were taken from International m
Tables3® The experimental static structure function was calcu- |IFS(a)| — |FC(Qi)||2
lated as =
. 2 RHamilton = m (4)
|(q) = Icoh(Evl?) - th (q) (1) |Fc(q)|2
i

The experimental radial distributiom(r), was obtained as
where theth index runs ovem experimental points and the e
— 2 (Omax ; and c labels of(q) refer to the experimental and calculated
D(r) = 4nr?p, + = i(g) M(q) sin@r) d 2 Qi P
") Po™ 7o @ (@M@ sin@nda  (2) structural functions.

whereq indicates the scattering parametgg,is the average  Results and Discussion
electronic density of the sampleo(= (3h Mhfr2(0))VY), V is

the stoichiometric unit volume chosen, avida) is a modifica- The experimental structure functions (SE)(a) M(q), col-
tion function defined as lected in the reciprocal space in the range from 0 to 7 A
show the typical damped oscillations of amorphous samples
fSZ(O) (Figure 1a). The SF shows a main broad peak at 1.79 A
M(a) = = exp(=0.01q?) flanked by a less intense one at 3.14%%nd by a second-
fs(a) order peak at 3.58 AL
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TABLE 2: Atomic Cartesian Coordinates (A) of the
Toluidine Blue Molecule without Hydrogen Atoms

atom X y z atom X y z
Cl- 2.46 —8.28 0.45 C —-151 -—-2.37 0.07
S 1.76 —0.00 —-0.13 c -072 -1.20 0.03
N -1.34 —-0.00 0.13 C 0.69 —1.37 —0.02
N 1.02 -5.09 0.03 C 0.72 1.36 —0.02
N 1.16 5.09 —0.06 CcC -0.69 1.20 0.01
C 0.12 —6.07 —0.57 C -—1.45 2.41 0.01
C 245 —4.98 -0.31 C -0.88 3.63 —-0.01
¢ C 1.22 —-2.61 -0.05 C 0.53 3.76 —0.03
; ; - e C 0.43 —3.80 -0.02 C 1.29 2.59 —-0.04
Figure 2. Chemical structures of thiazine molecules. Chloride ion, e _099 —360 0.04 ¢ —1i79 483 —0.02

red; sulfur atom, yellow; nitrogen, blue; carbon, black; hydrogen,
white: (@) toluidine blue; (b) methylene blue molecules.
at a distance of 3.52 0.20 A, showing a similar configuration

This satellite peak is consistent with H type aggregation to that reported by Marr et 443 The distance of the chloride
belonging to a cofacial configuration where the molecules form ion with respect to the N(Ck). group is slightly different with
a vertical stack. The peak positions are closely connected torespect to the MB.
intermolecular distances, as reported by R. Caminiti & ahe In order to study the TB intermolecular interactions, theoreti-
remaining experimental structure function shows one broad peakcg structural analysis in comparison with the experimental one
at 5.20 A* and two large oscillations, due to intramolecular has shown that an aggregation of the H type (face to face)
Interactions. _ _ resolves the pair of peaks located at 1.79 and 3.58 Ao

The Fourier transform of the structure functions yields the gjmpjify the model description, the structural parameters are
radial distribution functionDiff(r), from 1 to 60 A, providing  referred to the centers of mass of the single molecules.
direct information about the aggregation state (Figure 1b). The Molecular stacking in @arallel fashion increases the intensity

first two peaks at 1.45 and 2.45 A are attributed to the - . .
. - : of the main peak, while aantiparallel arrangement has the
intramolecular interactions, and the peaks from 4.10 to 11.50 onposite behavior followed by a peak appearing at 3.58 A
A are both due to intramolecular and intermolecular interactions. PP . yap PP 9 :

To recover the theoretical peak intensity at about 1.79, A

All of the following peaks are assigned to the intermolecular urther molecules were added in the stacking confiquration
interactions, and the less intense peaks, in the range from 32.6§ o ] 9 g '
Molecular slipping also affects the main peak position. Tests

to 60.00 A, are related to the low dimension of the molecular o c
packing. were made by shifting the molecules with respect to each other

For solving the structure, we needed to combine information ong thex-, y-, or z-axis. A molecular slipping along the or
gathered from the previous structural studies of thiazine dyes Y-aXis causes a shifting of the main peak toward low values of
with that extracted by the TB models. In particular, we will 9 (Afl)-. A slipping along thex- and y-axes produces a
report the structural studies on methylene blue (MB) molecules Proadening of the main peak as well as an asymmetric tail on
in the solid phase, showing similar chemical, structural, and the lowq (A~ values side followed by a decrease of intensity.
photochemical properties as the TB molecule (Figure 2). The shift related to the slipping along tlzeaxis appeared to

The first structural study on the methylene blue dye was erend strongly on whether the interplanar distances were
performed by W. H. Taylor, who found a slight deformation of increased or reduced.
the molecule with the chloride ion close to the dimethylamino ~ Molecular rotation around the stacking axis involves broaden-
group#® The lack of planarity might probably be due to slight ing and shifting effects on the main peaks. The main peak
puckering of the molecule at the sulfur and nitrogen atoms decreases considerably upon rotation around the stack axis below
bridging the two benzene rings. 20° of single molecules, while rotation of TB dimers less than

The position of the chloride ion relative to the MB molecule 20° provides limited and favorable broadening. Dimer rotation
has been the subject of discussion in the past. Zhdanov*et al. higher than 20 yields a decrease of the main peak, shifting
concluded that the sulfur atom of the MB cation is close to the toward low values ofj (A~1), and a spurious peak at 1.20&
chloride ion (2.80 A) because of the placement of the positive appears.

Charge on the sulfur atom. Marr et al. have shown that the We proceeded by trying the Subsequent aggregation forms,
chloride ion is close to the dimethylamino group at a distance that is, dimer, trimer, tetramer, and higher aggregates.

gf 4.12 A b% m:ézcging X-ray diffraction and Fourier electron- 16 myitistep process yieldsimericaggregation state with
ensity analyses: two eclipsed molecules in thentiparallel configuration.

Bearing in mind these premises, the starting setup for o
: 5 The TB dimeric structure leads to a geometry where both of
structural analysis of the toluidine blue sample was the crystal
Y P y the molecules are separated by 35®.01 A and one of the

tructural t f methyl bfdeA H at laced ) . )
structura parameters of metny’ene arom replace d molecules is more slipped along tlyeaxis of 0.79+ 0.01 A

one methyl group at position 3, and methyl groups replace S .
two H atoms in position 2 for building up the model. EE?;utrgeggreCt'on of 0.07: 0.01 A with respect to the other

The apparent structural differences between methylene blue
and our sample required the reoptimization of the toluidine blue It is well-known that metachromatic-dye molecules have a
geometry comparing the theoretical structural function with the great ability to form dimeric aggregation of the H ty}jé?
experimental one in the range between 4.0 and 170 #his Attention must be given to the polymorphism of these organic
calculation yielded a nonperfectly planar molecular configuration dyes in considering their X-ray diffraction patterns. Many of
with the sulfur and nitrogen atoms of the heterocycle ring lying them have been found to exhibit polymorphism of stacked
out of the molecular plane. The atomic Cartesian coordinates molecules inparallel or antiparallel arrangements.
corresponding to this model are reported in Table 2. The chloride  MB molecules as guest species in hydrate and pentahydrate
ion interacts with the nitrogen atom of the dimethylamino group networks have shown molecular arrangemepiarallel fashion
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Figure 3. Structural models of the toluidine blue dimers in multistep aggregation formsuferstructureof TB dimers in an antiparallel fashion
in a staggerconfiguration; (b) top of view of two base pairs of the TB dimers imvest configuration rotated around tlzeaxis of 20; (c) two base
pairs of TB dimers in duckleconfiguration tilted in alternate mode &f4°.
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Figure 4. Supramolecular organization of toluidine blue. Proposed sketches of the TB molecular organization in a double-helix fashion: (a) 3D
view; (b) Cartesian coordinate of the dimer centers of mass of the toluidine blue ay+fit@ne. Thez-axis is perpendicular to the graphic plane,
and the label numbers increase along zkexis from 11 to 81 and from 1ll to 811 corresponding to two helices.

separated by an interplanar distance~.47 A and slipped cular slipping. Moreover, several parameters influence the
along thex-axis with respect to the nearest molecule (Figure metachromatic-dye assembling. The molecular orientation is

2)4143 affected by the amount of dye content in the samples and by
In the MB—thiocyanate network, the two monomeric faces the presence of different conformers or molecular networks,
are orientated in thantiparallel fashion separated by 3.38%A. changing the orientation of the molecules in parallel or
MB hydrate molecules incorporated in uric acid crystal have antiparallel arrangements. In the case of the ariparallel
been found in recent years as dimers in tetiparallel arrangement, one has to take into account that our sample is
configuration by an interplanar distance of 3.43%Structural characterized by only TBs not encapsulated within 3D molecular

analysis of tantalum sulfide intercalated with MB have shown networks. For this reason, it is expected that am¢iparallel
the same relative positions and orientations that was found infashion of metachromatic dyes might be the most stable
the crystal of MB-thiocyanate’®* MB aggregates exhibit that  molecular arrangement.

one of the molecules preferred to be slipped alongytaeis An accurate theoretical analysis with the experimental

between the other stack molecules, so that the dimethylaminostructural function has shown that, by adding J type dimeric

groups of the monomers are not in contact. arrangements, the peak at 3.14%%nd the shoulder peak at
Although these values are quite similar to taetiparallel 2.16 A1 appear and molecular tilting with respect to the

arrangement of TB aggregates, the slippings reported in the stacking axis yields a decrease and shift of the SF toward the
literature are slightly larger along theaxis. This discrepancy  lower q (A2 values (Figure 3a and c). Dimeric tilting in
can be explained by the presence of different peripheral groupsalternate mode shows broadening of the main peak without
in the TB molecule, as amine and methylene groups, which shifting, reaching a good agreement of peak area with the
increase the interplanar distance followed by a slight mole- experimental one.
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TABLE 3: Cartesian Coordinates (A) of the TB Dimeric
Centers of Mass

dimer x y z dimer X y z
1l 3.44 —-0.01 0.00 i —-2.19 8.27 0.73
21 4.22 0.15 7.10 21l —4.01 5.86 7.83
3l 4.75 0.91 14.21 3l —5.08 2.81 14.93
4 472 1.45 21.31 4]l -5.17 -0.13 22.04
51 4.60 1.78 28.41 51l —4.15 —-3.09 29.14
6l 4.23 220 3551 6ll —2.32 —-5.37 36.24
71 3.57 2.78 42.62 71 0.29 —6.67 43.34
8l 3.07 3.30 49.72 8l 3.34 —6.71 50.45

In this way, we are able to identify superstructureof two
dimers where one dimer is rotated 2&0ound thez-axis with
respect to the other.

Matassa et al.

Conclusion

The present structural studies of the solid amorphous material
of toluidine blue molecules can be summarized as follows.

The structure of the single TB molecules led to the conclusion
that the molecule is slightly distorted and the chloride ion is
closest to the dimethylamino group of the toluidine blue cation.
This result is consistent with that of the single crystal study on
MB molecules??43 where the crystal data of MB molecules
show indisputable evidence of the atom positions and the
experimental diffraction data are collected unt#.0 A1, Itis
worth noticing that a valuable difference between the experi-
mental data in the reciprocal spacp(f 1)) suggests that by
the EDXD method it is possible to expand the observable region
of the q values (1.6-17.0 A1), providing better information

By synchronizing all structural parameters, we determined on the intramolecular interactions in the range between 4.0 and
the structure of the toluidine blue sample. The experimental and17.0 A1,

theoretical SFs anDiff(r)'s are shown in parts a and b of Figure
1, respectively.
Most importantly, the best fit process brought a dimeric

The molecular arrangement of toluidine blue exhibits a
preferential configuration as trentiparallel fashion, forming
a dimeric aggregation of the H type. This result is confirmed

arrangement of eight superstructures in stacking configuration,by a dimeric hypothesis found in the solution phase. The

forming a double-helixA model of the TB sample is presented
in Figure 4.

To describe the supramolecular organization of TB dimers,

presence of amntiparallel configuration, with respect to the
MB polymorphs is characterized in the sample studied and by
the optimization of the dimeric interactions in an extended region

through mere noncovalent interactions, we adopt the architecturedf experimental data.

of Cambridge convention in terms of the rotational and
translational parametefs.

The superstructureshows a base pair of TB dimers slipped

by astaggertranslation component, where the centers of mass

of the dimers are symmetrical with respect to the origin of the
xy-plane at a distance of 10.@30.20 A (Figure 3a). A similar

structural arrangement was found by previous results of Sours

and co-workers for MB dimers placed in J type aggregatfon.

The supramolecular organization of eight stack superstructures

can be described by two rotational components: (i) tthist

component is related to a rotation of one base pair to the next

of the superstructures around the helix axis by2p° (parallel

to thez-axis), covering a helix circular range of 14(rigures

3b and 4b), and (ii) théucklecomponent indicates that there
is a tilting between two stack bases in alternate mode-bfl4
within each single helix (Figure 3c). It is worth noticing that
the stacking faults of dimers may be the prominent effect of
the local structural distortion of double-helical geometry.

TB molecules are arranged into the helical aggregation,
through noncovalent interactions, in agreement with circular
dichroism studies in the solution pha¥elhis result brought a
conclusion that the helical structures of metachromatic dyes
templated by polypeptides or aminoacids are one of the more
favorable interfacial packing arrangements but also an intrinsic
feature of the dyedye interactions.

The nature of the amorphous phase of the TB sample may
involve the faulting effect. The dimer in amntiparallel fashion
exhibits an anomalous stacking fault that is not observed in the
crystal arrangement studies of methylene blue, which have
shown constant linear molecular columns. Finally, the amor-
phous behavior led to local distortions of the helical geometry,
resulting in an asymmetric double-helix. Consequently, the TB
dimers are not able to aggregate in a complete helix, forming
one-third of a complete turn around the helix axis.
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slipping of the superstructuresrepresented by a system of

Cartesian coordinates of the dimeric centers of mass shown inReferences and Notes

Figure 4b, and the numerical values are reported in Table 3.
The centers of mass of the dimers are virtually linked by a black

line having a distance of 10.0& 0.20 A. The asymmetric
double-helix with an average radius of 8.370.20 A shows
that the helix axis is not located in the center of the double-

helix but close to the center of mass of one dimer of the super- 78

structure, forming an incomplete pitch of 52.790.20 A.
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