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Abstract

Periodontal disease is characterized by a microbial infection and it is one of the major causes of teeth loss. The growth of
pathogenic bacteria in oral cavity, such as Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans), provides a
favorable enviromment for the biofilm formation, which result in periodontal diseases. The development of new technologies
to potentiate existing drugs, avoiding bacterial biofilms resistance and improving chemical stability is highly desirable. Here,
we report the use of host—guest chemistry to enhance the activity of antibacterial doxycycline (DOX) in A. actinomycetem-
comitans bacterial strain suspension and biofilm in vitro through complexation with hydroxypropyl-p-cyclodextrin (HPBCD)
using different molar ratios of DOX/HPBCD. 2D 'H NMR confirmed the host—guest complexation of DOX and HPPCD. We
assessed the colloidal characteristics of the complex DOX/HPBCD via Dynamic Light Scattering (DLS) and Zeta Potential
(PZ). The mixing ratio 1:2 DOX/HPBCD significantly decreased the minimum inhibitory concentration (MIC) and improved
efficacy against A. actinomycetemcomitans suspensions and biofilms, respectively, when compared to free DOX and other
DOX/HPBCD complexes. Further, the interaction of different molar ratio proportions of DOX/HPBCD complex with bacterial
membrane was demonstrated via Isothermal Titration Calorimetry (ITC). Thus, we suggested the enhanced efficacy of the
DOX/HPBCD complexes, at molar ratio 1:2, is due the higher cyclodextrin ratio, which potentiate the interaction between
drug and bacterial membrane through nonionic interactions, such as hydrogen bonding or other van der Waals interactions.
Collectively, the development of these complexes enables increased efficacy against bacterial biofilms, which hold promise
for the treatment of aggressive and non-responsive forms of periodontitis.
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Periodontal diseases are a serious healthy issue worldwide
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Although different bacterial strains have been associated
with periodontal diseases in adults, Aggregatibacter actino-
mycetemcomitans (A. actinomycetemcomitans) is considered
to be a major cause of localized aggressive periodontitis
[11-14]. A. actinomycetemcomitans is a Gram-negative, fac-
ultative anaerobic coccobacillus bacterium that colonizes
the oral cavity with ability to form biofilm, which is a struc-
tured consortium of bacteria embedded in a self-produced
polymer matrix consisting of polysaccharide, protein and
DNA[15-17].

Bacterial biofilms can cause chronic infections, mainly
because their increased resistance to antibacterials [18, 19].
A fact of considerable importance is that biofilms effec-
tively protect bacteria from antimicrobial agents. Biofilm
cells are generally said to be resistant by comparison with
their planktonic counterparts [20]. Bacteria can be ~ 1000
times more resistant to an antibacterial in a biofilm when
compared to the same planktonic cells [21], although the
resistance mechanisms involved are still largely unknown.
Among the possible mechanisms, it is believed that inacti-
vation of the drug may occur by polymers or extracellular
enzymes, or inefficiency of the drug due to very slow growth
rates within the biofilm [22]. Infections associated with bio-
films are generally recurring in nature, whereas conventional
antimicrobial therapies eliminate predominantly planktonic
forms, leaving free sessile cells to reproduce and spread in
the biofilm after treatment. Also, bacteria within biofilms
may also evade from the immune system response [23].

AAT may also fail due to the emergence of resistant
human pathogens [12, 24]. Several antibacterial have been
used as an adjunct to the basic mechanical treatment and has
become the standard of care in aggressive and non-respon-
sive forms of periodontitis, including those that directly kill
bacteria, such as amoxicillin, and those that exert bacterio-
static actions and prevent their growth, such as doxycycline
(DOX) [25-28].

DOX is a semi-synthetic antibacterial derived from oxy-
tetracycline, commonly used for numerous intracellular and
extracellular pathogens [29] (Fig.1). The mechanism of
action is through the inhibition of protein synthesis by its
interaction with 30 s ribosomal subunit and the subsequent
blocking of the RNA binding to the docking sites. Stud-
ies have found that the DOX has also an anti-inflammatory
activity, ability to inhibit matrix metalloproteinases actions
and cell proliferation [30], and reduces the blastogenic
response of lymphocytes [31].

Despite the broad spectrum of DOX against pathogenic
bacteria, several bacteria groups were reported to exhibit
resistance to this antimicrobial agent, such as A. actinomy-
cetemcomitans [12, 32-35]. Although DOX have been used
in a systemic administration for infection control, it is also
questionable, though, if sufficient doses can reach the site of
infection in commonly used therapeutic [36]. Sustained and
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Fig.1 Chemical structure of DOX

controlled drug release formulations have recently gained
interest, since they provide a long-term and effective treat-
ment at the site of infection at much smaller doses [12, 37].
The local delivery of antimicrobials has been investigated
for the possibility of overcoming the limitations of systemic
therapy [38—40]. Furthermore, it has been demonstrated that
molecular inclusion with cyclodextrins (CDs) could prevent
degradation of the associated drugs, improving stability
[41]. The DOX complexed in hydroxypropyl-p-cyclodextrin
(HPBCD) has been already studied in a hydrogel for ophthal-
mic delivery [42]; however, there isn’t approved formulation,
for local and controlled release of antibacterial using cyclo-
dextrins, for periodontitis treatment in humans.

There is some uncertainty about the efficacy of DOX
when used as the only therapy to treat periodontal diseases.
However, some studies have shown that DOX adjunct ther-
apeutic scheme have more favorable antimicrobial effects
than mechanical therapy alone [14, 36]. The complexation
of DOX with HPBCD has been proposed as a strategy to
improve the drug properties such as stability, solubility, and
efficacy.

Herein, different molar ratios of DOX/HPBCD complexes
were prepared and assessed for enhanced efficacy against
bacterial A. actinomycetemcomitans suspensions and bio-
films. An optimized complex was identified, through com-
plexation of HPBCD with DOX at molar ratio of 1:2, with
enhanced stability and greater efficacy against A. actinomy-
cetemcomitans suspension and biofilm.

Materials and methods
Chemicals and bacterial strain

Doxycycline hydrochloride (DOX) was obtained from
Sigma-Aldrich (St Louis, MO) and hydroxypropyl-beta-
cyclodextrin (HPPCD) was obtained from Cerestar®, Co.
(Milwaukee, WI, USA). A. actinomycetemcomitans was
obtained from the American Type Culture Collection (ATCC
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29,522). Brain Heart Infusion (BHI) broth and yeast extract
were purchased from Biobras S.A® (MG, Brazil). All other
materials and solvents were of analytical grade. Dimethyl
sulfoxide 99.9% ACS reagent was obtained from Sigma-
Aldrich (Milwaukee, WI, USA). Phosphate buffered saline,
pH 7.4 was obtained from ThermoFisher Scientific (Cam-
bridge, MA, USA). Deuterium Oxide (D,0) was obtained
from Cambridge Isotope Laboratories, Inc. (Cambridge,
MA, USA).

DOX/HPBCD complexation

The 1:2, 1:1 and 2:1 DOX/HPBCD mixing ratio inclusion
complexes were prepared by freeze-drying method using the
same methods described elsewhere [41]. Briefly, different
proportions of DOX and HPBCD were weighted at given
molar ratios and dissolved in ultrapure water. DOX solu-
tion was protected of direct light. The aqueous solution of
DOX and HPBCD were mixed and stirred for 2 h at room
temperature and then submitted to freeze-drying process
to achieve a solid inclusion complex, before spectroscopic
characterizations.

Solid state analysis: Fourier transformed infrared
spectroscopy (FTIR)

Solid state characterization of DOX, HPCD, DOX/HPBCD
and a physical mixture (PM) of DOX and HPBCD at a molar
ratio of 1:1 was performed using FTIR. The samples were
prepared as potassium bromide (KBr) pellets and scans were
performed from 4000 to 400 cm™" at a resolution of 4 cm™"
using 32 scans per sample. FTIR spectra were recorded
using a Perkin Elmer spectrometer (Spectrum GX; Perkin
Elmer, Boston, MA, USA).

Solution analysis: nuclear magnetic resonance
(NMR) spectroscopy

The DOX/HPBCD inclusion complex in solution was char-
acterized using NMR spectroscopy at a molar ratio of 1:1.
"H NMR chemical shifts (8) and 2D 'H-'H ROESY experi-
ments were performed using a Brucker DPX-400 Avance
(400 MHz) spectrometer, at 300 K. The solutions analyzed
included 2.0 mM of DOX and DOX/HPBCD (1:1). Both
solutions were prepared in D,0 (Cambridge Isotope Labo-
ratories, Inc.; 99.9% isotopic purity). The HOD signal at
8=4.80 was used as a reference. DOX/HPBCD complexes
were determined via 2D 'H-'H ROESY correlation. Briefly,
DOX/HPBCD complexes were dissolved in D,O (concentra-
tion: ~15 mg/mL) and then 2D 'H-'H ROESY (ROESY,
mix time of either 400 or 650 ms, 256 FID) was performed.
Complexation and structure were determined by observing
the proton cross-peaks between HPBCD and DOX.

Microcalorimetric measurements

Calorimetric titrations were carried out with a VP-ITC
Microcalorimeter (Microcal Company, Northampton, MA,
USA) at 25 degrees Celsius. To investigate the of drug-
membrane direct interaction, calorimetric titrations for
each DOX/HPBCD solution, at 1:0 (free DOX solution),
1:2, 1:1 and 2:1 mixing ratio in A. actinomycetemcomitans
suspensions were performed. For each titration, the nominal
concentration of DOX was constant (15 mM), only vary-
ing the HPBCD proportion. Each titration was performed
by 51 injections of 5.0 puL of titrants in 1.5 mL of the titer
bacterial solution in sterile saline prepared with turbidity
(0.08 OD at 600 nm), with around 0.8 x 10® cells/mL. The
raw data was analyzed using the “one site model” set forth
by Microcal Origin 7.0 for ITC after the subtraction of the
blank experiment.

Dynamic light scattering analysis

The hydrodynamic diameter titrations for DOX/HPBCD
complex were performed using a Malvern Zetasizer Nano
ZS instrument (Malvern Instruments, Malvern, UK) and
polyethylene square cells. Briefly, HPPCD (4 mM) was
titrated in with the addition of ~30 aliquots (10.0 pL each)
of aqueous solutions of DOX (60 mM). Sample suspen-
sions were exposed to monochromatic light (10 mW He-Ne
laser, wavelength 632.4 nm) and scattered light intensity was
measured at 90°. Hydrodynamic diameters (Dh) for each
titration were calculated from the average of five independ-
ent measurements that represented the mean of thirty runs.
The reported Dh is the average of two independent titrations
and error bars represent the standard deviation (SD) of these
two experiments.

Zeta potential (ZP) titrations

ZP values were determined using the Laser Doppler Veloci-
metry technique and disposable cell folded capillaries (Mal-
vern DPS1060) at a scattering angle of 90° at 25 °C. Titra-
tions were conducted using ~ 25 successive injections of 10
pL aliquots of of DOX (60 mM) solution, into 1.0 mL of
HPBCD (4 mM). ZP values were obtained from the aver-
age of five measurements, with each one representing the
mean of five runs. Reported ZP values are the average of
two independent titrations and error bars represent the SD
of these two experiments.

Minimum inhibitory concentration (MIC)
MIC for planktonic bacteria was determined by microdi-

lution method, according to the standards of NCCLS [43,
44]. Briefly, A. actinomycetemcomitans was anaerobically
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seeded in BHI broth supplemented with 0.5% yeast extract
and incubated anaerobically (10% CO,, 90% N,) at 37 °C
for 24 h. After incubation, bacteria suspension was adjusted
to an optical density determined spectrophotometrically of
0.08-0.10 at 600 nm to obtain 1.5 x 10® CFU, added to dou-
ble serial dilution of DOX, HPBCD, DOX/HPBCD (128 pg/
mL to 0.25 pg/mL), and then transferred to 96-well plates
and incubated at 37 °C for a period of 24 h. MIC was defined
as the lowest concentration that prevented visible growth of
the microorganism, determined with a spectrophotometer at
610 nm [43, 44]. All MICs assays were performed in tripli-
cates of two independent experiments.

Scanning electron microscopy (SEM)

Standard procedures of SEM have been used to verify
biofilm bacterial growth and to assess cellular membrane
integrity and morphologic changes caused by the drug treat-
ments [43]. Briefly, biofilms were grown under anaerobic
conditions for 24 h on coverslips treated with poly-L-lysine
in 24-well plates. After incubation the antimicrobial agents
replaced the medium in the concentration of 1 ug/mL for
DOX and DOX/HPBCD. For positive control, medium was
replaced by fresh BHI supplemented medium. After 24 h
of incubation under anaerobic conditions at 37 °C, the cov-
erslips were fixed for 24 h in a solution containing 2.5%
glutaraldehyde. Coverslips were washed in 0.1 M cacodylate
buffer (pH 7.3) and dehydrated in a graded series of ethanol.
Subsequently, the cover slips were subjected to critical point
drying with CO,, sputter-coated with gold (thickness approx.
10 nm), and examined with a Zeiss DSM 960A electron
microscope.

Biofilm formation, quantification of Biomass
and Minimum Biofilm inhibitory concentration
(MBIC)

Overnight cultures were diluted to an optical density
at 600 nm of 0.10+ 0.02 absorbance (between 107 and
1074 CFU/mL) in fresh BHI supplemented with 0.5% yeast
extract. In brief, 0.2 mL of the diluted culture was added to a
96-well plate and incubated for 24 h. After incubation, solu-
tions of DOX or DOX/HPBCD at different stoichiometric
ratio replaced the BHI broth. The nominal DOX concentra-
tions tested were: 2, 20 and 200 pg/mL. Fresh BHI broth
with bacteria was used as positive control and BHI broth
supplemented without bacteria as a negative control. Fol-
lowing 24 h of incubation, biofilm biomass was assessed
by crystal violet assay as described elsewhere [45, 46].
Briefly, after 24 h incubation with the antimicrobial agents
the medium was removed and the microtiter plate wells were
washed with 200 pL of PBS (0.1 M, pH 7.4) buffer and
allowed to dry for 15 min. Microtiter wells were stained
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with 200 pL of 0.1% crystal violet stain for 30 min at room
temperature. The unbound crystal violet stain was removed
and the wells were washed with 200 uL. of PBS buffer. Wells
were air-dried for 15 min and the remaining crystal violet
was solubilized in acetic acid (200 pL; 33% w:w). Biofilm
formation was represented by the analysis of the absorbance
carried out with a spectrophotometer at 620 nm. Biofilm
biomass was given by the equation modified from Pereira
et al. [47]:

%B.b. = ODw X 100/0Dc.

where % B.D is the percentage of biofilm biomass, ODw is
the ODgy,m Value for tested wells and ODc is the ODg,qnm
value for the positive control.

Reproducibility and statistics

The results were analyzed by the nonparametric test One
Way Anova. Results were presented as the means + SD
(standard deviation) and P <0.05 was considered statisti-
cally significant.

Results and discussion

To enhance efficacy against A. actinomycetemcomitans
biofilms, DOX was complexed with HPBCD in a range of
mixing ratios (1:2, 1:1, 2:1). Inclusion complexes can pro-
vide a long-term, effective treatment at the site of infection
at much smaller doses [40], prevent drug degradation [48],
enhance drug absorption as well as facilitate drug transport
across physiological barriers and biological membranes
[41]. Furthermore, it has been shown the hydrophilic outer
surface of cyclodextrin molecules forms a weak interaction
with biologic membranes [49]. We hypothesized that the
increase of cyclodextrin ratio, at constant concentration of
DOX, potentiate the interaction of drug with bacteria mem-
brane, probably by increase its contact time on surface of
membrane through no ionic interactions, such as hydro-
gen bonding or other van der Waals interactions. Here, we
showed the antibacterial activity of DOX/HPBCD against
A. actinomycetemcomitans biofilms compared throughout
different times. The efficacy of these complexes proportions
was demonstrated by the significantly decreasing in MIC and
the percentage of the biofilm biomass.

DOX/HPBCD complexation

To characterize the host—guest interactions and to gain
insight into the molecular interactions between DOX and
HPBCD, FTIR and 2D ROESY NMR were performed
(Figs. 2 and 3). For these studies, only the molar ratio of
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Fig.2 FTIR spectra of DOX, PM of DOX and HPBCD, DOX/
HPBCD and HPBCD

1:1 was chosen, because these techniques are not sensible
enough to furnish information about different topologies
resultant from different proportions of the compounds.
FTIR provides data consisting of the molecular struc-
ture of the complex, functional groups and intermolecular

Fig.3 Partial 2D ROESY NMR
spectrum of DOX/HPBCD and
proposed geometric arrange-
ment of DOX in the cavities of
HPPBCD based on the ROESY
experiment

interactions between DOX and HPBCD in the solid state.
The FTIR spectra of free drug, PM, DOX/HPBCD inclu-
sion complex and HPBCD are shown in Fig. 2. The interac-
tions between DOX and HPBCD were verified with changes
observed in N-H and O-H absorption bands. The DOX/
HPBCD spectrum inclusion complex did not overlay the
FTIR spectra of either free species or with the PM of DOX/
HPBCD. These included sharper peaks for DOX/HPBCD
compared with free HPBCD and PM, suggesting that there
is a reduction in the total number of hydrogen bonds upon
complexation. Reduction of angular and axial DOX C-O
bends at 1175 cm™! and 1130 cm™" were observed, as well
as sharpening of C=0 and C=C DOX stretches at 1700 and
1600 cm~!. These data suggest that strong disturbance of
the CONH, group of DOX occurs in the solid state because
of both the binding and breaking of hydrogen bonds upon
inclusion of DOX in HPBCD. Moreover, these results are in
accordance previous study [42].

Observation of 2D NMR 'H-"H ROESY, inter- and intra-
molecular interactions of functional groups within 5 A of
each other can be detected [50, 51]. In this study, ROESY
experiments identified the host—guest specific interactions
that occur between DOX and HPBCD upon formation of
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the supramolecular complex and provided the possible
mechanism of both inclusions in the HPBCD cavity. Dipolar
proton interactions were found between DOX and HPBCD,
indicating the DOX complexation. The expanded contour
map of ROESY showed cross peak correlations between aro-
matic H7D, H8D, and H9D DOX hydrogens (in the region
of 8~ 6.5 to 7.6) and H3, HS5, and H6 HPBCD hydrogens
(Fig. 3 and supplementary material). Furthermore, cross
peak correlations, which could suggest inclusion by the ali-
phatic side, were not observed. These results indicate that
DOX and HPBCD effectively form supramolecular com-
plexes, with preferential inclusion of the aromatic side of
DOX into HPBCD cavity.

DLS and zeta potential titrations

To assess the colloidal characterization of the DOX/HPBCD
complex, a titration of DOX 60 mM in HPBCD at 4 mM was
performed and monitored via DLS (Fig. 4) or ZP (Fig. 5).

In DLS experiment, it was found an increase of size, since
from 56 nm (in the beginning of the titration) up to 245 nm,
at molar ratio close to 1:2 (Fig. 4). This data suggest the
hypothesis that the system suffer an aggregation, forming
high order supramolecular structures. It is important high-
light that the aggregation phenomenon of cyclodextrins and
their inclusion complexes, forming supramolecular struc-
tures with 100—400 nm, may be a natural phenomenon,
which have been observed in several others systems [52,
53]. After this molar ratio, the supramolecular structures
need to suffer a disaggregation, forming structures with
smaller sizes.

In ZP experiment, it was found a reduction of IZP| values
upon titration, reaching the isoelectric point close to molar
ratio of 0.5, corresponding to the molar ration of 1:2 (Fig. 5).

300
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Fig.4 Hydrodynamic diameter change over titration of DOX
(60 mM) in HPBCD (4 mM) via dynamic light scattering
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These lower ZP values matches with the higher size values
found at this DOX/HPBCD proportion, so that lower surface
charges favor the attractive interactions and consequently
the aggregation phenomenon. With the increase of DOX
concentration, the positive ZP values are observed after the
isoelectric point (and close to 1:2 stoichiometry), suggest-
ing the increasing of surface charges of aggregates. This can
favor the breakdown of aggregates in lower species, explain-
ing thereby the lower stoichiometry at excess of DOX.

Minimum inhibitory concentration (MIC)

As discussed above, different molar proportions of DOX/
HPBCD are subject to different level of aggregation. Thus,
considering that each molar proportions might cause dif-
ferences in biological environment, we have assessed the
effect of free DOX and the same nominal concentration of
DOX in presence of different proportions of HPBCD (at
2:1, 1:1 and 1:2), on the growth of the microorganism A.
actinomycetemcomitans.

DOX/HPBCD at 1:2 proportion showed the lowest MIC
(0.125-0.25 pg/mL), when compared with free DOX (2 pg/
mL) and DOX/HPBCD at 1:1 (0.5 ug/mL) and DOX/HPBCD
at 2:1 (1.0 ug/mL) proportions. Moreover, the free HPBCD
did not show antimicrobial activity (Table 1). Optimization
of antimicrobial activity of drugs associated with cyclodex-
trins, with no increased cytotoxic effects, is consistent with
previous studies using other antimicrobials [38, 39, 54, 55].
Collectively, these results indicate that DOX/HPBCD at 1:2,
which presented the most stable stoichiometry according to
DLS and ZP titrations, induce higher antimicrobial activity
against A. actinomycetemcomitans. Furthermore, these data
corroborate the hypothesis that the excess of cyclodextrin,
at constant concentration of DOX, potentiate the interaction
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Minimal inhibition concentration of DOX and DOX/HPBCD inclu-
sion complexes against A. actinomycetemcomitans

Groups MIC (ug/mL) MIC (umol/L)
HPBCD - -

1:2 DOX/HPBCD 0.25-0.125 0.16-0.08

1:1 DOX/HPPCD 0.5 0.27

2:1 DOX/HPPCD 1.0 0.42

DOX 2.0 4.2

of drug with membrane, probably by enhanced contact time
on surface of microorganism through nonionic interactions,
such as hydrogen bonding or other van der Waals interac-
tions. Therefore, as described below, we have studied the
direct interactions of DOX and DOX/HPBCD at 2:1, 1:1 and
1:2 proportions, against A. actinomycetemcomitans cells, by
isothermal calorimetric experiments.

Drug-membrane interaction studies by ITC

To assess the interactions between DOX or different propor-
tions of DOX/HPBCD (at 1:2, 1:1 and 2:1) with A. actinomy-
cetemcomitans, ITC experiments were performed by direct
titration of these compositions in A. actinomycetemcomitans
suspensions (Fig. 6). The results are expressed after the sub-
traction of the respective blank experiments (dilution curves
of the compounds in saline).

In these experiments, it was monitored the heat of
injection upon titration of free DOX or each of the DOX/
HPBCD proportions, concerning the stepwise change in the
heat of the system, normalized to ligand total concentra-
tion added per injection, at constant pressure (enthalpy of
injection at constant pressure, (dQ/d[DOX],,,)p = A;,;H°), to

the absolute concentration of DOX at any point during the
course of the titration [56].

As observed, it was found clear differences between free
DOX and the DOX/HPBCD compositions (Fig. 6). For the
titration of free DOX in A.a microorganisms, the profile of
curve is similar to “one set of sites” interaction [57], with a
trend of saturation close to 0.2 mM of nominal concentration
of DOX. Moreover, exothermic values were observed until
~ 0.07 mM. As described in literature, exothermic character
is usually found in systems subject to ionic interactions [57,
58]. Thus, this partially exothermic profile was attributed to
the presence of ionic interactions between cationic DOX and
anionic components of membrane.

However, in the presence of different proportions of
HPBCD, the injection enthalpy values were always endo-
thermic and showed an inflexion which is characteristic of
a stepwise process [58, 59], necessarily with new mecha-
nisms of interaction. However, as the proportion of HPBCD
was increased, the number of points after inflexion also
increased, indicating that cyclodextrin is able to intensify
the new mode of interaction.

Thus, the ITC data obtained in the present study cor-
roborate the hypothesis that the excess of cyclodextrin could
provide an efficient adhesion with A. actinomycetemcomi-
tans membrane, especially because the MIC was reduced
as the proportion of HPBCD was increased. It is important
highlight that CDs are rich in hydroxyl groups, and these can
spontaneously form hydrogen bonds with several compo-
nents of the cellular membrane, creating new a mechanism
based on non-covalent interactions.

Scanning electron microscopy (SEM)
To assess cellular membrane integrity and changes in mor-

phology caused by the drug treatments, SEM of A. actino-
mycetemcomitans biofilms treated with 1 pg/mL DOX or

T T T T T T T T T
DOX DOX/HPBCD 2:1 DOX/HPBCD 1:1 6724 DOX/HPBCD 1:2_|]
4 b L
32 n‘ﬁ"\ w ’ -
88 - - r '~ . ~
-"|||I| .
5 . 256 -] L 4 . .
o -
z L . ™~ . " 58.8 = B
g 16 [] B z [] = - " _ -
3 . 8 66 " £ ] L] .
i 4 g g X g .
£ . = - 2 1924 - lh"'h 4 %(Q - "
5 u b . = 3
S = <} o 5 504 - B
E 0 . B ° - ° . s " '_
: : g : “ | -
3] ] - ] . ] 8 .
e - ~ ~
T 2 2 L. 4204 - B
2 6] - ] = = T &£ - .
L] < 224 < '.
F‘- " 6.4 q . s
l. [ ] L]
- 336 L'] - b
32 q . " -
] o4
T T T T T T T T T T 0.0 T T T T T T T T T T
0.00 0.05 0.10 015 020 0.00 005 0.10 0.15 020 0.00 005 0.10 015 020 0.00 005 0.10 015 020
[DOX] / (mM) [DOX] / (mM) [DOX] / (mM) [DOX] / (mM)

Fig.6 Isothermal Titration Calorimetry experiments for direct titration of DOX or DOX/HPBCD complexes at different proportions (1:2, 1:1

and 2:1) in A. actinomycetemcomitans suspensions
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1 pg/mL of DOX in DOX/HPBCD or untreated for 24 h were
performed. A. actinomycetemcomitans biofilms consist of
a matrix composed of exopolysaccharides and are found in
small clusters of cells (islet-like), different stages of bac-
terial growth (Fig. 7A1, A2). It was found morphological
changes and the appearance of indentations on the surface of
some cells or outer membrane residues around the cells after
treatment with DOX or DOX/HPBCD compared to untreated
group (Fig. 7), which indicates that the bacterial outer mem-
brane was disrupted with leakage of intracellular material
(white arrows). DOX/HPBCD enhanced the antimicrobial
effect, and leakage in cellular membrane, probably due to
a direct interaction between the cellular membrane and the
complex, which corroborated that cyclodextrins increased
drug uptake through biological membranes [60].

Quantification of biofilm biomass and minimum
biofilm inhibitory concentration (MBIC)

The ability to form biofilm may be a virulence factor of
bacteria and contribute to the serious course of the disease
as well as the lack of response to antimicrobial therapy [19,
22]. In this study, A. actinomycetemcomitans was chosen as
a test organism in this study because it is associated with
localized and generalized aggressive periodontitis, including

chronic periodontitis [12, 15]. Also, this bacteria exhibits
high resistance to antimicrobial agents when associated with
other bacteria in biofilms [12, 32-35]. To assess the effect
of DOX/HPPCD against A. actinomycetemcomitans biofilm
after 24 h of exposure, we treated the biofilms with free
DOX or DOX/HPBCD at different proportions (1:2, 1:1 and
2:1). DOX/HPBCD at 1:2 showed the higher efficacy against
A. actinomycetemcomitans biofilms at dosage of 20 ug/mL
when compared with other DOX/HPBCD proportions and
free DOX (Fig. 8). It was not found significant differences
between 1:1 and 2:1 DOX/HPBCD compositions and free
DOX. At higher concentration (200 ug/mL) the antibacte-
rial activity was not significant. This is possibly due to that
a surfactant reaches the equilibrium between the adsorption
of the drug-surfactant complex. This phenomenal interaction
is related with the surface tension as a dynamic process in
bacterial biofilms, which has specific characteristics includ-
ing their structure and physiological mechanism of protec-
tion by the formation of a gel-like network against noxious
environmental conditions [61]. Otherwise, the manner as
drugs act after application can comprise a diffused phase,
electrical organization, adsorption, equilibrium and desorp-
tion [62]. Therefore, these results indicate that DOX/HPBCD
complexes at molar ratio 1:2, enhanced the antimicrobial
activity against A. actinomycetemcomitans biofilms at 20

Fig.7 SEM micrographs of A. actinomycetemcomitans biofilms
(A1, A2), A actinomycetemcomitans biofilms treated with 1 pg/
mL of DOX (B1, B2) and the same nominal concentration of DOX
as DOX /HPBCD (C1, C2), after 24 h of exposure. Micrographs of
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A1-C1 were presented in a magnification of 1000x, and A2—-C2 were
presented in a magnification of 10,000x. White arrows indicate the
integrity or disruption of the membrane with leakage of intracellular
material
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Fig. 8 Biofilm Biomass (%) of A. actinomycetemcomitans after treat-
ment with DOX and DOX/HPBCD at different molar ratios (1:2, 1:1
and 2:1) after 24 h of exposure assessed with crystal violet assay.
DOX was normalized in all groups at 2, 20 and 200 pg/mL. Mean
values+SD for at least two replicates are illustrated, *P <0.05, by
One-Way ANOVA with Tukey’s multiple comparisons test (among
all compounds at 20 pg/mL)

pg/mL. The results showed that lower doses of DOX would
be required against A. actinomycetemcomitans when DOX/
HPBCD complexes is applied. Although the exact mecha-
nism behind enhanced efficacy against biofilm will require
further study, we suggest the DOX/HPBCD complexes at
molar ratio 1:2, which has greater amount of cyclodextrin,
potentiate the interaction between drug and bacterial mem-
brane through nonionic interactions, such as hydrogen bond-
ing or other van der Waals interactions as discussed above.

Conclusions

The development of the DOX/HPBCD complexes enable
increased efficacy against bacterial biofilms, which hold
promise for the treatment of aggressive and non-responsive
forms of periodontitis. Also, this study would enable further
fundamental studies on the role of DOX/HPBCD compo-
sitions in the treatment of aggressive and non-responsive
forms of periodontitis in vivo. Furthermore, additional
studies should be conducted with more complex bacterial
biofilms and releasing devices with proper technology for
long-term use in vivo.
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