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A B S T R A C T

Rose Bengal@α-cyclodextrin (RB@α-CD) microparticles (μPs) were prepared and the RB inclusion in α-CD was
experimentally demonstrated through infrared, UV–VIS absorption spectroscopy and cyclic voltammetry. The RB
inclusion in α-CD was theoretically investigated using classical molecular mechanics calculations, the simulation
results showing that RB can be included in both the narrow and wide apertures of the α-cyclodextrin ring with
configurations exhibiting average binding energies of about 27 kcal mol−1. The prepared RB@α-CD micro-
particles were characterized through Scanning Electron Microscopy (SEM) and it was demonstrated that they are
highly efficient in the photodynamic therapy against a Streptococcus mutans (the main bacteria of cariogenic
dental plaque) suspension, as a concentration of RB@α-CD μPs 10 times smaller than the usual concentration of
pure RB is still capable to produce significant antibacterial activity.

1. Introduction

Photodynamic therapy (PDT) employs the combination of light and
chemical substances for the treatment of cancer tumors [1] and to kill
harmful microorganisms [2]. The use of nanosized carriers to improve
PDT drugs and decrease side effects is an important research trend [3].
In particular, PDT for the treatment for the treatment of oral infections
have been proposed. For example, recent results indicate the promising
application of Curcumin against oral bacteria, fungi and drug resistant
strains using biocompatible vehicles [4]. A chlorophyll derivative pre-
sented adequate antimicrobial efficacy for root canal disinfection [5],
and the use of PDT combined with the antibiotic clarithromycin against

generalized aggressive periodontitis was evaluated very recently [6].
The dye chromophore Rose Bengal (RB - 4,5,6,7-tetrachloro-

2′,4′,5′,7′-tetraiodofluorescein), which is commonly used in the Na salt
form C20H2Cl4I4Na2O5, is a well known photosensitizer in photo-
dynamic therapy with a singlet oxygen quantum yield of nearly 76%
under 532 nm light irradiation – see Fig. 1(a) [7–10]. However, it was
found that the RB immobilization by covalent bonds with substrates
decreases its rate of singlet oxygen generation, favouring the use of
noncovalent complexes to retain most of its photosensitizer role [11].
Among its good characteristics, RB is inexpensive and biodegradable,
has free amino groups (which is attractive for the establishment of new
chemical bonds with substrates) and is nontoxic for mammals, having
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in itself some antimicrobial activity [11]. RB-based photodynamic
therapy against Streptococus mutans was probed [12,13], but due to its
hydrophilic character RB suffers from poor intracellular uptake ability
[14]. Concerning this aspect, the use of microparticles for an improved
RB delivery is pursued, being supposed that their surfaces modified
with RB can have an enhanced antimicrobial effect [15,16]. As a matter
of fact, RB was used in silica nanoparticles to inactivate the Gram (+)
bacteria S. epidermidis and S. aureus16], and it was demonstrated that
photoactivated RB functionalized chitosan nanoparticles produce anti-
bacterial activity and stabilize dentin-collagen [17]. Besides, bimodal
optical diagnostics of oral cancer based on a RB conjugated gold

nanorod plataform was proposed [18], as well as RB-conjugated gold
nanorods for in vivo photodynamic and photothermal oral cancer
therapies [7].

Within the scope of finding new and promising applications of na-
nomaterials in dentistry [19], we focus attention on the natural cyclo-
dextrins (CDs) for drug delivery and pharmaceutical applications
[20–23]. As stated clearly by Lakkakula and Krause [21], natural and
modified CDs have been studied and some have gained US FDA ap-
proval or achieved ‘Generally Regarded as Safe’ (GRAS) status. CDs are
a family of macrocyclic oligosaccharides formed by six (α-CD, the
cheapest one), seven (β-CD, the most widely used) or eight (γ-CD) D-

Fig. 1. (a) Rose Bengal and (b) α -cyclodextrin molecular structures. (c) Rose Bengal molecule at physiological pH interacting with Na ions; (d) the α-cyclodextrin (α-
CD) molecule depicting the −OH groups / larger cavity (L) and −CH2OH groups /smaller cavity (S) sides. (e) Representation of cyclodextrin showing its truncated
cone shape (see solid lines) and the different sizes of the larger (L) and smaller (S) cavities.
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glucose units linked by α(1→4) glycosidic bonds. This gives rise to the
CDs cone-like or barrel-shaped molecular cavities in different con-
formations having asymmetric extremities: one with −OH groups /
smaller aperture (S) / negatively charged, an the other with −CH2OH
groups / larger aperture (L) / positively charged – see Fig. 1 (d and e)
[24]. These differences in the CD aperture sizes should promote an
asymmetric binding (inclusion, encapsulation) of guest molecules
within the host cavity and improve bioavailability of molecular species
of pharmaceutical interest, as outlined by Khedkar et al. [25] However,
effects of this asymmetric binding due to hydrogen bonding with the
−OH and −CH2OH groups on the molecular delivery by CDs were not
described yet to the knowledge of the authors.

It is interesting to highlight that Flamigni [26] has reported that RB
binds only to γ-CD, mainly in a 1:1 stochiometric ratio with Kb=100
dm3mol−1. On the other hand, the spectroscopic and electrochemical
study of RB in aqueous solutions of CDs performed by Fini et al. [27]
indicated that RB forms inclusion complexes only with hydroxypropyl-
β-cyclodextrins (HP-β-CD) and hydroxypropyl-γ-cyclodextrins (HP-γ-
CD), but not with α-cyclodextrin (α-CD). In another work, lastly, Fini
et al. [28] have studied the interaction of Rose Bengal (RB) in aqueous

solution of LiClO4 0.1mol L−1 with four different cyclodextrins, namely
hydroxypropyl-β-cyclodextrin (HP-β-CD), hydroxypropyl-γ-cyclodex-
trin (HP-γ-CD), heptakis(2,6-di-O-methyl)-β-cyclodextrin (DIMEB), and
heptakis (2,3,6-tri-O-methyl)-β-cyclodextrin (TRIMEB) by spectro-
photometric and calorimetric measurements. Their results suggested
that, at the concentration studied, RB is included in all modified CDs
forming 1:1 complexes with different stabilities depending on cavity
size and kind of derivative. Finally, in a more recent work, Fini et al.
[29] have performed a spectroscopic investigation of Rose Bengal/cy-
clodextrin interactions in aqueous solution for the case of the hydro-
xypropyl-cyclodextrins, finding evidence of the complex formation
between the RB and all HP - α, β, γ CDs both in water and in buffer.

By taking advantage of the good characteristics of RB as a photo-
sensitizer and those of CD for drug delivery outlined in the preceding
paragraphs, the proposal of this work is to briefly describe the pro-
duction and characterization (by UV–vis optical absorption, IR spec-
troscopy, scanning electron microscopy, cyclic voltammetry) of Rose
Bengal @ α-Cyclodextrin microparticles (RB@α-CD), followed by a
classical theoretical description of the most important structural char-
acteristics of this inclusion due to the noncovalent RB binding to α-CD
at both −OH and −CH2OH sides.

2. Materials and methods

2.1. RB@α-CD synthesis

In the encapsulation procedure, 1.0 g of α-cyclodextrin was dis-
solved in 200mL of distilled water and gently stirred for 4 h at 25 °C.
Afterwards, 100mg of Rose Bengal were added to the solution which
was stirred overnight. The solution was used as feed in a spray-dryer
equipment Buchi, Switzerland, model B-290 (spray drying is a common
encapsulation technique) to obtain Rose Bengal encapsulated in the α
-cyclodextrin matrix. The inlet and outlet air temperatures were
maintained at 130 °C and 65 °C, respectively, with a feed flow of
3.5 mL/min, an aspirator volume flow of 35 m3/h, and an air volume
flow of 84 L/h. In order to estimate the relative concentration of Rose
Bengal per each 10mg of the RB@ α -CD microparticles the following
method was employed: 18 concentrations in the range 2–20mg/L of RB
in double distilled water were prepared. The UV–vis spectra of each
solution was obtained with an observed absorption maximum at
558 nm. The relative intensity of this maximum as a function of the RB
concentration was linearly interpolated and, afterwards, the optical

Fig. 2. Initial molecular geometries used to investigate the interaction energy of the Rose Bengal@α-cyclodextrin complex.

Fig. 3. Optical absorption spectra of α-CD (black line), RB (red), and RB@α-CD
(blue) obtained for liquid samples at room temperature with a Hewlett-Packard
spectrophotometer, model 8453 Diode-Array.
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absorption of an aqueous solution containing 10mg of RB@ α -CD
microparticles was measured at 558 nm as well. Considering that CD
does not exhibit optical absorption in this wavelength, the linear in-
terpolation previously obtained, combined with the Lambert-Beer
equation, allowed us to obtain the concentration of 1.38mg of Rose
Bengal per each 10mg of the RB@α-CD microparticles (so 13.8% of the
sample mass was due to RB).

2.2. Infrared spectrum

The vibrational spectrum in the infrared region (FTIR) was obtained
from samples in solid state, previously dispersed, grinded and pressed
with potassium bromide (KBr, 100mg, 1 wt %) to form a pellet. The
spectra were collected through 80 scans at a resolution of 2 cm−1. The
absorption measurements were all performed using an ABB Bomem FT-
IR spectrometer, model 2000-120 FTLA with spectral window 400 of
the 4000 cm−1.

Fig. 4. Infrared absorption spectra of α-CD (black line), RB (red), and RB@α-CD (blue). Solid state samples were used after dispersion, grinding and pressuring with
KBr to form a pellet. The spectra were measured using an ABB Bomem FT-IR spectrometer, model 2000-120 FTLA.

Fig. 5. Morphological aspect of the rose bengal dye pure (a and c) and complexed with alpha-cyclodextrin forming microparticles and microcapsules (b and d).
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2.3. UV–vis spectrum

The electronic spectra in the regions of the visible and ultraviolet
ranges for samples in aqueous solution were obtained at room tem-
perature with a Hewlett-Packard spectrophotometer, model 8453
Diode-Array. The absorbance was obtained by direct reading of the
spectra in the region of 200–800 nm (6.21–1.55 eV) using as blank the
solvent NaCl 0.89%.

2.4. Potentiodynamic polarization measurements

The electrochemical potentiodynamic polarization experiments
were performed using a Metrohm Autolab PGSTAT 302N potentiostat /
galvanostat, controlled by the NOVA program for data acquisition and
treatment. All voltammograms were obtained at 10mV s−1 and at room
temperature (≅25 °C). A conventional electrochemical cell containing a
disc glassy carbon of 3mm diameter was used as the working electrode,
while a 2 cm2 Platinum foil served as auxiliary electrode and Ag(s)/
AgCl(s)/Cl−(aq.) (saturated KCl) as reference electrode. Phosphate buffers
at pH 7 and containing 2× 10−4 mol L−1 of Rose Bengal, with or
without 5×10−2 mol L−1 α-cyclodextrin concentration, were used as
working solutions.

2.5. Scanning electron microscopy

The surface morphology of the powder samples (RB and RB@α-CD)
were observed using a scanning electron microscope (SEM) (FEI®
INSPECT F50). The sputtered gold coated sample were examined and
photographed in SEM at an accelerating voltage between
12.50–20.00 kV.

2.6. Biological essays

For the microbiological assay, PDT efficacy against planktonic sus-
pensions of Streptococcus mutans was tested with the photosensitizers
Rose Bengal (RB) (Sigma-Aldrich, Milwaukee, WI, USA) and Rose
Bengal encapsulated with cyclodextrin (RB@α-CD). The preparation for
encapsulation was performed in a spray-dryer equipment Buchi,
Switzerland model B-290. The inlet and outlet air temperatures were
maintained at 130 °C and 65 °C, repectively, with a feed flow of 3.5mL/
min, aspirator volume of 35 m3/h, and air volume flow of 84 L/h.

The light source used was an Ultrablue plus light emitting diode
(LED, λ=520 nm, DMC, São Carlos, SP, Brazil). Rose bengal has
maximum absorption peak around 520 nm. The energy densities used
were 3.35 J.cm−2, 6.70 J.cm−2 and 10.05 J.cm−2, corresponding to
60 s, 120 s and 180 s of irradiation, respectively. The choice of LED
instead of LASER was due to its broader emission band, smaller size,
reduced weight and cost of the apparatus, greater flexibility in irra-
diation time and also ease of handling [30,31]. Specifically, blue LEDs
are already used in everyday dental practice, not damaging oral tissues
[13]. In PDT, LED light only has demonstrated absence of antimicrobial
action [32,33].

The bacterial inoculum was prepared as follows: a standardized
suspension of S. mutans UA 159 (ATCC 700610) was obtained for up-
take of the microorganism. First, Tryptone Soy Broth (TSB, Becton,
Dickinson and Company, Sparks, MD 21152 USA) enriched with 0.5%
yeast extract (Becton, Dickinson and Company, Sparks, MD 21152 USA)
and 1% glucose (Fina Química, Rio de Janeiro, RJ, Brazil) was in-
oculated with S. mutans and then incubated for 18 h at 37 °C in a 5%
CO2 atmosphere (Thermo Fischer Scientific, Model 311, OH 45750,
Marietta, Ohio, USA). The suspension was adjusted to 1–2×106 CFU to
perform assays employing broth microdilution technique in order to
find out the minimum inhibitory concentration (MIC), according to the
procedures specified by the Clinical Laboratory Standards Institute
(CLSI, 2012). For this assay, stock solutions with initial concentrations
of 32 μmol L−1 RB and 64 μmol L−1 of RB@α-CD and 11 binary dilu-
tions of each photosensitizer were tested on 96-well microplates
(Techno Plastic Products, TPP®, Switzerland). The microplates were
incubated at 37 °C and 5% CO2 for 24 h. Minimum inhibitory con-
centration was considered to be the lowest concentration of photo-
sensitizer (RB or RB@α-CD) capable of inhibiting the growth of S.
mutans observed by visual inspection (absence of visible turbidity) and
absorbance reading of 492 nm (Thermoplate, Tp-Reader-Basic New,
CHINA). The determination of the minimum bactericidal concentration
(MBC) was performed afterwards. MBC was defined as the minimum

Fig. 6. Voltage-current relationship obtained to 2×10−4 mol L−1 Rose Bengal
on a glassy carbon electrode in presence (dashed line) and absence (solid line)
of 5×10−2 mol L−1 α-cyclodextrin. Both curves were obtained in phosphate
buffer solution, at pH 7, at room temperature (≅ 25 °C) and using
Potentiodynamic Polarization technique with a scan rate of 10mV s−1.

Fig. 7. Interaction energy as a function of the centroid-centroid distance of the
RB@α-CD complex obtained for a set of eight optimized configurations, four at
the smaller (S1, S2, S3, S4) mouth of α-CD and four at the largest (L1, L2, L3,
L4) one. Each geometry was translated rigidly along the centroid-centroid axis.
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concentration of photosensitizers RB and RB@α-CD required to kill
most (≥99.9%) viable microorganisms after incubation. The bacterial
viability test, taking the MIC and MBC values for each photosensitizer
used, was then performed. For this assay, the microbial suspension was
adjusted in broth in order to obtain a concentration of 108 CFU/mL. The
experimental groups and control groups (negative control groups- NaCl
0.9%, with and without LED activation, and a positive control group
with Chlorhexidine 0.12%) were analyzed in triplicates.

The colony-counting data were transformed to Log CFU. Statistical
analysis was performed using Student’s t-test and ANOVA followed by
Tukey's test. In cases where the data showed some asymmetry, the
nonparametric Wilcoxon and Friedman tests followed by Dunn's post
hoc method were employed. In all situations, the maximum significance
level adopted for affirmative findings was 95% (p < 0.05). Statistical
analyzes were performed using the GraphPad Prism 7.0 software
(GraphPad Software, San Diego, CA, USA).

2.7. Classical molecular mechanics calculations

Adsorption simulations of a single Rose Bengal molecule complexed
to α-cyclodextrin were performed using classical molecular mechanics.
Eight distinct conformations of Rose Bengal placed near to the smaller
(outer ring with −CH2OH groups, S1, S2, S3, S4) and larger (outer ring
with −OH groups, L1, L2, L3, L4) cavities of the α-cyclodextrin mo-
lecule were evaluated as shown in Fig. 2. In a first moment, the total
energy of the Rose Bengal@α-cyclodextrin (RB@α-CD) systems were
optimized using the Universal force field (UFF) [34]. The resulting
structures were afterwards subjected to a classical annealing calculation
using the Forcite code. A total of 100 annealing cycles were performed
with minimum and maximum temperatures of 200 K and 300 K, re-
spectively, with 50 heating ramps and 100 steps of 1 fs per ramp in a
canonical (NVT) ensemble. The temperature was monitored with a
Nosé thermostat. At the end of the annealing cycles, the best molecular
geometry for each initial conformer were again optimized and used as
inputs to evaluate the adsorption potential, as described in reference
[29].

The adsorption energy of each molecule complexed to cyclodextrin
was defined as the energy difference between the RB@α-CD system and
the energy of each component (RB, α-CD) optimized separately. The
adsorption energy as a function of the centroid-centroid distance be-
tween RB and α-CD for each conformation was evaluated. The fol-
lowing convergence thresholds were adopted for the classical molecular
mechanics computations: energy variation between two successive
steps smaller than 2.0×10−5 kcal. mol−1, force per atom smaller than
0.001 kcal mol−1. Å−1, and maximum displacement smaller than
1.0×10−5 Å.

3. Results and discussion

Fig. 3 shows the optical absorption spectra of α-CD, RB and the RB@
α-CD optical absorption curves in the 1.90–2.75 eV energy range. The
α-CD curve exhibits a practically uniform linear increase, while RB has
two humps, one at 558 nm (2.22 eV) and another at 522 nm (2.37 eV).
Semi-empirical calculations using the ZINDO approach [30] suggest
that the first peak can be assigned to transitions between a molecular
ground state with strong π-like HOMO character and a first excited state
with dominant contribution from the π-like LUMO molecular orbital,
both located at the carbon rings bound to the iodine atoms. The second
transition, on the other hand, involves a transition between the HOMO
π-like ground state and the LUMO+3 σ-like second excited state,
which is also located at the iodine bound carbon rings. For the RB@α-
CD microparticles, the UV-VIS spectral curve is very similar to the curve
for pristine RB, with a small redshift of only 2 nm, probably due to the
weak non-covalent interaction of RB with α-CD.

The infrared absorption spectrum of α-CD, RB and the RB@α-CD is
depicted in two wavenumber ranges in Fig. 4, the first between 610 and
810 cm−1 (left) and the second between 1450 and 1650 cm−1 (right).
Three vibrational signatures of the RB IR absorption can be seen at
661 cm−1, 762 cm−1, and 1550 cm−1 which correspond to peaks also
observed in the RB@ α-CD complex. The maximum at 661 cm−1 can be
assigned to an out-of-plane deformation of the benzene ring bound to
the chlorine atoms and the scissors motion of the OeC–O group at-
tached to it. At 762 cm−1, there is a RB peak with a very close ab-
sorption band for α-CD assigned to the bending of the CH2OH groups.
The corresponding RB normal mode consists in an out-of-plane motion
of all its benzene-like parts and the wagging of the OeC–O group. Fi-
nally, the RB peak at 1550 cm−1 corresponds to CeC and C–O bond
stretchings at the central benzene ring with one oxygen atom and to
CeC vibrations of its neighbor rings bound to the iodine species.
Overall, one can describe the RB@α-CD IR absorption curve as the
superposition of both the RB and α-CD spectra, this being due to the
non-covalent nature of their interaction.

Fig. 5 shows the morphology of pure RB (a, c) and RB complexed
with α-CD (RB@α-CD) through scanning electron microscopy. While
pure RB exhibits microcrystals with apparent sharp edges and sizes
above 20 μm, the spray dryed RB@α-CD powder shows the formation of
spherical microparticles and microspheres with diameters ranging from
1 to 8 μm, which is the typical powder morphology obtained through
the synthesis process we used here [36,37]. Besides, reports point to the
formation of cyclodextrin aggregates with diameters frequently less
than about 300 nm in aqueous solution in the presence of other com-
pounds [38,39], a process which certainly promotes the formation of
the spherical microparticles and microcapsules of RB@α-CD observed
in our SEM measurements.

The interaction between the Rose Bengal and the α-cyclodextrin

Fig. 8. Microbial viability (log of CFU/mL) of
Streptococcus mutans after Rose Bengal (RB)/
Rose Bengal encapsulated with cyclodextrin
(RB@α-CD) activation using blue light for 60 s
(3.35 J.cm −2). (A): Microbial viability of S.
mutans suspensions after exposure to RB
(0,031 μmol L−1; 0,062 μmol L−1; 1 μmol L−1

and 2 μmol L−1). (B): Bacterial viability of S.
mutans suspensions after exposure to RB@α-
CD (0,031 μmol L−1; 0,062 μmol L−1;
1 μmol L−1 and 2 μmol L−1). Control groups:
NaCl 0.9%, LED (blue light at 3.35 J.cm−2)
and Chlorhexidine (CHX) 0.12%. *indicates
significant differences (p < 0.05) when com-
pared to the LED only exposure control. Each
bar represents the mean ± SD triplicate va-
lues.
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was evaluated by Potentiodynamic Polarization technique and the
voltammetric curves obtained in presence and in absence of α-cyclo-
dextrin are displayed in Fig. 6. In this figure, it can be noted that Rose
Bengal presents two peaks at the cathodic sweep, indicating that this
molecule receives electrons from electrode, promoting its electro-
chemical reduction on glassy carbon electrode. In addition, the de-
crease of both peaks currents values in presence of α-cyclodextrin, re-
veals the existence of some interaction between Rose Bengal with α-
cyclodextrin. This result differs from that presented by Fini et al. [40]
that did not observe any effect of including α-cyclodextrin in their peak
current measurements, although a small shift was observed when α-CD
was added in aqueous media with RB, possibly due to changes in the
polarity of the chromophore environment (batochromic effect) pro-
duced by interaction between the polar aqueous media and the apolar
cyclodextrin cavity.

Fig. 7 shows the interaction energy profile of a single molecule of
rose bengal complexed with a single molecule of α-cyclodextrin ac-
cording to classical molecular mechanics calculations. The interaction
energy was plotted as a function of centroid-centroid distance with both
molecules being displaced along an axis perpendicular to the α-cyclo-
dextrin ring. When RB is placed near to the small mouth (−CH2OH
groups attached) of α-CD, we obtain, for distinct relative orientations
(S1, S2, S3, S4, see Fig. 2) very similar interaction energy curves, with
minimum energy of about -27 kcal mol−1 (-1.4 eV) for a distance be-
tween centroids within the 6.5–6.8 Å range. On the other hand, for the
large mouth placement (−OH groups, L1, L2, L3, L4), three of the
curves (L1, L3, and L4) are very close to each other, with energy
minimum between -28 and -29 kcal mol−1 (the later for L4, with the
three fused iodine-benzene rings parallel and the tetrachloring ring
perpendicular to the cyclodextrin plane) and centroid-centroid distance
in the 6–6.3 Å interval. The minimum for the L2 case (the rose Bengal
molecule placed perpendicularly to the cyclodextrin large mouth with
the tetrachlorine ring closer), in contrast, occurs at about 7.3 Å with
energy of about -26 kcal.mol−1. These results suggest that there is a
relatively strong non-covalent binding of rose bengal to α-cyclodextrin,
supporting our experimental results.

Prevention of dental caries is traditionally performed through the
mechanical removal or non-specific control of dental plaque. The use of
antimicrobial agents acts in a complementary way to the mechanical
control of the plaque [41]. The oral cavity, inhabited by more than
1.000 different bacterial species and containing 108-109 bacteria/mL of
saliva demands strategies that ideally prevent plaque biofilm formation
without affecting its biological balance to control the disease [42]. As
chlorhexidine (chlorhexidine digluconate 0.12%) is the antimicrobial
agent of choice for inhibition of the formation of cariogenic biofilms,
we have used it as a positive control of this study [43].

On the other hand, photodynamic therapy (PDT) is a valuable tool
in the control of dental plaque bacteria [44–47]. One of the advantages
of bacterial death by the activation of photosensitizers by light is that
the resistance to the action of singlet oxygen is unlikely to occur,
compared to the experience with traditional chemical antimicrobial
agents such as antibiotics [48]. Complexation by cyclodextrins usually
produces changes in the physicochemical properties of photosensitizing
molecules, particularly in their photoreactivity [49]. The chromophore
of the dye or photosensitizer included in the cyclodextrin cavity finds a
relatively hydrophobic environment and is often able to form hydrogen
bonds with cyclodextrin [50]. In addition, the presence of the cyclo-
dextrins in solution may be useful in preventing dye self-aggregation
and its photooxidation, thus being able to avoid a decrease in dye ef-
ficiency through hydrophobic interactions [51].

In Fig. 8, we present the results of our microbial viability experi-
ments using pure Rose Bengal and Rose Bengal encapsulated within α@
-cyclodextrin. The minimum inhibitory concentration (MIC) value for
RB activated by LED at an energy density of 3.35 J.cm−2 was 1 μmol
L−1 and the minimum bactericidal concentration (MBC) was 2 μmol
L−1. For RB@α-CD, the MIC and MBC values under the same

irradiation conditions were 0.031 μmol L−1 and 0.062 μmol L−1, re-
spectively. The photodynamic therapy exhibited a significant reduction
in bacterial viability for both photosensitizers (RB and RB@α-CD) in
the plankton cell suspension model and different irradiation times
(p < 0.05). The reduction of the bacterial viability, observed by the
action of both photosensitizers, did not suffer interference from the
times tested (60 s, 90 s and 120 s), so only the results for a 60 s exposure
are shown. After exposure of S. mutans to 2 μmol L−1 of RB or
0.062 μmol L−1 of RB@α-CD no more microbial growth in PDT was
observed (p < 0.05).

The large efficiency improvement of encapsulated RB against the
bacteria probably results from an increase of RB intake through bac-
terial membranes due to the encapsulation substrate (one can note that
a 0.031 μmol L−1 concentration is 10 times smaller than the usual
concentration of pure RB capable to produce significant antibacterial
activity). The systems containing encapsulated photosensitizers, as a
matter of fact, have several advantages over non encapsulated photo-
sensitizing molecules, including (i) a higher critical mass for the pro-
duction of reactive oxygen species; (ii) a limitation on the ability of the
target cell to pump the drug molecule out, thereby reducing the pos-
sibility of multiple drug resistance; (iii) treatment selectivity via loca-
lized release of the agents, which can be obtained through passive or
active targeting on the charged surface of the inclusion complexes; and
(iv) the non immunogenic character of the matrix [52]. According to
Paulino et al. [53], the application of RB at concentrations below
5.0 μmol L−1 in the dark was not toxic to fibroblasts. Therefore, the
concentrations used in this work (0.031 μmol L−1, 0.062 μmol L−1,
1 μmol L−1 and 2 μmol L−1) do not exert cytotoxicity on human cells
and may be applicable in future in vivo studies.

4. Conclusions

In summary, we have produced microparticles of α-cyclodextrin (α-
CD) with rose Bengal (RB) for use against the bacteria S. mutans through
photodynamic therapy, which has a significant role in the process of
tooth decay. UV-VIS optical absorption and infrared spectroscopy
measurements were carried out to characterize the formation of the
RB@α-CD complex, as well as classical molecular mechanics simula-
tions to investigate their interaction. A non-covalent interaction be-
tween the dye and the microparticle was identified due to a small
(2 nm) wavelength deviation in the optical absorption spectrum, which
exhibited features characteristic of RB. The infrared absorption curve of
RB@α-CD, on the other hand, clearly revealed three peaks due to RB at
661, 762 and 1550 cm−1. The morphology of pure RB and RB@α-CD
was assessed through scanning electron microscopy (SEM), with the
pure RB sample exhibiting sharp edge microcrystals larger than 20 μm,
and RB@α-CD sample revealing the formation of spherical micro-
particles and microspheres with diameters in the 1–8 μm range.
Potentiodynamic Polarization measurements produced voltammetric
curves for pure RB and RB@α-CD microparticles, with the RB curve
exhibiting two cathodic peaks larger than those obtained for RB@α-CD,
indicating an interaction between Rose Bengal and α-cyclodextrin. The
classical molecular mechanics calculations showed that the binding
centroid-centroid distance of RB to α-CD is within the 6–7.5 Å range,
with binding energies between 26 and 29 kcal mol−1, with the strongest
binding corresponding to a single RB placed at the largest mouth of α-
CD with its tethraclorine ring perpendicular to the α-CD ring and the
three fused iodine-benzene rings parallel to the cyclodextrin ring.
Finally, and most important, an investigation of the effectivity of the
RB@α-CD microparticle system on the viability of bacterial samples has
revealed that for concentrations 10 times smaller than the usual for RB
use against S. mutans, the irradiation of RB@α-CD microparticles leads
to the complete eradication of the bacteria.
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