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Abstract: The aim of the present work was to develop novel hydrogels for delivering sertaconazole based on cyclodex-
trins and various biocompatible polysaccharides. Sertaconazole is an antifungal agent very effective for treatment of Can-
dida albicans infections. However its poor aqueous solubility is still a challenging issue for developing suitable formula-
tions. Complexation with cyclodextrins is a very attractive route to overcome this limitation, simultaneously enhancing its
antifungal effectiveness. Hydroxypropyl-p-cyclodextrin (HPBCD) hydrogels prepared by direct cross-linking in presence
of methylcellulose (MC), hydroxypropyl cellulose (HPC), hydroxypropyl methylcellulose (HPMC), carboxymethyl cellu-
lose (CMCNa), or dextran were transparent and swelled in water without dissolving, which enables the formation of mi-
croenvironments very rich in cyclodextrin cavities responsible for hosting the drug and control its release rate. HPBCD
hydrogels showed a high capability to load sertaconazole (with partition coefficients from 22 to 470) while still combining
high water affinity (superabsorbency), versatile biomechanical properties (hardness and compressibility) and sustained re-
lease behavior (up to 4 days). Importantly, sertaconazol-loaded hydrogels showed effectiveness against Candida albicans
in culture medium. HPBCD-polysaccharide hydrogels could be useful as sertaconazole delivery systems for the treatment

of mucosal infections.
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INTRODUCTION

Opportunistic fungal infections, particularly those caused
by Candida albicans, are an important factor of mortality
and morbidity in infants, children, and patients with com-
promised immune system [1-4]. Amphotericin B and azoles
are currently the most used drugs to manage fungal infec-
tions [5]. Sertaconazole is an effective fungicidal and fung-
istatic agent and has a broad-spectrum activity against der-
matophytes, opportunistic filamentous fungi, and also Gram-
positive bacteria [6-8]. When used for the treatment of der-
matologic and gynaecological infections, it presents a good
profile of security, high cutaneous permanence and low
systemic absorption [9]. Despite these valuable features, the
extremely low aqueous solubility of sertaconazole (<0.01%
wi/v) strongly limits its practical use [10] and the search for
an adequate delivery system is still a challenging issue.
Complexation with B-cyclodextrin (BCD) and with hy-
droxypropyl-p-cyclodextrin (HPBCD) has been shown as an
effective approach to enhance solubility and dissolution rate
in aqueous medium [11-13]. Nevertheless, the relatively high
stability constant of the sertaconazole complexes entails a
high risk of drug precipitation after administration due to
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dilution of the complexes in the biological fluids, displace-
ment of the equilibrium towards decomplexation, and release
of the drug in the poor solvent medium [14]. Such a risk
could be minimized by using cross-linked cyclodextrin hy-
drogels, which can swell in the biological medium without
significant dilution [15, 16]. Hydrogels are outstanding pa-
tient-friendly delivery systems that enable a precise release
of drugs at the desired site for a finite time. This enhances
the bioavailability of the drug at the affected site of the or-
ganism with minimal systemic exposure and collateral ef-
fects [17, 18]. Current non-cyclodextrin hydrogels have been
shown useful for the local treatment of dermal and mucosal
infections, including Candida albicans [19-21]. However,
their hydrophilic nature prevents an effective loading of
hydrophobic drugs and usually leads to a rapid release of
polar drugs [22]. In the particular case of antifungals with
protonizable groups, loading has been promoted using hy-
drogels with oppositely charged groups, although the release
rate resulted to be very dependent on drug solubility at the
pH of the medium [23]. Recently, fluconazole-loaded acrylic
hydrogels that showed swelling-controlled release behavior
have been prepared [21]. An adequate combination of ioni-
zable and non-ionizable monomers enabled to achieve dif-
ferent degrees and rates of swelling at vaginal pH and, con-
sequently, different release rates. Cyclodextrin networks can
offer novel features since they make use of an unique
mechanism to control drug loading and delivery: the affinity
of the drug for the cyclodextrin cavities [15, 16, 24-28].
Cyclodextrin hydrogels combine the ability of the cyclodex-
trins to host hydrophobic drugs with the viscoelastic behav-
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ior and high water content of hydrophilic networks intended
for topical or mucosal applications [15, 29].

In last years, we have developed a new approach to pre-
pare in one step cyclodextrin hydrogels, with or without
hydroxypropyl methylcellulose (HPMC), through condensa-
tion with ethyleneglycol diglycidylether (EGDE) [15, 30].
EGDE has two epoxy groups in its structure, both of similar
reactivity and able to react with the hydroxyl groups of cy-
clodextrins and certain polysaccharides [31, 32]. This method
does not require any modification in the cyclodextrin struc-
ture and takes places in aqueous medium under mild condi-
tions, which are two important advantages towards an envi-
ronmental-friendly (“green”) chemistry. In previous papers,
the contents in cyclodextrin and cross-linker and the kinetics
of the cross-linking process were optimized, and the ability
of the hydrogels to load and sustain the release of diclofenac
and estradiol was demonstrated [15, 29, 33]. The aim of the
present study was to develop and characterize novel hydro-
gels for delivering sertaconazole based on cyclodextrins and
various polysaccharides (several non-ionic cellulose ethers,
one ionic cellulose derivative, and dextran) of proved bio-
compatibility and used for first time for this application. The
incidence of the nature and proportion of the polysaccharide
on the swelling and mechanical properties of the hydrogels
and on sertaconazole loading and release was studied in
detail. Finally, the antifungal efficiency of drug-loaded hy-
drogels was tested in Candida albicans cultures.

MATERIALS AND METHODS
Materials

Sertaconazole nitrate (nitrate salt of 7-chloro-3-[-1-(2, 4-
dichlorophenyl)-2-(1H-imidazol-1-yl)-ethoxy-
methyl]benzo[b]thiophene; Mw 500.78 Da) was from Ferrer
Internacional (Spain). Hydroxypropyl-B-cyclodextrin
(HPBCD; D.S. 4.6, Mw 1310 Da) was supplied by Jansen
Pharmaceutische  (Belgium).  Methylcellulose  (MC,
Methocel® A15C Premium EP, Mw 63, 000 Da) was from
Colorcon Ltd. (UK); hydroxypropylcellulose (Nisso® HPC-
M, Mw 570, 000 Da) from Nippon Soda Co. (Japan); hy-
droxypropyl methylcellulose (HPMC, Methocel® K4M, Mw
84, 200 Da) from Dow Stade GmbH (Germany). Sodium
carboxymethylcellulose sodium (CMCNa, 400-800 cPs, Mw
125, 000 Da), sodium dodecylsulfate (SDS) and dextran
from Leuconostoc mesenteroides (Mw 100, 000-200, 000
Da) were supplied by Sigma Aldrich (USA). Ethylenglycol
diglycidylether (EGDE) was from Fluka Chemie GmbH
(Germany). Water purified by reverse osmosis (MilliQ®,
Millipore, Spain) with a resistivity above 18.2 MQcm™ was
used. All other reagents were of analytical grade.

Phase Solubility Diagrams

Dissolutions of increasing concentration in HPBCD were
prepared in water or in 0.25% w/v MC, HPC, HPMC,
CMCNa or dextran aqueous solutions. Aliquots of these
solutions (5 ml) were placed in ampoules containing
sertaconazole in excess (20-25 mg). Some of these suspen-
sions (two replicates) were autoclaved (Raypa AES-1219,
Spain) at 121°C for 20 min. The autoclaved and non-
autoclaved suspensions were shaken at 25°C and 50 rpm
until equilibrium was reached (5 days), then filtered through
0.22 pm Millipore® cellulose acetate membrane filters
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(Teknokroma, Spain). The concentration of the dissolved
drug was measured by UV spectrophotometry (Agilent 8453,
Germany) at 302 nm. The apparent stability constant of the
drug—cyclodextrin complexes was calculated from the slope
(m) of the plot drug solubility (mM) versus HPBCD concen-
tration (mM), and from the drug solubility in absence of
cyclodextrins (S,) [34].

m
K,=——
& Sy x (1—m)

Synthesis of HPB CD Hydrogels

Different amounts of MC, HPC, HPMC, CMCNa or
dextran were added to 10 ml of HPBCD solution (20% w/w)
in freshly prepared 0.2 M NaOH, up to a final concentration
in polysaccharide of 0.4 or 0.8%. After homogenization,
EGDE (4 ml) was added to each dispersion (10 ml) and
stirred for two minutes at 20°C. The systems were immedi-
ately transferred to test tubes (10 mm internal diameter),
which were hermetically closed and kept at 50°C for 24 h.
After cooling down, the hydrogels were carefully removed
from the moulds and immersed in water for 12 h to swell.
Then, they were placed in a 10 mM HCI solution for 12 h to
neutralize the alkaline medium and immersed in water once
again. Finally, cylindrical pieces of each gel (4-5 mm thick-
ness) were cut and maintained in water.

Characterization of HPCD Hydrogels

Swelling

@)

Dry samples of each hydrogel were immersed in 10 ml of
water and weighed at pre-established time intervals. The
kinetics of medium uptake was characterized by fitting the
data obtained, up to 60% of the final content in water, to the
following equation:

W, -W,
w_-W,
where W, is the weight of the dried hydrogel, W; the weight
of the hydrogel at time t after immersion in the swelling
medium, W_ the weight of the fully swollen hydrogel, and Ky,

is a rate constant. The equilibrium degree of swelling was
estimated as follows:

Q = (W..- Wp)/W, (3)
Biomechanical Properties

=K, xt )

Hardness and compressibility were determined using a
TA-TX Plus Texture Analyzer (Stable MicroSystems Ltd.,
UK) fitted with a cylindrical aluminum probe (20 mm in
diameter). A hydrogel disk of 8 mm thickness was placed on
the platform and the probe was compressed into the sample
at a defined rate of 1 mm/s and to a defined depth of 3 mm.
Then, the probe was removed at 2 mm/s and the recovery of
the sample was also monitored. Three replicate analysis of
each sample were performed at room temperature. The hard-
ness was estimated as the maximum resistance to compres-
sion (i.e. the peak value in the force-distance plot), and the
compressibility was quantified as the work carried out in the
compression (i.e. the area under the force-distance plot) [35].
The modulus of deformability, ED, was estimated from the
initial linear portion of the force-distance plot, converting the
force to a true stress using the expression:
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and the distance to Hencky’s strain as follows:

h
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where hq is the original height of sample, 4h is the change in
height, F(t) the compressive force at time t, and A, the origi-
nal cross-sectional area [36].

Sertaconazole Loading

Cylindrical pieces of each hydrogel (4-5 mm thickness)
were placed in vials containing aqueous suspensions of
sertaconazole (50 mg in 10 ml), which were put in a bath at
25°C and subjected to 50 oscillations per minute for one
week; some being firstly autoclaved for 20 min at 121 °C. To
determine the amount loaded, some hydrogels (three repli-
cates) were immersed in 15 ml of 0.3% w/v SDS solution
that were replaced every second day, for approximately one
week, and the drug concentration in the washing medium
was determined spectrophotometrically at 302 nm. The
amount of drug loaded was estimated as the total amount of
drug released to the washing medium. The amount loaded
just by a simple equilibrium between the aqueous phase of
the network and the loading solution was estimated using the
following equation [37]:

Loading (aqueous phase) = (Vs/Wp)xCqy (6)

where Vs is the volume of water sorbed by the hydrogel, Wp
the dried hydrogel weight, and C, the initial concentration of
drug in the loading solution.

The affinity of the drug for the network was estimated as
the partition coefficient, Kyw, between the polymeric net-
works and the drug loading solution, as follows [37]:

Loading (total) =[(Vs+ Knw Vp)/Wp]XCy @)

where Vp is the volume of dried polymer and the other sym-
bols maintain the meaning of Eq. 6. The density of the dried
hydrogels was assumed to be 1 g/ml.

Sertaconazole Release

Drug-loaded hydrogels were rinsed with water and im-
mersed in 0.3% w/v SDS solution (30 ml, to ensure sink
conditions) at room temperature. The drug concentration was
measured spectrophotometrically in periodically taken sam-
ples and again placed in the same vessel, so that the liquid
volume was kept constant. The experiments were carried out
in triplicate. Once the test was finalized, the disks were
weighed and they dried up to 50°C (Heraeus stove, Spain)
until constant weight.

Antifungal Activity

The capability of sertaconazole to inhibit the growth of
Candida albicans was analyzed in liquid YPD medium (pep-
tone, yeast extract, and dextrose at 2% each). 0.75 ml of a
fungal preinoculate in stationary phase of growth were added
to YPD medium and the growth of Candida albicans was
followed through the changes in absorbance at 600 nm.
Sertaconazole-loaded hydrogels were placed in 15 ml of the
Candida albicans culture in exponential phase of growth and
the systems were maintained under stirring (180 rpm) at
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30°C. The absorbance at 600 nm was periodically measured.
The experiments were carried out in quadruplicate. Hydrogel
disks without sertaconazole were used as controls. The per-
centage of growth was considered as the quotient of the
absorbance registered for the medium to which sertacona-
zole-loaded hydrogels was added and for the medium con-
taining Candida albicans without hydrogel.

RESULTS AND DISCUSSION

Dextran and four cellulose ethers with different substitu-
ents (MC, HPC, HPMC, and CMCNa) were chosen as com-
ponents of HPBCD hydrogels due to their known hydrophilic
character and biocompatibility [38, 39]. In addition, these
polysaccharides alone have been shown to provide hydrogels
with tuneable mechanical properties and potential as plat-
forms for drug delivery [32, 40-42]. Complexation ability
and, consequently, drug solubilizing efficiency are usually
enhanced in the presence of hydrophilic polymers and by
heating processes [34, 43]. Consequently, the effect of the
chosen polysaccharides and of autoclaving on the complexa-
tion constant of sertaconazole with HPBCD was evaluated
before preparing the hydrogels. The information obtained in
this first step is relevant for understanding the load-
ing/release behavior of the hydrogels [33].

Phase Solubility Diagrams

Sertaconazole solubility was notably enhanced in the
presence of HPBCD, reaching up to 3 mM in 40 mM
HPBCD (Fig. 1). All diagrams were A type, which indicates
the formation of 1:1 molar ratio complexes [34]. Table 1
shows the solubility values in solutions containing 1% (7.6
mM) HPBCD and 0.25% polysaccharide; 8-fold increase in
sertaconazole solubility was observed in the HPBCD solu-
tion. The addition of CMCNa or MC slightly decreased the
solubilization ability and the affinity constant, particularly
when the HPBCD was above 10 mM and the systems were
autoclaved. It is known that cellulose ethers can undergo
precipitation or a sol to gel transitions when temperature
rises; the polymer dehydrates and hydrophobic interactions
among the cellulose backbones are promoted [39]. Such an
increase in hydrophobicity can lead to a competition of the
polymer with the drug for the cyclodextrin cavity, resulting
in fewer cavities available for solubilizing sertaconazole.

Synthesis of HP CD-Based Hydrogels

EGDE can act as a non-toxic cross-linker of cyclodex-
trins and polysaccharides forming ether bonds with hydroxyl
groups; the reaction being catalyzed by OH" ions and tem-
perature [31-33]. We have observed that 0.2 M NaOH and
50 °C are suitable conditions for obtaining hydrogels without
compromising the stability of the cyclodextrins and HPMC
[15]. Thus, these conditions were maintained to prepare the
novel HPBCD-polysaccharide hydrogels. Most glycidylether
groups of EGDE are consumed in the reaction and, if any
still remains in the hydrogel, the washing with 0.01M HCI
ag. medium opens the rings to give hydroxyl groups [44].

The reactivity of the hydroxyl groups of HPBCD as well
as those of cellulose ethers is greater for those at C2 and C6.
In the case of dextran (u-D-1,6-glucose-linked glucan with
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Fig. (1). Phase solubility diagrams of sertaconazole in aqueous
solutions of HPBCD, in the presence or absence of 0.25% HPMC,
HPC, MC, CMCNa or dextran.

Table 1. Sertaconazole Solubility in Media Prepared with 1%
HPBCD and 0.25% of Various Polysaccharides, and
Affinity Constants of Sertaconazole: HPBCD Com-
plexes Before and After Being Autoclaved
Non-Autoclaved Autoclaved
System Solubility | Ky | Solubility | Ki,
(mM) o) (mM) o)
HP-BCD 1.06 610 0.96 1174
HP-BCD + 0.25% HPMC 0.97 587 1.35 887
HP-BCD + 0.25% MC 0.83 419 143 606
HP-BCD + 0.25% CMCNa 0.27 311 1.64 184
HP-BCD + 0.25% HPC 0.88 557 1.10 841
HP-BCD + 0.25% dextran 1.06 542 0.99 1082

side-chains 1-3 linked to the backbone units) the hydroxyls
at C6 are occupied forming ether bonds among the glucose
units to form the backbone, whereas some hydroxyls at C3
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(around 5%) are substituted with branches of 1-2 glucose
units long. The hydroxyl at C2 of the backbone as well as the
hydroxyl at C2 and C6 of the branches can react with EGDE.
The amount of EGDE added was sufficient to react with at
least two thirds of all hydroxyls groups (of HPBCD and
polysaccharide) present in the reaction medium. The poly-
saccharides were added to 20% HPBCD solutions up to 0.4
or 0.8%; the final concentration of polysaccharides in the
pregel solution (after adding EGDE) being 0.29% or 0.57%,
respectively. These concentrations were chosen to be below
the critical entanglement concentration (i.e., ten-times the
reciprocal value of the intrinsic viscosity reported in [45]) in
order to obtain low viscosity solutions (before cross-linking)
of individualized polysaccharide chains, avoiding inter- and
intra-chain cross-linking and increasing the likelihood of an
even distribution of both the polysaccharide and the HPBCD
in the hydrogels. In fact, all hydrogels were viscoelastic and
transparent and showed smooth and continuous surfaces.

Hydrogel Swelling

All hydrogels exhibited a fast swelling in the first 2 hours
of the test, after which, the process slowed down until the
equilibrium was reached approximately in 7 hours. Fig. (2)
shows the swelling process of the HPBCD, HPBCD/MC and
HPBCD/dextran hydrogels; the behavior of the other hydro-
gels being similar. Although the presence of the polysaccha-
ride reduced the degree of swelling, all hydrogels took up
high amounts of water and can be considered as superab-
sorbents (Table 2). Hydrogels containing MC, CMCNa or
HPC were the ones with the lowest degree of swelling,
which can be attributed to the concomitance of two effects: i)
a less hydrophilic character compared to HPBCD and ii) a
higher degree of cross-linking due to an easier reaction of
EGDE with the unsubstituted hydroxyl groups of cellulose.

800
o 700_
=2 600 HPBCD+dextran
§ 500 - . .
s 400 + HPBCD+MC
(=]
o 300 -
&
o 200
[4]
2 100 -
0 T T T
0 120 240 360 1400

Time (min)

Fig. (2). Degree of swelling HPBCD hydrogels prepared without
polysaccharides or with a 0.4% methylcellulose (MC) or dextran.

The swelling profiles fitted well to the square root kinet-
ics, which implies that the water mainly penetrates in hydro-
gel by Fickian diffusion. The sorption rate constants (Table
2) indicate that the water molecules can easily diffuse
through the hydrogels.
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Table2. Degree of Swelling, Swelling Rate (r* >0.95), and Biomechanical Properties of HPBCD-Polysaccharide Hydrogels; Mean
Values (Standard Deviations)
Hydrogel Degree of Swelling (%) Kw (min ?) Hardness (N) Con;;&x:g:;ill))ility Modulu:]g]f)];)ﬁg);)mability
HPBCD 765 (5) 0.048 4.22 (0.09) 3.1(0.4) 35.5(0.1)
HPBCD + HPMC 0.4% 710 (13) 0.048 4.29 (0.16) 3.9(0.3) 43.8(2.1)
HPBCD + HPMC 0.8% 664 (10) 0.050 5.87 (0.17) 5.0 (0.4) 57.0 (1.9)
HPBCD + MC 0.4% 433 (6) 0.061 9.33(0.33) 7.8 (0.6) 115.0 (1.5)
HPBCD + MC 0.8% 514 (13) 0.062 3.31(0.26) 2.5(0.1) 49.5 (4.8)
HPBCD + CMCNa 0.4% 458 (13) 0.065 6.52 (0.36) 6.5 (0.8) 86.8 (1.9)
HPBCD + CMCNa 0.8% 456 (30) 0.071 9.38 (0.34) 8.2 (0.8) 110.0 (10.3)
HPBCD + HPC 0.4% 460 (6) 0.078 9.24 (0.78) 8.7 (0.5) 110.1 (10.3)
HPBCD + HPC 0.8% 417 (29) 0.071 5.82 (0.57) 4.2 (0.3) 89.1 (7.5)
HPBCD + Dextran 0.4% 644 (7) 0.049 3.97 (0.13) 4.3(0.3) 455 (3.2)
HPBCD + Dextran 0.8% 568 (6) 0.048 4.7 (0.28) 3.7(0.2) 59.3 (4.3)

Biomechanical Properties

Typical compression plots obtained for the water-swollen
HPBCD hydrogels are shown in Fig. (3). In all systems, the
force-distance curve registered during application of the
force was almost superimposable to that obtained during the
removal of the probe (i.e. recovery). The hardness and com-
pressibility of hydrogels prepared with HPMC or dextran
were similar to those of the HPBCD sole hydrogel (Table 2)
while the addition of other polysaccharides caused in general
an increase in these parameters, which confirms the hypothe-
sis of a greater effective cross-linking density in
HPBCD/MC, HPBCD/CMCNa and HPBCD/HPC hydrogels.
The HPBCD-based hydrogels are viscoelastic rather than
purely elastic and, consequently, the Young's modulus can-
not be strictly calculated from the slope of the force-distance
plot [35, 36]. The cross-sectional area and length of the
HPBCD-based hydrogel disks do change substantially while
loads are applied, and the equations developed for exten-
sional rheometry assuming incompressibility are not valid
since the engineering stress ceases to be an accurate measure
[46]. Therefore, the modulus of deformability, ED, was es-
timated using the Hencky model, in which the true stress
represents an adjustment of the engineering stress (F(t)/Aq)
to account for cross-sectional area expansion of the de-
formed specimen [47]. ED is an index of the specimen stiff-
ness and has been widely used for characterizing hydrogels
and soft materials of varied nature [36]. It is interesting to
note that hydrogels prepared with 0.4% MC, 0.4% HPC or
0.8% CMCNa were particularly stiff. In the case of these two
non-ionic cellulose ethers, 0.4% caused an increase in the
consistency of the hydrogels but 0.8% decreased again the
consistency. This is due to that the presence of a moderate
proportion of long cross-linkable chains increases the yield
of the cross-linking between the cyclodextrins and cellulose
chains and, consequently, a more rigid network is obtained.
By contrast, greater proportions of long cellulose chains
make the network able to deform to a great extent. This is
because cyclodextrins become diluted among the cellulose
chains and the likelihood of that EGDE reacts only with
cellulose chains increases. Conformational changes of cross-

linked cellulose chains are easier than in the case of the rigid
HPBCD toroids, and thus relatively high proportions of MC
or HPC enhance the capability of the hydrogels to deform
under stress. Oppositely, the greater the content in CMCNa,
the greater the stiffness of the hydrogels was. This finding
should be related to electrostatic repulsions and osmotic
effects caused by the ionic cellulose chains, which decrease
the freedom of movement of the network. Thus, the incorpo-
ration of polysaccharide, even at low proportions, strongly
determines the mechanical behavior of HPBCD-based hy-
drogels; the effect being very dependent on the structure and
ionic nature of the polysaccharide chains. Nevertheless, all
hydrogels evaluated showed ED values in the range of data
previously found for other hydrogels and had the consistency
required to be easily handled without risk of disintegration,
but were also deformable enough to be mechanically bio-
compatible [29, 48].

10

HPBCD+MC

HPBCD+HPMC

Stress (N)
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Fig. (3). Force-displacement curves for swollen HPBCD hydrogels
prepared with 0.8% HPMC or 0.4% MC.
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Fig. (4). Amounts of sertaconazole loaded by HPBCD hydrogels prepared without polysaccharides or with MC, CMCNa, HPC, HPMC or
dextran at 0.4 or 0.8%. Columns with oblique-stripe fills identify hydrogels autoclaved during loading.

Loading and Release of Sertaconazole

Disks of each hydrogel were immersed in sertaconazole
suspensions and some replicates were autoclaved to evaluate
the effect of this thermal treatment on the loading capability.
The hydrogels withstood this sterilization treatment without
damage. Fig. (4) shows the amounts of sertaconazole loaded
by each hydrogel, with or without applying autoclaving.
HPBCD hydrogels loaded 21.7 mg/g and, when autoclaved,
18.7 mg/g. Hydrogels containing MC or HPMC loaded simi-
lar amounts or even greater. By contrast, non-autoclaved
hydrogels made with HPC, CMCNa or dextran showed a
significantly lower loading capability. Once autoclaved,
HPC hydrogels reached similar values to those obtained for
HPBCD sole hydrogels. In the case of CMCNa or dextran
hydrogels, autoclaving enhanced so much the loading that
these hydrogels become the ones with the greatest loading
capability.

Sertaconazole can be loaded by diffusion into the inner
aqueous phase of the hydrogel and by complexation with the
cyclodextrin cavities. When the equilibrium is reached, the
drug concentration should be the same in the aqueous phase
of hydrogel as in the surrounding solution. Therefore, in the
absence of other loading mechanisms, the greater the swel-
ling of the hydrogels, the highest the loading in the aqueous
phase [37]. Taking into account the aqueous solubility of
sertaconazole (0.079 mg/ml), the maximum loading in the
aqueous phase is 0.06-0.07 mg/g of hydrogel. These values
are remarkably lower than any amount shown in Fig. (4).
This means that most drug loaded by the network is interact-
ing with its structural components, mainly HPBCD. In the
case of HPBCD sole hydrogels, there are ca. 7 cyclodextrin
units available per molecule of drug loaded, which means
that the data shown in Fig. (4) are still far from saturation
levels.

The affinity of the drug for the network was estimated as
the partition coefficient, Kyw, between the polymeric net-
works and the drug loading solution (Eq. 7) and resulted to
be 273 and 235 for the HPBCD sole hydrogel before and
after autoclaving. The HPBCD-polysaccharide hydrogels had
Knw values ranging from 22-30 for non-autoclaved HPBCD-
HPC hydrogels to 454-470 for autoclave HPBCD-CMCNa

hydrogels. This means that the hydrogels have a very re-
markable affinity for the drug.

HPBCD-polysaccharide hydrogels have a 4% lower con-
tent in cyclodextrin than HPBCD sole hydrogels. This differ-
ent content did not explain the notable differences observed
in the amount of sertaconazole loaded by the different poly-
saccharide hydrogels. Hydrophobic sorption of drugs to MC
and HPMC has been previously reported [15, 49]. Thus the
hydrogels prepared with these polysaccharides loaded simi-
lar amounts to the HPBCD ones and showed similar Ky
values. On the other hand, CMCNa, HPC and dextran are
more hydrophilic and this may create a barrier for the unspe-
cific hydrophobic sorption of sertaconazole. Such a barrier
can be overcome when autoclaving is applied, because of a
temporal increase of the solubility of the drug in the aqueous
medium that facilitates the complexation with the HPBCD
units, which is the main driving force for the loading.

Sertaconazole release profiles from different hydrogels
showed the influence of the polysaccharide used in their
preparation as well as of autoclaving during the loading (Fig.
5). All hydrogels showed a relatively fast delivery of drug in
the first 24 hours, followed by a more sustained release step
up to 4 days. It is important to note that the release studies
were carried out under sink conditions in SDS micellar me-
dium (as recommended for hydrophobic drugs) and, there-
fore, drug solubility is not a limiting step in the release pro-
files recorded. Sertaconazole powder dissolves in few min-
utes in SDS medium. Thus the sustained delivery is related
to the capability of cyclodextrin cavities to retain the drug in
the network, as previously reported for cyclodextrin-based
hydrogels loaded with the hydrophobic hormone estradiol
[33]. Decomplexation of a sertaconazole molecule from one
cavity makes it available to complexate with a neighbour
empty cavity; the likelihood of recomplexation being also
dependent on the drug/cyclodextrin affinity. Therefore, drug
movement through a hydrogel network dotted with many
dimples can be envisioned as escaping a dimple to fall dawn
in another one, which should be abandoned, and so on, up to
reach hydrogel surface. The movement of a drug molecule
may be faster when most dimples are occupied and the like-
lihood of recomplexation is less. Oppositely, as the hydrogel
delivers the drug, the number of empty cyclodextrin cavities
that are available for hosting the just-passing-through drug
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Fig. (5). Sertaconazole release profiles from HPBCD hydrogels prepared without polysaccharides or with MC, CMCNa, HPC, HPMC or
dextran at 0.4% (up triangles) or 0.8% (down triangles). Full symbols correspond to hydrogels that were autoclaved during loading.

molecules increases. Furthermore, some previously released
drug molecules could be attracted again towards the network.
In the case of hydrogels containing polysaccharides, an in-
crease in the cross-linking density (compared to HPBCD sole
hydrogels) leads to an increase of tortuosity and to a minor
mesh size which can also contribute to make drug release
difficult. All these factors clearly explain that the non-
autoclaved HPBCD/HPC hydrogels, which loaded the lower
dose of drug, were those with the slowest release rate.

The amount of drug loaded by the HPBCD hydrogels, ca.
2%, is close to the content in drug of commercially available
pharmaceutical creams, powders and solutions. As shown in
Fig. (5), such content in sertaconazole is notably enhanced in
HPBCD/HPMC hydrogels and in autoclaved HPBCD/
CMCNa and HPBCD/dextran hydrogels. Taking into account
the weight of the hydrogel disks prepared (~ 70 mg) and the
antifungal activity of sertaconazole against Candida albicans
(MICs, = 0.07 mg/l; MIC = 0.63 mg/l), each HPBCD hydro-
gel disk contains sertaconazole enough to decrease the popu-
lation of fungi to the half if immersed in 20 litres of medium,
and to kill all fungi in a volume of 2 litres. Thus, sertacona-
zole-loaded disks when enter in contact with the small
physiological volumes at the common sites of Candida sp.
infections (e.g. vagina or mouth) should be adequate to effi-
ciently treat this type of infections. The versatility of the
hydrogels is increased by the fact that the size of the disks
can be fixed at will to adjust the dose to specific require-
ments.

Antifungal Activity

The antifungal effectiveness of the sertaconazole-loaded
hydrogels was verified using Candida albicans cultures in

exponential phase of growth. Sertaconazole inhibits the er-
gosterol synthesis and, consequently, alters the cellular
membrane formation causing the killing of the fungi [7].
Hydrogels without sertaconazole were used as controls in
order to evaluate the direct effect of the cross-linked net-
works on the growth of Candida albicans. As can be ob-
served in Fig. (6, dark grey columns), the networks them-
selves only caused a minor decrease in the growth rate. As a
positive control, the same amount of drug (40 mg) as the
maximum dose loaded by the hydrogel disks was dispersed
in the culture medium (white column with horizontal lines,
in Fig. (6)). Such a suspension diminished the Candida
population up to a 50% in 24h. Sertaconazole-loaded hydro-
gels also significantly decreased the growth rate of Candida
albicans. The inhibitory effect was particularly relevant at 24
h for hydrogels prepared with HPBCD sole or combined with
MC or CMCNa, which killed the fungi as efficiently as the
drug suspension despite of being loaded with lower amount
of sertaconazole. Despite the culture medium is not as good
solvent as the SDS micellar solutions used for the release
experiments, hydrogels prepared with HPBCD sole or com-
bined with MC or CMCNa are expected to deliver the drug
faster than the others. Those hydrogels that sustained more
the release, mainly prepared with HPC or HPMC, required
more time to begin to evidence the antifungal effect.

CONCLUSIONS

Versatile cyclodextrin-polysaccharide hydrogels with
tuneable biomechanical properties and capability to load
sertaconazole and to regulate its release rate were obtained in
a single-step using EGDE as cross-linker. The nature and
proportion of the polysaccharide components play an impor-
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Fig. (6). Candida albicans growth in control medium (black column), in the presence of non-loaded hydrogel (dark grey column), or in the
presence of sertaconazole loaded hydrogels. Upper left plot shows the effect of sertaconazole-loaded HPBCD hydrogels prepared without poly-
saccharides (grey columns) and of a drug suspension prepared with the maximum dose loaded by the hydrogels (white column with horizontal
lines). The rest of the plots show the effect of sertaconazole-loaded HPBCD hydrogels prepared with different proportions of polysaccharides
(0.4% white columns or 0.8% grey columns). Columns with oblique-stripe fills identify hydrogels autoclaved during loading.

tant role in the performance of the hydrogels. Sertaconazole
loading is mainly driven by the drug affinity for cyclodextrin
units. Autoclaving is also revealed as a key factor to facili-
tates the complexation and thus to regulate the delivery of
the drug release. These hydrogels are capable of loading
therapeutic doses of sertaconazole, to control its release for
more than 24 hours and to provide proper antifungal activity
against Candida albicans. The beginning of action was faster
for those hydrogels that loaded more drug and released it
faster. Therefore, the new cyclodextrin-polysaccharide hy-
drogels have a great potential as efficient carriers of antifun-
gal drugs to be applied topically or on mucosa.
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