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RESUMO

A auto agrega¢do molecular tem se mostrado como um método eficiente para produzir
estruturas medindo alguns nandmetros em tamanho. Esses compostos moleculares
sintetizados a partir da associa¢do entre -ciclodextrina:tetraciclina foram caracterizados por
espalhamento de luz dinamico, calorimetria isotérmica de titulagdo, difracdo de raios-X,
espectroscopia em infravermelho, termogravimetria, calorimetria exploratoria diferencial e
ressonancia nuclear magnética. Além disto, esses compostos supramoleculares foram testados
para a determinagdo de sua atividade antimicrobiana contra A. actinomycetemcomitans e P.
gingivalis em solugdo e associados a nanoesferas poliméricas. Utilizando-se das técnicas de
caracterizagdo, a formacdo do composto de inclusdo entre TC e B-CD na razdo molar de 1:1
foi evidenciada e, ao se aumentar a concentragdo de B-CD, ocorreu uma auto agregacao
supramolecular espontaneamente, resultando em compostos de maior razdo molar de (-
CD:TC. Estes complexos apresentaram propriedades fisico-quimicas diferentes entre si e
diferentes da B-CD e TC puras, tamanho nanométrico, além de potenciarem a atividade
antimicrobiana do farmaco. Os compostos de razdo molar 2:1 B-CD:TC mostraram uma
atividade antimicrobiana significativamente maior em solucdo (p<0.05). Dentre os outros
compostos, 4:1 foi mais eficiente contra P. gingivalis (zona de inibigdo = 41.67+1.4mm, MIC
0.25ug/mL, p<0.05). As nano esferas poliméricas, preparadas utilizando-se os nanoagregados,
mostraram liberacdo controlada do farmaco por 10 dias, em uma concentracdo superior a

concentracgao inibitoria minima das bactérias testadas.

Palavras chave: Tetraciclina, Ciclodextrinas, Nanoagregados, Nanoesferas, Liberacao

Controlada.



ABSTRACT

Molecular self-assembling has been shown to be an efficient method to produce structures of
few hundreds of nanometers in size. The supramolecular compounds made from p-
cyclodextrin:tetracycline in aqueous solution were evaluated. The physicochemical
interactions between [-cyclodextrin:tetracycline were characterized by dynamic light
scattering (DLS), isothermal titration calorimetry (ITC), X-ray diffraction (XD), infrared
spectroscopy (FTIR), thermogravimetric analyses (TG), differential scanning calorimetry
(DSC), and nuclear magnetic resonance (NMR). The supra-molecular interaction with A.
actinomycetemcomitans and P. gingivalis in solution and in association with polymeric
nanospheres were determined. Using the characterization techniques, it was demonstrated that
the formation of inclusion complex takes place at a 1:1 f-CD:TC molar ratio and, increasing
B-CD concentration, supramolecular spontaneous aggregation occurred. The resulting
complexes showed different physicochemical properties, nanometric size and improved
antimicrobial activity. The 2:1 B-CD:TC showed significantly higher antimicrobial activity in
nsolution (p<0.05). Among the other compounds, 4:1 was the most effective against P.
gingivalis (inhibition zone = 41.67+1.4mm, MIC 0.25ug/mL, p<0.05). Polymeric
nanospheres were then manufactured using these nanoassemblies. The nanospheres showed
controlled TC release for 10 days, and concentrations above minimum inhibitory

concentrations of tested bacteria.

Key words: Tetracycline, Cyclodextrin, Nanoassemblies, Nanospheres, Controlled Release.

10



APRESENTACAO

Recentemente, estudos reportam o uso de nano agregados utilizando-se polissacarideos
ciclicos para a alteracdo das caracteristicas fisico-quimicas de substancias. Esses poderiam
solubilizar farmacos pouco hidrossoluveis em 4&gua, através de interagdes em seus
microdominios hidrofébicos. A auto organizacdo molecular tem se mostrado um fendémeno
util para a producdo de estruturas com o tamanho de poucos nandmetros. Devido as
propriedades especiais apresentadas pelas nanoparticulas, que incluem propriedades quimicas
e bioldgicas entre outras, elas exibem uma performance superior em relacdo aos materiais

tradicionais [1]

Estruturas supramoleculares auto organizadas podem também ser alcancadas utilizando-se as
ciclodextrinas. Estas s3o moléculas ciclicas que atuam como hospedeiras, apresentando
caracteristicas anfifilicas. Apesar de a molécula como um todo ser hidrosoluvel, o interior da
sua cavidade ¢é relativamente apolar, criando um microambiente hidrofébico. Sua parte
exterior ¢ predominantemente hidrofilica. Estas caracteristicas sdo responsaveis pela
solubilidade destas moléculas em meio aquoso ¢ ainda por apresentar a capacidade de
interagir com substancias hidrofébicas em solu¢do, mudando suas propriedades

farmacoldgicas no caso de medicamentos, incluindo o aumento de sua biodisponibilidade [2-

5].

Compostos supramoleculares, nos quais as ciclodextrinas se associam a farmacos para a
formagao de compostos de inclusdo, estdo sendo desenvolvidos com sucesso. Os compostos

de inclusdo sdo freqlientemente descritos em estequiometrias fixas (1:1). No entanto, o carater
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anfifilico das ciclodextrinas e a capacidade desta molécula para formar ligagdes de hidrogénio
e de Van der Waals, sugerem que, aumentando-se a concentracdo de P-ciclodextrinas no
sistema, novos complexos de razdes molares diferentes poderiam ser formados. Esta nova
conformacdo espacial poderia conferir diferentes propriedades ao farmaco incluido. Os
processos de auto organizagdo podem ser pré-determinados para que as condigdes

experimentais se tornem favoraveis para a formacdo e a estabilizacdo desse novo composto

[6-8].

Estudos prévios mostraram vantagens ao se usar o composto de inclusdo [3-
ciclodextrina:tetraciclina (1:1) em solu¢do em relacdo a tetraciclina pura, resultando em
melhores propriedades antimicrobianas e menores concentragdes, in vitro. Esse composto de
inclusdo mostrou ainda um padrdo de liberagdo de tetraciclina de maneira mais lenta e gradual
em comparagdo ao famaco puro [9]. Além disso, as ciclodextrinas podem agir como
conservantes em formulagdes, protegendo o firmaco da degradagdo, aumentando seu tempo
de estoque. Esta propriadade foi também descrita para as formulagdes contendo hidroxipropil-
B-ciclodextrina:tetraciclina. Os autores sugerem que esta ciclodextrina poderia proteger

alguns radicais mais sensiveis presentes na molécula do agente farmacologico [10].

Como a tetraciclina possui um amplo espectro de a¢do antimicrobiano além de propriedades
antiinflamatorias, e, vem sendo testada ultimamente em sistemas de liberacao controlada de
farmacos [11-16] com diversas aplicagdes tais como na odontologia [17-25], com diferentes
veiculos [11-12; 26-34], foi levantada a hipdtese que a utilizagdo do farmaco em novas
conformagdes espaciais associado as ciclodextrinas poderia levar a novas propriedades e
formulagdes. A formag¢do dos nano agregados poderia ser vantajosa mudando as

caracteristicas do fArmaco e neste caso, reforcando suas propriedades antimicrobianas.
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Assim, o objetivo deste trabalho foi desenvolver uma nova abordagem para o
desenvolvimento dos compostos entre -ciclodextrina e tetraciclina, combinando as vantagens
das ciclodextrinas em uma técnica de nano organizacdo. Entdo, a caracterizagdo fisico-
quimica dos compostos foi realizada, assim como a medida de suas atividades
antimicrobianas através de suas interagdes bioldgicas com microrganismos anaerobicos em
solugcdo e em associagdo a nanoesferas poliméricas. Estas foram ainda testadas em relacdo a

suas caracteristicas de liberacao controlada do farmaco.
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Abstract:

Molecular self-assembling has been shown to be an efficient method to produce structures of
few hundreds of nanometers in size. The supramolecular compounds made from -
cyclodextrin:tetracycline in aqueous solution were evaluated. The physicochemical
interactions between [-cyclodextrin:tetracycline were characterized by dynamic light
scattering (DLS), isothermal titration calorimetry (ITC), X-ray diffraction (XD), infrared
spectroscopy (FTIR), thermogravimetric analyses (TG), differential scanning calorimetry
(DSC), and nuclear magnetic resonance (NMR). The supra-molecular interaction with A.
actinomycetemcomitans and P. gingivalis in solution and in association with polymeric
nanospheres were determined. Using the characterization techniques, it was demonstrated that
the formation of inclusion complex takes place at a 1:1 f-CD:TC molar ratio and, increasing
B-CD concentration, supramolecular spontaneous aggregation occurred. The resulting
complexes showed different physicochemical properties, nanometric size and improved
antimicrobial activity. The 2:1 B-CD:TC showed significantly higher antimicrobial activity in
nsolution (p<0.05). Among the other compounds, 4:1 was the most effective against P.
gingivalis (inhibition zone = 41.67+1.4mm, MIC 0.25ug/mL, p<0.05). Polymeric
nanospheres were then manufactured using these nanoassemblies. The nanospheres showed
controlled TC release for 10 days, and concentrations above minimum inhibitory

concentrations of tested bacteria.

Key words: Tetracycline, Cyclodextrin, Nanoassemblies, Nanospheres, Controlled Release.
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1. Introduction

In recent years many studies reported that the physicochemical and biochemical stability of
drugs were altered by the formation of nanoagregates using cyclic polysaccharides. Those
were able to solubilize, in water, poorly hydrophilic drugs entrapped into their hydrophobic
microdomains. Molecular self-assembling has been shown to be a useful property to produce
structures at a few hundreds nanometers in size. Because nanoparticles exhibit new chemical
and biological properties, their performance are usually improved comparing to traditional

materials [1].

The supramolecular self-assembled species may also be achieved by using cyclodextrin
(CDs). Indeed, cyclodextrins are host cyclic carbohydrates with amphiphilic characteristics.
Although the entire molecule is water soluble, the interior part is relatively apolar, creating a
hydrophobic microenvironment, being the outer part of the molecule more hydrophilic. These
properties are responsible for their aqueous solubility and ability to interact with hydrophobic
and hydrophilic substances in solution, changing drug pharmacological properties, including

improving their bioavailability [2-5].

The supramolecular assemblies, in which CDs were associated to drug molecules in order to
form inclusion compounds, are being successfully developed. Fixed stoichiometries (1:1) are
often assumed for B-cyclodextrin (f-CD) inclusion compounds. However, CDs amphiphilic
behavior makes possible the formation of different types of chemical interactions such as Van
der Waals and hydrogen bondings, and suggests that by increasing -CD molecules ratio in
the system, new complexes could be formed. Thus, spontaneous molecular self-assemblies
with different B-CD ratios are possible. The new spatial conformation could change

pharmacokinetics and bioavailability of this antibiotic. These self-assembling processes may
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be pre-determinate to make the favorable conditions for new compound organization and

stabilization [6-8].

Previous studies showed advantages of using 1:1 B-CD:Tetracycline (TC) inclusion
compounds solutions resulting in improved in vitro antimicrobial activity when compared to
pure tetracycline. This inclusion compound showed also sustained release of the drug when
compared to pure tetracycline [9]. Moreover, CD cyclic molecules protected the antibiotic
from degradation, increasing the formulation shelf life. This property was also described for
hydroxypropyl-B-cyclodextrin:TC (HP-B-CD) pharmaceuticals formulation. The authors
suggested that this cyclodextrin could protect some especially labile radicals of the TC

molecule [10].

Since TC is a drug with wide antibiotic spectrum and anti-inflammatory activity and is being
tested in controlled release devices [11-16] with several applications, for example in dentistry
[17-25], with different vehicles [11-12; 26-34], it is hypothesized that new spatial drug
conformations using CDs could lead to new formulations for tetracycline, with new biological
properties. The nanoassemblies could be advantageous changing drug properties, in this case,

enhancing antimicrobial action.

Hence, the aim of this work was to develop a new approach for TC inclusion compound
combining advantages of the CD properties and nanoassembly strategy. Thus, the
physicochemical interactions between -CD:TC were characterized and the biological supra-
molecular interactions with anaerobic microorganism in solution and in association with
polymeric nanospheres were determined. Polymeric nanospheres were also tested for TC

release.

17



2. Materials and Methods

2.1 Materials

B-cyclodextrin (B-CD) was purchased from Cerestar® (USA), tetracycline hydrochloride (TC)
(Merck, Darmstadt, Germany), DL-co-polymers of lactic and glycolic acid 50:50 (PLGA)
were supplied by Birmingham Polymers, Inc., USA (MW 60000 g/mol™). The Brain Heart
Infusion (BHI) and Blood Agar from Biobras S.A. (Minas Gerais, Brazil); Actinobacillus
actinomycetemcomitans (Y4-FDC) from Universidade Federal de Rio de Janeiro (Rio de
Janeiro, Brazil) and Porphyromonas gingivalis strains were purchased from ATCC (ATCC

49417). All other chemicals were reagent grade and used without further purification.

Solid state inclusion compounds of TC were prepared by freeze-drying method from f-
cyclodextrin and tetracycline aqueous solutions in 1:1 [35]. The different molar ratios (2:1;
3:1 and 4:1) were also prepared using the same methods described before for 1:1 inclusion
compounds. The physical mixtures were prepared using a mortar and a pestle at the same

molar ratios and used as comparison groups.

2.2 The cyclodextrin: tetracycline complexes characterization and antimicrobial activity

The compounds and free agents were characterized by the following physicochemical
methods: dynamic light scattering (DLS), isothermal titration calorimetry (ITC), X-ray
diffraction (XD), infrared spectroscopy (FTIR), thermogravimetric analysis (TG), differential

scanning calorimetry (DSC), and nuclear magnetic resonance (NMR).

In order to further analyze the possible interactions between B-CD and TC, as well as size
distribution of these complexes as a function of concentration in aqueous solution, a titration

experiment was carried out. Zetasizer Nano ZS (Malvern) equipment was used for
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measurements and hydrodynamic diameter was determined by Dynamic Light Scattering
(DLS). The solutions were prepared by dissolution of the substances in milli-Q water at 25°C.
A TC solution was prepared at a concentration of 0.5 x 10 mol/L and a 12.3 x 10 mol/L B-
CD solution was used for titration [8]. The B-CD solution was added to the 1.5mL cuvette
containing TC solutions in 10puL increments increasing the B-CD concentration in steps of
8.14 x 107 mol/L. At each increment, the cuvette was positioned in the Zetasizer chamber and
hydrodynamic diameter was recorded. A total of 25 (250uL) increments were added for each

TC solution.

The hydrodynamic diameters of the complexes were measured using the Zetasizer Nano ZS
simultaneously to the titration experiment. The average sizes and standard deviations were

recorded.

The isothermal titration calorimetry was accomplished in duplicate in a Microcal
Microcalorimeter VP-ITC. The solutions were prepared by dissolution of the chemicals in
milli-Q water. Titration was accomplished by injecting solutions of 5uL of B-CD (12.3 x 107
mol/L) into TC solution (0.5 x 10~ mol/L) after the electrical and chemical calibration of the
calorimeter. The initial 1 pL injection was discarded from each dataset in order to eliminate
the effect of titrant diffusion across the syringe tip during the pre-equilibration process. The
initial cell volume was 1.6mL. The concentration correction as well as the integration of the
heat flow peaks involved in partial molar enthalpy of B-CD were made with software

Microcal Origin 5.0 for ITC [8].

The X-ray powder diffraction patterns of the samples were recorded on a Rigaku X-ray

diffractometer. The samples were irradiated with monochromatized Cu K, radiation and
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analyzed with 20 angles between 5 ¢ 40° C. The voltages, current, and time per step were

30Kv, 5 mA, and 1 min, respectively.

FTIR spectra of the pure TC, B-CD, and their complexes at different 3-CD:TC ratios 1:1, 2:1,
3:1, 4:1 and their respective physical mixtures (PM 1:1, PM 2:1, PM 3:1 and PM 4:1) were
recorded in a Perkin Elmer spectrometer model Spectrum GX (Perkin Elmer, Boston, MA,

USA) at 4000 — 400cm™ in KBr pellets at a resolution of 4cm™ using 32 scans per sample.

The Thermogravimetric analysis (TG) curves were recorded on a Shimadzu TGA-50H at a
scan rate of 10°C/min, among 25-750°C, under nitrogen atmosphere by using a platinum
crucible. The samples mass were 2mg each. The Differential Scanning Calorimetric curves
(DSC) were recorded on a Shimadzu DSC-50. The samples mass were 3.5mg in an aluminum

pan with lid using a heating rate of 10°C/min, under nitrogen atmosphere.

NMR spectra were recorded at 27°C on a Bruker DRX 400 — AVANCE spectrometer
operating at 400MHz, equipped with a Smm inverse probe with z-gradient coil. '"H NMR
experiment was achieved using the WATERGATE technique for suppression the residual
water signal. NOESY spectra were acquired using a standard experiment from the
spectrometer library with a mixing time of 600ms. All NMR experiments were used to
confirm the assignments of the protons signals of the TC molecule and its inclusion

compound.

The B-CD:TC system at the 1:1, 2:1, 3:1 and 4:1 molar ratio were dissolved in D,O
(Cambridge Isotope Laboratories, Inc — 99.9% of isotopic purity) to confirm the interactions

between the species. The & = 4.70 water signal was used as reference.
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The minimal inhibitory concentration (MIC) was determined using broth dilution
susceptibility test against reference strains of A. actinomycemcomitans (Y4-FDC) and P.
gingivalis (ATCC 49417). Serial two fold dilutions of antimicrobial agents were prepared in
Brain Heart Infusion agar (BHI) supplemented with 0.5% yeast extract, menadione and
haemin. After 24 hours of incubation, 100uL of bacterial strain cultures with density adjusted
to 10%/mL colony-forming units (CFU) were inoculated. Serial fresh solutions of 1:1; 2:1; 3:1;
4:1 B-CD:TC compounds were used. TC and B-CD alone, plain broth or inoculate with
bacteria were used as control groups. The TC concentrations ranged from 128 to 0.25ug/mL.
The cultures were placed at 37°C in an incubator for 24h in anaerobic conditions (75% No;
25% CO,). Tubes absorbance were then measured and compared to the controls by

spectrophotometry and analysed by ANOVA.

Moreover, based on the MIC found in the previous test (Table 1) agar diffusion susceptibility
test was carried out to determine the antimicrobial activity. Solutions were prepared with the
same groups listed above at different drug concentrations (1, 10, 30 ug/mL). Pure TC solution
was prepared as positive control groups, and cyclodextrin solutions and plane blank discs as
negative control groups were used. The plates with blood agar were swabbed with the
microorganisms A.a. and P.g). Blank discs (6 mm diameter) were immersed in the solutions
and placed on the culture media. The plates were then incubated for 48h at 37°C under
anaerobic conditions. Afterward, the inhibition zone diameters were measured. The results

were analysed by Kruskal-Wallis with Tukey test.
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2.2 Nanospheres preparation, release study and antimicrobial activity

The TC, B-CD and the B-CD:TC compounds (1:1; 2:1; 3:1 and 4:1) loaded in the polymer
nanospheres were prepared by a solvent evaporation process by water-oil-water emulsion. An
aqueous phase containing 10mg of TC, B-CD or the B-CD:TC compounds (1:1, 2:1, 3:1 and
4:1) in 100uL of water was injected into an organic phase solution containing 100mg of the
polymer dissolved in ImL of dichloromethane. The mixture was immediately ultra-sonicated
for 2 minutes. This first emulsion was added drop wise inside 50mL of a 1% polyvinyl
alcohol (PVA) solution under constant homogenization for 2 minutes. The emulsion was left
under magnetic stirring for 2 hours for solvent evaporation. Following, the particles
suspension was concentrated to the desired final volume by sedimentation using centrifuge
under a speed of 13000rpm for 20 minutes and removal of the supernatants. This procedure
was repeated three times and then, freeze dried for 48 hours. Control nanospheres were

prepared without drug.

Drug loading in the nanospheres was determined using 10mg samples. They were dissolved in
50mL of 3M NaOH solution and filtered through a 0.2um filter. The aqueous solutions
containing extracted drug were assayed using UV-visible spectrophotometry in the 365-
370nm region. The calibration curve was prepared diluting TC in 3mol/LL NaOH at known

concentrations. The experimental drug loading efficiency was calculated.

The nanospheres size and morphology were determined by scanning electron microscopy
(SEM). No chemical fixation or freezing methods were used in the preparation of samples for
SEM. Samples were placed on round brass stubs and sputter coated under an argon
atmosphere with gold. Samples were examined using a Jeol JFM 840A scanning electron

microscope. Moreover, nanospheres size distribution was assessed by suspending 1mg of each
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group in 2mL milli-Q water inside a plastic transparent cuvette. The cuvette was placed in the
Zetasizer Nano-ZS (Malvern) and measured by DLS. The measurements were performed
using a low intensity Helium-Neon laser (4mW), at 25°C. The particles hydrodynamic

diameters were obtained from analysis of resultant size histogram.

TC release profiles were obtained by soaking the test samples resulting from the inclusion
compound nanoencapsulation process, in ImL of distilled water with constant stirring of
70rpm at 37°C. In spite of different weight percentage of TC, the drug was normalized at
Img/mL. The tubes were placed in a greenhouse incubator at a shaking speed of 70rpm at
37°C. At pre-determined intervals, the samples were centrifuged at 5000rpm for 5 minutes
and the entire media was removed from the tubes and replaced with fresh distilled water. The
concentration of released drug in media was evaluated by UV spectrophotometry at 365-

370nm wavelengths using a HP 8452A-diode array UV-visible spectrophotometer.

Nanospheres antimicrobial activity was assessed by agar diffusion susceptibility test
according to the NCCLS standards [36]. In addition, antimicrobial activity was determined
from the media of the release experiment to asses nanospheres released drug for all tested
groups at the same period test. Blank disks were immersed into the released aliquots and
placed previously inoculated plates using the same bacteria and culture medium as described
above. As a control groups were used TC alone or drug empty nanospheres. Then the plates

were incubated for 48h at 37°C. The inhibition zone diameters were measured.
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3. Resultsand Discussion

3.1 The cyclodextrin:tetracycline complexes characterization and antimicrobial activity

The mean hydrodynamic diameter of the B-CD:TC compounds measured by the dynamic
light scattering is shown in Figure 1. The titration of B-CD solution in TC solution showed an
increase of this parameter as a function B-CD concentration. The experiment was designed so
as to include all the fixed molar ratios used in the physicochemical characterizations. The
average hydrodynamic diameter of the associations was of 433.3+41.9nm, 492.3+46.1nm,
542.3+£57.5nm and 861.0+£236.8nm for the 1:1, 2:1, 3:1 and 4:1, respectively. The size of the
complex increased upon B-CD concentration increment. An increase of dispersity could be
due to a non-geometric shape of these growing aggregates [37]. TC seems to have seeding

properties among 3-CD molecules, inducing these self-assembling phenomena [8].
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Figure 1. Size measurements obtained by DLS titration of a 0.5 x 10™ solution of TC in a 12.3

x 10”°mol/L B-CD solution.

ITC experiments were also performed using the same conditions as those of the DLS
experiment. The curves showed, by linear regression, two domains with the increase of 3-CD

in TC solution. The first domain was characterized by a higher inflection, with high Ag cpH®
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modulus, attributed to host-guest interactions, which may be attributed to the formation of
hydrogen bonds between TC aromatic hydrogens with B-CD cavity, releasing highly energetic
water molecules. This suggested the formation of an inclusion compound (Figure 2). The
second domain was also exothermic but showed that as -CD concentration increased the Ag.
cpH® modulus became smaller. This reduction could be related to the complexation and
desolvation of outer water molecules of the high stoichiometry complexes, suggesting the

formation of nano assemblies [8].

06+ F++ 7

-0,08

-0,10

kcal/mol of injectant

-0,12

N

[BCD]

Figure 2. ITC experiments expansion to B-CD 12.3 x 10~ mol/L in TC 0.5 x 10~ mol/L.

The NMR spectrum of pure TC and the inclusion compound as in the 1:1 molar ratio are
presented in Figure 3a and 3b respectively. Some modifications in the profile of the spectrum
of pure TC are observed in the presence of B-CD. These modifications in the chemical shits
are caused by the change in the electronic density upon the inclusion of the TC in the B-CD

cavity.
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Figure 3. "H NMR (400MHz) in D,0O at 25 °C of: a) pure TC and b) IC at 1:1 TC B-CD molar

ratio.

To confirm which region of TC molecule was included into the B-CD cavity, NOESY
experiments were conducted. The 1:1 molar ratio NOESY experiment showed a cross peak
correlation, at short distance (less than 5 A) between the aromatic protons of the TC, He (&
6.98), Hf (07.59) and Hg (6 7.21), with the cavity protons of 3-CD, Hs, Hs and He (region at o

3.62 to 03.87) (Figure 4).

26



In addition, the correlation between the protons Hp, Hq (0 3.01), Hy and H; (6 3.98) of TC
were determined with all B-CD protons. Also the H; (0 1.63) of TC were correlated to protons

Hs, Hs and Hg from the B-CD, Figure 4b.
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Figure 4. Expansion of the NMR NOESY contour map (400MHz, mixing time 600ms) in
D,0 of IC at molar ratio of 1:1, a) to aromatic region and b) to other correlations between TC

and B-CD.

These results suggested that multiple associations were present in this system. The
correlations between the outer part of the molecule hydrogens (H, and Hs4) and TC non-
aromatic protons, besides not being less than SA interactions, could be interpreted as
proximity between these molecules. No change in the chemical shifts at the higher molar
ratios 2:1, 3:1 and 4:1 were observed when these are compared to the 1:1 B-CD:TC system
and similar cross peak correlations between the aromatic region of TC with internal protons of

the B-CD are also observed.
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In order to further characterize the supramolecular complexes, solid state physicochemical

analysis were also performed.

X-ray free substances and mechanical mixtures spectra showed high crystallinity (Figure 5)
[38; 39], a pattern that changed to an amorphous profile as long as the 3-CD concentration
also increased, relatively. This could suggest new molecular organization phenomenon upon

interaction.
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Figure 5. X-ray powder diffraction of the B-CD:TC compounds (in the labels TC represents

tetracycline and IC represents 3-CD:TC respectively molar ratio of 1:1; 2:1; 3:1 and 4:1).

A host:guest interaction is also suggested by infrared analysis. The infrared spectra of [3-
cyclodextrin, tetracycline, physical mixture and the supramolecular compounds are shown in
Figure 6. The FTIR spectrum of pure TC is presented, and the most important vibrations

modes are: v (C-N) at 3365 cm™, v (C=0) and v (C=C) of aromatic ring between 1674 to
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1580 cm™, at 1460 — 1310 cm™ related to & (OH), & (C-C) and v (C-C) and finally the bands

at 1250 — 1200 cm™ corresponding to & (N-H) and v (C-N) [40].

A sharpening of the v (O-H) at 3300 cm™ and v (C-O-C) at 1070 cm™ modes are observed in
the spectra of the inclusion compounds at 1:1 to 4:1 molar ratio, when compared to the
spectrum of pure B-CD. These modifications may be attributed to the reduction in the
hydrogen bond forming upon the inclusion of the TC as result of the loss of intra cavity water

molecules [41]

In addition, a strong modification in the vibration mode relating to the v (C=0) and v (C=C)
of aromatic ring between 1674 to 1580 cm™ are observed with the gradual increase of the B-
CD concentration in the inclusion compound. Modifications in the bands below 900 cm™ are
also observed in all the inclusion compounds. These results suggested the formation of a new
species in solid state when the freeze-drying method is used to prepare the inclusion

compounds.
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Figure 6. FTIR spectra at 4000 — 400cm™ of pure TC, B-CD:TC (IC) 1:1, 2:1, 3:1, 4:1, pure p-

CD, and physical mixtures (PM) 1:1, 2:1, 3:1 and 4:1.

The TG and DSC curves are presented in Figure 7 and 8. Tetracycline hydrochloride showed
great thermal stability between 25 and 200°C and mass losses in two stages, between 200 and
738°C, as shown in its TG and DSC curves. The first event occurred at 287°C, a fast process
of 23.81% mass loss; and the second stage (287-737°C) showed 76.57% mass loss, due to the
thermal decomposition with the formation of carbonaceous products. TC DSC curve showed
an endothermic event at 225°C and exothermic event at 235°C. This result suggested fusion

followed by thermal decomposition. The exothermic point at 235°C was probably due to
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oxidation, corresponding to the first mass loss showed at the TG curve. The exothermic

events after this point were due to the pirolysis of the carbonaceous products [38].

B-cyclodextrin showed mass losses in two main phases between 25 and 700°C. The first, from
27.2 to 111.56°C, corresponded mainly to water loss (12%) from B-CD cavity. The second
phase (111.56 to 682.94°C) represented the substance degradation and mass loss of 88%. The
respective DSC curves showed two endothermic events at the same temperature ranges and an

endothermic event at 320°C [39].

In the case of 1:1 inclusion compound, the first event in TG curve showed mass loss with less
intensity (4.5% at 25-96.5°C) comparing to B-CD courve. Therefore, it suggested that water
and TC occupied B-CDs’ cavities. This event could be confirmed with less pronounced
endothermic peak when compared to -CD alone DSC curve at the same temperature range;
and lower B-CD and TC stability between 96.5-282.9°C. This mass loss (12.3%)
corresponded an endothermic event in the DSC curve, which mainly represented TC fusion.
The third event showed 55% mass loss (283-405°C), and an endothermic peak at the same

region of B-CD alone, representing the final thermal decomposition.

In relation to 2:1 compound TG curve, it showed water mass loss in the first stage of
degradation in the range of 25-107°C (6.9%). The endothermic event showed in DSC curve
confirms this finding. The water mass loss was more pronounced in this case when compare
with 1:1 inclusion compound due to B-CD excess in the system. The second event at 107-
280°C had lower intensity (7%) and corresponded to probably TC degradation. The DSC
curves showed an endothermic event with lower intensity than in TC alone and 1:1 IC curves

corroborating the TG proposed interpretation. The following event showed mass loss of 65%
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in the 280-424.6°C range and was higher than in 1:1 endothermic event registered in DSC

curves that could be related to excess of B-CD in the system.

In the case of the 3:1 compound, TG curve showed mass loss of 8.2% at the first stage of
degradation (25-102°C), higher than in 2:1 compound group, due to the increased B-CD
concentration in the system. The endothermic peak in the DSC was more pronounced,
corroborating that interpretation. The following stage of degradation showed in 1:1 and 2:1
groups was not seen in this group. This fact can be related to a higher protection of TC
molecule inside the B-CD aggregate, providing higher thermal stability to the drug. In
consequence, the second event of thermal degradation in this group showed an increased mass
loss of 74% (103-423°C). A higher endothermic event was observed in the same temperature

range.

In the case of 4:1 compound, TG curves showed mass loss of 9.1% at the first event of
degradation (25-102°C). This curve resembled to the B-CD TG curve due to the excess of this
molecule in the system. The next stages of degradation showed mass loss of 78% (103-
430°C) and 13% (430-748°C). The 4:1 DSC curve was similar to the 3:1 compound showing

the equivalent endothermic events described above.

The B-CD:TC continuous thermal decomposition process was different from TC and/or B-CD
alone. It could be noticed that with the increase of B-CD molar ratio, the thermal
decomposition profile of the compounds became similar to B-CD alone profile. Then, thermal
instability of TC and B-CD occurred after forming the inclusion compounds, evidencing the

interaction between the two molecules. Furthermore, the mechanical mixtures showed the first
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B-CD degradation event near 100°C, TC fusion and thermal decomposition. The second B-CD

endothermic event near 320°C was not observed [35; 38; 39].
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Figure 7. TG of tetracycline (TC), B-cyclodextrin (BCD) and the B-CD:TC compounds at

different molar ratios (IC 1:1; IC 2:1; IC 3:1 and IC 4:1) and their physical mixtures (PM 1:1;

PM 2:1; PM 3:1 and PM 4:1).
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Figure 8. DSC curves of tetracycline (TC), B-cyclodextrin (BCD) and the B-CD:TC
compounds at different molar ratios (IC 1:1; IC 2:1; IC 3:1 and IC 4:1) and their physical

mixtures (PM 1:1; PM 2:1; PM 3:1 and PM 4:1).

The physicochemical characterization strongly suggested important structural changes in the
molecules characteristics, revealing the formation of an inclusion compound and, with the
gradual increase of B-CD amount in the system, these compounds could self assemble as
supramolecular complexes. This interpretation differs from other studies that suggested that
the interactions take place with the outer part of the B-CD molecule which is more
hydrophilic, and also contradicts the affirmative that TC molecule seems to be too large to fit
inside B-CD cavity (4.5-8A) as previously stated in literature [10; 42].
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The structural changes that happened upon molecules interaction reflected in TC
antimicrobial properties. The antimicrobial tests showed that 2:1 B-CD:TC compound
exhibited significant antimicrobial activity against A. actinomycetemcomitans with MIC of
0.25pug/mL  of TC concentration(1:1; 2:1 groups), followed by 1pug/mL (4:1 and TC control
group) and 2pg/mL (3:1) (Table 1). In spite of TC concentrations used in the test solutions
being normalized with the same TC concentration, the results suggested different interactions
between this bacteria strain and the different B-CD:TC compounds in solution. A.
actinomycetemcomitans is frequently resistant to TC showing MIC values between 0.8-
1.2ug/mL [43; 44]. These findings have also to be confirmed against rough-type
microorganisms [45]. The MIC values found for P. gingivalis were 0.25ug/mL (2:1; 3:1 and
4:1 groups), followed by 1ug/mL (1:1 and TC control groups). Other studies showed MIC
values for TC of 1-4pg/mL against the same bacteria, isolated from humans or reference
strains [46; 47]. B-CD showed no activity against the tested bacteria. Thus, nanoassemblies
antimicrobial properties evidenced that MIC concentrations could decrease four times and

show the same inhibition as non-complexed drug.

Table 1. Minimal inhibitory concentrations values (MIC in pg/mL) of the studied compounds

against tested reference bacteria strains in vitro.

Bacteria Condition Strains Minimal inhibitory concentration pg/mL

TC B-CD I:1 2:1 3:1 4:1

A. actinomycetemcomitans Anaerobic Y4-FDC 1 >64 025 0.25 2 1
P. gingivalis Anaerobic ATCC 49417 1 >64 1 0.25 0.25 0.25

Agar diffusion susceptibility test revealed that all compounds successfully inhibited growth of
A. actinomycetemcomitans, disclosing that the inclusion process did not affected negatively
TC antimicrobial action. No significant difference between B-CD:TC compounds and TC
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were found against this strain. B-CD:TC compounds and TC alone showed comparable
growth inhibition of P. gingivalis, at the concentration of 30ug/mL. The exception was the
1:1 compound that demonstrated significantly lower inhibition (p<0.05). For the
concentration of 10ug/mL, all groups showed similar inhibition. 1ug/mL of TC showed
inhibition in all tested groups, being 4:1 with larger inhibition zone when compared to 2:1

group (p<0.05).

Table 2. Inhibition of growth of B-CD:TC compounds (1:1, 2:1, 3:1 and 4:1) and against A.

actinomycemcomitans and P. gingivalis.

Bacteria Tetracycline Mean inhibition zone diameter (mm = S. D.)
Concentration
(ng/mL)
Sample
A. actinomycemcomitans B-CD TC 1:1 2:1 3:1 4:1
1 - 21.16£3.0 21.10£3.6 16.40+3.2 16.00+2.1 15.75%2.6
10 - 27.33£3.0 24.00£3.4 23.00£3.5 23.00+4.3 22.25£3.5
30 - 30.5£0.6  25.60+2.3 25.10+2.4 25.50+3.4 23.60%1.4
P. gingivalis

1 - 27.17£29 27.67£1.8 24.00£3.1 28.33+1.3 31.33£1.3
10 - 37.33£6.0 39.67£1.3 39.67+1.3 38.67x1.4 41.67t14
30 - 39.67+£1.2 13.33t£1.6 14.33+14 14.67+1.6 19.50£2.2

3.2 Nanospheres preparation, release study and antimicrobial activity

The TC encapsulation efficiency of nanospheres prepared with PLGA by double emulsion
process showed values of 46.80% w/w (1:1), 16.73% (2:1 group), 19.07% (3:1), 25.63% (TC
alone) and 42.90% (4:1) (Table 2). Thus, different proportions of B-CD influenced the TC
encapsulation efficiency. The encapsulation efficiency obtained in this study was higher than

other values related in the literature obtained by spray drying technique (PLGA-TC) [48] and
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double emulsion [49; 50]. The SEM images disclosed nanospheres morphology and also a

smooth surface (Figure 9).

Figure 9. SEM images from the PLGA nanospheres in association with TC; B-CD:TC 1:1;

2:1; 3:1; 4:1.

Nanospheres size distribution is shown in Table 3 and also reflected the influence of B-CD in

the encapsulation process. Nanospheres measuring 285 to 396nm were observed when the

cyclic molecule was present in the process comparing to 958nm with TC alone group.
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Table 3. Characteristics of PLGA/TC particles prepared in the presence of B-CD with respect

to drug encapsulation efficiency and size distribuition.

Group TC Loading (%) Size distribution

(%) (nm) Pdi

TC 25.63 82.9 958 0.5
8.60 5400
8.40 309
1:1 46.80 100 307 1.0
2:1 16.73 100 396 0.7
3:1 19.07 82.90 285 0.7
17.10 5240
4:1 42.90 100 360 0.6

Tetracycline release kinetics from the tested compounds in association with PLGA for 10
days is shown in Figure 10. All the groups were prepared with the same TC initial amount. [3-
CD influenced drug release from nanospheres with the 2:1 group nearer to a zero order
release. This sample showed a burst effect of 12.74£1.4% (78.9ug/mL) of the total released
drug. The other groups showed a significantly higher 24h release relative to the total amount
of released drug, including TC (23.84+1.0% - 105.3ug/mL), 1:1 (29.39£11.3 - 46.2ug/mL),
3:1 (28.08+£0.7 - 52.7ug/mL) and 4:1 (22.2310.2% - 64.2ug/mL) (p<0.01). These results
showed more constant release kinetics than Actisite®, the commercially available TC local
release device [51]. PLGA degradation is mainly by bulk erosion and this could explain the
drug delivery for the subsequent days. B-CD showed to have great influence in TC release

profile.
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Figure 10. In vitro cumulative TC release from PLGA nanospheres in water at 37°C.

The in vitro release study therefore revealed that the concentration of the drug released at each
time point throughout the 10 days test period was above 4ug/mL. This amount of the drug
released was enough to provide appropriate TC levels that correspond to MIC values in vivo
[43-47]. This fact associated to the initial high release and prolonged subsequent release was

favorable to increase antibiotic potency

Agar diffusion susceptibility test revealed that the TC concentrations released from
nanospheres produced satisfactory growth inhibition. The groups showed efficient
antimicrobial activity during 10 days of release. 2:1 group revealed higher inhibition
compared to the other groups in days, which correlated with the release findings (p<0.05).
These results suggest that the drug can be released in a controlled fashion and exert efficiently

its biological activity .
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5. Conclusion

The physicochemical characterization and drug release data obtained in this study confirms

the potential of this system for optimizing antimicrobial activity.

The interactions between -CD and TC suggested by X-ray diffraction, thermal analysis, IR
were strongly confirmed by ITC and DLS. NMR analysis also disclosed short distance
interactions between these two molecules in different molar ratios and, TC seems to act as a
seeding molecule capable of inducing self-assembly phenomena with B-CD. The
supramolecular conformation in stoichiometries of 2:1, 3:1 and 4:1 increased four times TC
efficiency against P. gingivalis. 1:1 and 2:1 complexes were also more efficient against A.

actinomycetemcomitans.

The water-oil-water emulsion technique used was efficient to produce PLGA nanospheres
containing B-CD:TC compounds. The cyclodextrin influenced the encapsulation efficiency,

size distribution and also increased the antimicrobial effectiveness of the antibiotic.

The nanoparticles showed a controlled release profile mainly with the 2:1 molar ratio,

releasing TC over minimum inhibitory concentration of A. actinomycetemcomitans and P.

gingivalis.
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Table 1. Minimal inhibitory concentrations values (MIC in pg/mL) of the studied compounds

against tested reference bacteria strains in vitro.

Bacteria Condition Strains Minimal inhibitory concentration pg/mL

TC B-CD I:1 2:1 3:1 4:1

A. actinomycetemcomitans anaerobic Y4-FDC 1 >64 025 0.25 2 1
P. gingivalis anaerobic ATCC 49417 1 >64 1 025 025 0.25

Table 2. Inhibition of growth of B-CD:TC compounds (1:1, 2:1, 3:1 and 4:1) and against A.

actinomycemcomitans and P. gingivalis.

Bacteria Tetracycline Mean inhibition zone diameter (mm = S. D.)

Concentration

(ng/mL)

A. actinomycemcomitans

10
30
P. gingivalis

10
30

Sample
B-CD TC 1:1 2:1 3:1 4:1
- 21.16£3.0 21.10£3.6 16.40+3.2 16.00+2.1 15.75£2.6
- 27.33£3.0 24.00£3.4 23.00£3.5 23.00+4.3 22.25£3.5
- 30.5£0.6  25.60£2.3 25.10+2.4 25.50+3.4 23.60£1.4
- 27.17£29 27.67£1.8 24.00£3.1 28.33+1.3 31.33£1.3
- 37.33+6.0 39.67+£1.3 39.67£1.3 38.67x1.4 41.67t1.4
- 39.67+£1.2 13.33t£1.6 14.33+14 14.67+1.6 19.50£2.2
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Table 3. Characteristics of PLGA/TC particles prepared in the presence of B-CD with

respect to drug encapsulation efficiency and size distribuition.

Group TC Loading (%) Size distribution

(%) (nm) Pdi

TC 25.63 82.9 958 0.5
8.60 5400
8.40 309
1:1 46.80 100 307 1.0
2:1 16.73 100 396 0.7
3:1 19.07 82.90 285 0.7
17.10 5240

4:1 42.90 100 360 0.6




Figure Legends

Figure 1. Size measurements obtained by DLS titration of a 0.5 x 10 solution of TC in a 12.3
x 10”°mol/L B-CD solution.

Figure 2. ITC experiments expansion to f-CD 12.3 x 10 mol/L in TC 0.5 x 10” mol/L.

Figure 3. "H NMR (400MHz) in D,0 at 25 °C of: a) pure TC and b) IC at 1:1 TC B-CD molar
ratio.

Figure 4. Expansion of the NMR NOESY contour map (400MHz, mixing time 600ms) in
D,0 of IC at molar ratio of 1:1, a) to aromatic region and b) to other correlations between TC
and B-CD.

Figure 5. X-ray powder diffraction of the 3-CD:TC compounds (in the labels TC represents
tetracycline and B-CD:TC represents respectively molar ratio of IC 1:1; IC 2:1; IC 3:1 and IC
4:1). PM 1:1; PM 2:1; PM 3:1 and PM 4:1 represents the physical mixtures.

Figure 6. Infrared spectra of tetracycline (TC), B-cyclodextrin (BCD), the B-CD:TC
compounds at different molar ratios (IC 1:1; IC 2:1; IC 3:1 and IC 4:1) and their physical
mixtures (PM 1:1; PM 2:1; PM 3:1 and PM 4:1).

Figure 7. TG of tetracycline (TC), B-cyclodextrin (BCD) and the B-CD:TC compounds at
different molar ratios (IC 1:1; IC 2:1; IC 3:1 and IC 4:1) and their physical mixtures (PM 1:1;
PM 2:1; PM 3:1 and PM 4:1).

Figure 8. DSC curves of tetracycline (TC), B-cyclodextrin (BCD) and the B-CD:TC
compounds at different molar ratios (IC 1:1; IC 2:1; IC 3:1 and IC 4:1) and their mechanical
mixtures (PM 1:1; PM 2:1; PM 3:1 and PM 4:1).

Figure 9. SEM images from the PLGA microspheres in association with TC; B-CD:TC 1:1;
2:1; 3:1; 4:1.

Figure 10. In vitro cumulative TC release from PLGA microspheres.
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COMENTARIOSFINAIS

O presente trabalho teve como intengdo a fabricacdo e a caracterizacdo de compostos
supramoleculares entre B-ciclodextrinas e tetraciclinas. A elucidagdo das interagdes entre as
duas moléculas ¢ de fundamental importancia para o futuro desenvolvimento de formulagdes

e produtos que as contenham.

A caracterizagdo fisico-quimica revelou interagdo, mudangas estruturais e conformacionais
entre as duas moléculas, relacionadas ao aumento da concentragdo de B-ciclodextrina no
sistema. Na medida em que a razio molar de B-ciclodextrina cresceu no sistema, foi
observado um aumento de tamanho das particulas formadas pelos compostos em solucao,
devido a interagdes dentro e¢ fora da cavidade, além de mudangas na cristalinidade ¢ em

relacdo as suas propriedades de estabilidade térmica.

Essas interacdes tiveram impacto na atividade antimicrobiana desses compostos. Foi
mostrados que esses nano agregados, quando em solugdo, apresentaram maior eficacia
antimicrobiana contra as bactérias testadas em determinadas concentragoes. Estas novas
propriedades antimicrobianas abrem novos questionamentos a cerca de como esses nano
agregados interagem com as bactérias, porque nestes experimentos, todos os compostos
apresentavam a mesma concentragcdo de tetraciclina, diferindo apenas na razdo molar de [3-
ciclodextrina. Possivelmente as -ciclodextrinas poderiam modular a liberagdo do farmaco de
uma maneira mais controlada por um periodo mais prolongado, diferindo da acdo da
tetraciclina pura e melhorando suas propriedades [33; 38]. Outra possibilidade seria uma
diferente interacdo dos nanoagregados com a parede celular bacteriana o que poderia explicar

uma maior eficiéncia antimicrobiana do farmaco.
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A técnica de nano encapsulamento no polimero PLGA mostrou-se eficaz para a producao de
nano esferas de tetraciclina. A presenca da (-ciclodextrina mostrou influenciar o percentual
de encapsulamento de tetraciclina no polimero além de ter marcante influéncia no tamanho

das nano esferas.

As nano esferas poliméricas exibiram uma liberagdo controlada por cerca de 10 dias. Foi
observado que a liberagcdo obtida das nano esferas sintetizadas a partir do composto na razao
molar de 2:1 B-ciclodextrina:tetraciclina esteve perto de uma liberagdo de ordem zero. As
concentragdes da droga obtidas a partir da concentracdo inicial de 1mg/mL mostraram-se
acima das concentragdes inibitérias minimas para as bactérias testadas A.

actinomycetemcomitans e P. gingivalis.

Assim, foi demonstrado que é possivel a formagdo de nano agregados com tetraciclina e [3-

ciclodextrina e que estes podem ser utilizados para a formulagdo de nano esferas de PLGA

para a liberacdo controlada de farmacos.
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Anexo A — Graficos de TG (1) e DSC (2) dos compostos de B-CD e TC nas razoes
molaresde 1:1; 2:1; 3:1 and 4.1 juntamente com os far macos pur os.
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Anexo B — Liberacao controlada de TC a partir das nanoesferas poliméricas.
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Anexo C - Instrucdes aos autor es (nor mas da revista que foram seguidas)

Journal of Controlled Release

Official journal of the Controlled Release Society, and of the Japanese Society of Drug
Delivery Systems

Guide for Authors

1. Scope of the journal

The journal publishes papers innovative, original research involving the controlled release and
delivery of drugs and other biologically active agents. The terms "controlled release" and
"delivery" are used in their broadest sense to include mechanisms such as diffusion, chemical
and enzymatic reactions, dissolution, osmosis, targeting, as well as the utilization and
manipulation of biological processes. A broad spectrum of studies dealing with all aspects of
controlled release and delivery, including gene delivery, tissue engineering and diagnostic
agents, is encouraged. The use of prodrugs and carriers such as water-soluble polymers, micro

and nanoparticles, liposomes and micelles is included in the scope.

Papers that provide no new concepts or mechanistic insights will not be considered. The
Letter of Submission should explain in one paragraph the originality and significance of the

submitted work. The manuscript will not be processed without this information.

2. Preparation of manuscripts

Manuscript Types

Full length papers are recommended not to exceed a total of 20 double-spaced, font size 12,
typewritten pages, excluding references, tables, figure legends, and figures, and should
include Title, Abstract, Methods and Materials, Results, Discussion, Conclusions,
Acknowledgments and References (see below). It is also recommended that the total number

of tables and figures does not exceed 8. Rapid Communications are preliminary reports of
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research that are of sufficient importance and general interest that accelerated publication is
justified. The length is limited to 1000 words. Notes are shorter manuscripts, limited to 1500
words, that describe studies of general interest and significance, but which may be limited in

scope.

General procedures

The language of the Journal is English. Manuscripts must be written in the third person and,
when possible, in the past tense. The authors should ensure that they have written entirely
original works, and if the authors have used the work and/or words of others, this has been
appropriately cited or quoted.An author should not in general publish manuscripts describing
essentially the same research in more than one journal of primary publication. Plagiarism in
all its forms as well as submission of the same manuscript to more than one journal
concurrently constitutes unethical publishing behaviour and are unacceptable.Thus, the Letter
of Submission should explain in one paragraph the originality and significance of the

submitted work. The manuscript will not be processed without this information.

The following format and order of presentation is suggested:

Title, author(s), address(es). The title should be no longer than 100 letters and spaces. The
address should include the country mailing or *Zip* code when available, as well as the
telephone and fax numbers, and e-mail address. Indicate to whom correspondence and proofs

should be sent.

Abstract. The abstract should present a summary of the problem, scientific method, major
findings and conclusions, in no more than 200 words and one paragraph. Unsubstantiated
speculation should not be included. Footnotes may not be used. References, if cited, must
provide complete publication data.

Keywords (5)

Introduction. The purpose of this section is not to review the literature, but to briefly introduce

the objective of the research and its significance.
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Materials and methods. Procedures should be described in sufficient detail to permit others to
repeat and reproduce the results of the work. Sources of commercial products need not be
listed unless unique. Published methods need not be restated but must be referenced. Where
the reference is to papers under review or in press, copies should be provided to the Editor to
facilitate review. Full chemical names of drugs/polymers/exipients, etc. should be given.

Trade names should not be used. Appropriate statistical analysis of data should be provided.

The Declarations of Helsinki and Tokyo for humans, and the European Community guidelines
as accepted principles for the use of experimental animals, must be adhered to. Therefore, the
Journal of Controlled Release will only consider manuscripts that describe experiments that
have been carried out under approval of an institutional or local ethics committee. Authors
must state in the manuscript that the protocol complies with the particular recommendation

and that approval of their protocols was obtained.

Full chemical names of drugs/polymers/exipients, etc. should be given. Trade names should

not be used. Appropriate statistical analysis of data should be provided.

Results. Tables and Figures that summarize the results and improve their comprehension are
encouraged, but only if the space required is not excessive and less than can be stated in the
text. The number of Tables and Figures should be restricted to 4 and 8 in number,
respectively. The reproducibility and statistical significance of measurements, material or

biological, must be included when relevant.

Discussion. This section should deal with the interpretation of the results and their
significance to the field of study. Repetition of information presented in other sections should
be avoided, as should general reviews of the literature. In some cases it may be advantageous

to combine the Results and Discussion sections.

Conclusion (optional). A short, one paragraph summary of the most important finding(s) of

the research.

Acknowledgment (if any). Recognition of financial support, technical assistance and advice.
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References. Responsibility for the accuracy of bibliographic citations lies entirely with
authors. Number consecutively throughout the text and supply a separate Reference List.
Abbreviate according to the 'Bibliographic Guide for Editors and Authors', 1974 (Chemical
Abstracts Service, The Ohio State University, Columbus, OH 43210) and the 'List of Serial
Title Word Abbreviations', 1985, ISDS, 20 rue Bachaumont, 75002 Paris, France; ISBN 2-
904938-02-8. Examples:
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[1] E. Porges, B. Schade, W. Ropte, Automated flow-through method to determine the
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controlled release pesticide formulations, U.S. Environmental Protection Agency,
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Use of Digital Object Identifier (DOI):
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The digital object identifier (DOI) may be used to cite and link to electronic documents. The
DOI consists of a unique alpha-numeric character string which is assigned to a document by
the publisher upon the initial electronic publication. The assigned DOI never changes.
Therefore, it is an ideal medium for citing a document particularly "Articles in press" because

they have not yet received their full bibliographic information.

The correct format for citing a DOI is shown as follows: doi:10.1016/j.conrel.2004.11.016

Tables. Number consecutively and type on a numbered, separate page. Please use arabic

numerals and supply a heading. Column headings should be explanatory and carry units.

Figures. Number consecutively with Arabic numerals. Figures should be used to illustrate
experimental results clearly. Authors are requested to submit figures for a one-column width
where possible and ensure that symbols, lettering and lines are sufficiently large and clear to
be legible. Figure width is approximately 3 inches or 7.5 cm. Legends for each figure should

be typed on a separate page.

Colour illustrations should be submitted as original photographs, high-quality computer prints
or transparencies, close to the size expected in publication, or as 35 mm slides. Polaroid
colour prints are not suitable. If, together with your accepted article, you submit usable colour
figures then Elsevier will ensure, at no additional charge, that these figures will appear in
colour on the web (e.g., ScienceDirect and other sites) regardless of whether or not these
illustrations are reproduced in colour in the printed version. For colour reproduction in print,
you will receive information regarding the total cost from Elsevier after receipt of your
accepted article. The 2006 price for colour figures is 285 Euro for the first page and 191 Euro

for subsequent pages.

For further information on the preparation of electronic artwork, please see External link

http://authors.elsevier.com/artwork

Please note: Because of technical complications which can arise by converting colour figures
to 'grey scale' (for the printed version should you not opt for colour in print) please submit in

addition usable black and white prints corresponding to all the colour illustrations.
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Units and abbreviation. SI units should be used: English units or other equivalents should be
given in parentheses if necessary. On graphs, if values are recorded in non-SI units, then
additional scales in SI units should be used. If a large number of symbols are used, it is

helpful if authors submit a list of these symbols and their meanings.

3. Submission

Authors should submit their manuscripts electronically by using the Elsevier submission site

at External link http://authors.elsevier.com/journal/jconrel

After registration, authors will be asked to upload their manuscript and associated artwork.
Full instructions on how to use the online submission tool are available at the web address

listed above.

Persons considering submitting a 'Review' article are encouraged to send an outline and a CV

to the Review Editor.

Review Editor

Prof. V.P. Torchilin, School of Pharmacy, Bouve College of Health Sciences, Northeastern
University, Mugar Building, Room 312, 360 Huntington Ave, Boston, MA 02115, USA; e-

mail: v.torchilin@neu.edu

4. Copyright guidelines for authors

All authors must sign the "Transfer of Copyright" agreement before the article can be
published. The transfer agreement enables Elsevier to protect the copyrighted material for the
authors, but does not relinquish the author's proprietary rights. The copyright transfer covers
the exclusive rights to reproduce and distribute the article, including reprints, photographic
reproductions, microform, or any other reproductions of similar nature and translations, and
includes the right to adapt the article for use in conjunction with computer systems and

programs, including reproduction of publication in machine-readable form and incorporation
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into retrieval systems. Transfer of copyright agreement forms will be sent to the

corresponding author following acceptance of the manuscript.

If excerpts from other copyrighted works are included, the Author(s) must obtain written
permission from the copyright owners and credit the source(s) in the article. Elsevier has
preprinted forms for use by Authors in these cases: Contact Elsevier's Rights Department,
Oxford, UK: phone (+44) 1865 843830, fax (+44) 1865 853333, e-mail
permissions@elsevier.com Requests may also be completed on-line via the Elsevier

homepage (External link http://www.elsevier.com/locate/permissions )

Retained authors' rights

As an author you (or your employer or institution) may do the following:

* make copies (print or electronic) of the article for your own personal use, including for your
own classroom teaching use

» make copies and distribute such copies (including through e-mail) of the article to research
colleagues, for the personal use by such colleagues (but not commercially or systematically,
e.g., via an e-mail list or list server)

* post a pre-print version of the article on Internet websites including electronic pre-print
servers, and to retain indefinitely such version on such servers or sites

* post a revised personal version of the final text of the article (to reflect changes made in the
peer review and editing process) on your personal or institutional website or server, with a
link to the journal homepage (on http://www.elsevier.com)

* present the article at a meeting or conference and to distribute copies of the article to the
delegates attending such a meeting

» for your employer, if the article is a 'work for hire', made within the scope of your
employment, your employer may use all or part of the information in the article for other
intra-company use (e.g., training)

* retain patent and trademark rights and rights to any processes or procedure described in the
article

* include the article in full or in part in a thesis or dissertation (provided that this is not to be
published commercially)

* use the article or any part thereof in a printed compilation of your works, such as collected

writings or lecture notes (subsequent to publication of your article in the journal)
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* prepare other derivative works, to extend the article into book-length form, or to otherwise
re-use portions or excerpts in other works, with full acknowledgement of its original

publication in the journal

5. Correcting proofs and reprints

Elsevier will send PDF proofs to authors by e-mail for correction. If an author is unable to
handle this process, regular print proofs will be sent. Elsevier will do everything possible to
get the article corrected and published as quickly and accurately as possible. Therefore, it is
important to ensure that all corrections are sent back in one communication. Subsequent
corrections will not be possible. Only typesetting errors may be corrected; no changes in, or
additions to, the accepted manuscript will be allowed. Proofs should be returned to Elsevier

within 48 hours.

The Journal of Controlled Release has no page charges. Twenty-five offprints of each paper
will be supplied free of charge to the corresponding author. Additional offprints can be

ordered at prices shown on the offprint order form that accompanies the copyright form.

Language Editing

International Science Editing and Asia Science Editing can provide English language and
copyediting services to authors who want to publish in scientific, technical and medical
journals and need assistance before they submit their article or, before it is accepted for
publication. Authors can contact these services directly: International Science Editing
External link http://www.internationalscienceediting.com and Asia Science Editing External
link http://www.asiascienceediting.com or, for more information about language editing
services, please contact authorsupport@elsevier.com who will be happy to deal with any

questions.

US National Institutes of Health (NIH) voluntary posting ("Public Access") policy

Elsevier facilitates author response to the NIH voluntary posting request (referred to as the

NIH "Public Access Policy"; see External link
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http://www.nih.gov/about/publicaccess/index.htm ) by posting the peer-reviewed author's
manuscript directly to PubMed Central on request from the author, 12 months after formal
publication. Upon notification from Elsevier of acceptance, we will ask you to confirm via e-
mail (by e-mailing us at NIHauthorrequest@elsevier.com) that your work has received NIH
funding and that you intend to respond to the NIH policy request, along with your NIH award
number to facilitate processing. Upon such confirmation, Elsevier will submit to PubMed
Central on your behalf a version of your manuscript after peer-review, for posting 12 months
after formal publication. This will ensure that you will have responded fully to the NIH
request policy. There will be no need for you to post your manuscript directly with PubMed

Central, and any such posting is prohibited.

6. Author enquiries

All questions arising after acceptance of a manuscript by the Editor, especially those relating
to proofs, publication and reprints, should be directed to the Publisher: Elsevier Ireland Ltd,
Brookvale Plaza, East Park, Shannon, Co., Clare, Ireland, Tel: +353-61-709600, Fax: +353-
61-709100, E-mail: authorsupport@elsevier.com.

Please visit the Elsevier Author Gateway at External link http://authors.elsevier.com to track
accepted articles and set up e-mail alerts to inform you of when the article status has changed.
Information on artwork guidelines, copyright information, and frequently asked questions is

also available.
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