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Abstract: Benzophenone-3 (BZ-3), was successfully entrapped into nanogels prepared by a simple one-step method based on self-
assembly of two water soluble polymers: a hydrophobically modified dextran (MD) and a f3-Cyclodextrin polymer (pp-CD). Isothermal
titration microcalorimetry (ITC) and phase solubility experiments were performed at 4, 25 or 37°C to investigate the interaction of the
hydrophobic BZ-3 with MD and pp-CD. The BZ-3 entrapment efficiency, yield of nanogels formation, particle size, and BZ-3 release
were also evaluated. BZ-3/pp-CD interaction was characterized by association constants K= 5180 M* and K’= 2700 M, as determined
by phase solubility and ITC experiments, respectively. Differences obtained in association constants values were discussed critically. Re-
sults indicate that both K and K’ decrease with increase in temperature. The strong interactions between BZ-3 and pf3-CD were character-
ized by a negative enthalpy change (AH) with entropic contribution (TAS). Monodisperse nanogels were produced with an entrapment up
to 75 % and yield up 84 %. BZ-3 was firmly entrapped into nanogels, as only the dilution of the nanogels led to its release. This system
provides an advantage for sunscreen formulation to prevent systemic penetration of BZ-3. The ‘green’ (solvent free) preparation method,
and the possibility of unlimited storage after freeze drying makes these nanogels valuable candidates for the entrapment of sun screen

agents.
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1. INTRODUCTION

Benzophenone-3 (BZ-3), chemically known as 2-hydroxy-4-
methoxybenzophenone (Fig. 1A), is used in a variety of consumer
products for its capacity to absorb and dissipate ultraviolet radia-
tions [1-3]. Because BZ-3 protects the skin from harmful UV-A
rays (320-400 nm) and enhances UV-B (290-320 nm) protection of
other sunscreen agents (homosalate, octyl salicylate, OM-
cinnamate, octinoxate, etc), BZ-3 is most often used in conjunction
with these products. Furthermore, by absorbing UV rays, BZ-3 also
helps to prevent the integrity of other cosmetic ingredients from
deteriorating under the sun and helps to stabilize complex formula-
tions and color cosmetics. Consequently, BZ-3 is widely used in a
variety of personal care products such as nail polish, sunscreen
lotions/creams, lip care products, shampoo, and fragrances.

The efficacy of sunscreen formulations depend on low UV
penetration profiles and high photoprotection. These characteristics
are important for cosmetic sunscreen safety. Successful develop-
ment of BZ-3 formulations encounters following two major chal-
lenges. Firstly, despite of its sun protective ability, BZ-3 has been
shown to penetrate the skin and cause photo-sensitivity [1, 4-8]. It
has also been suspected to cause contact eczema [9] and is believed
to be a contributing factor in the recent rise of Melanoma cases with
sunscreen users [10]. Some studies have also shown that BZ-3
behaves similar to the hormone estrogen, suggesting that it may
cause breast cancer [11, 12]. Therefore, there is an urgent need to
develop cosmetic formulations preventing BZ-3 skin penetration.
Secondly, BZ-3 is poorly soluble in water (about 0.25 mM at 25°C)
which poses a serious concern for the development of efficient
formulations.

Various strategies to reduce the systemic uptake of drugs by
targeting the molecules to the upper layers of the skin have been
investigated. Jiang et al. reported that increasing the solubility of
BZ-3 in the vehicle reduced the thermodynamic activity of the
solute in the vehicle, thereby decreasing solute availability from the
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vehicle and leading to reduced permeability [13]. One of the strate-
gies for increasing apparent water solubility is the complexation
with cyclodextrins (CDs) [14-17]. CDs have been recognized in the
cosmetic field as potent carriers for the formulation of poorly wa-
ter-soluble molecules [18]. CDs are cyclic oligosaccharides consist-
ing of six to eight D-glucopyranose units linked through o-1,4-
glycosidic bonds. They have the shape of a truncated cone with a
hydrophobic internal cavity surrounded by an external hydrophilic
surface. This particular structure enables CDs to accommodate into
their cavity a wide variety of hydrophobic molecules, thereby modi-
fying their physico-chemical properties [14, 15, 19]. The inclusion
of the “guest” molecule into the “host” CD can improve its apparent
solubility, physical and chemical stability, dissolution and bioavail-
ability, reduce its toxicity, thus making CDs very attractive in drug
delivery and formulation.

Recently, our group has proposed a mild procedure to obtain
colloidal nanoassemblies (nanogels) containing CDs in the absence
of organic solvents [20]. Spherical shaped nanogels of 100-200 nm
are formed spontaneously in aqueous medium upon the association
of two water soluble polymers: a hydrophobically modified dextran
(MD) (obtained by grafting alkyl side chains to the dextran back-
bone) and a B-cyclodextrin (B-CD) polymer (pp-CD) (obtained by
crosslinking B-CD) (Fig. 1B). The MD alkyl chains form inclusion
complexes with some CD cavities, leaving a large majority of CDs
available to include other hydrophobic molecules of interest. It was
our aim here to take advantage of this particularity to include BZ-3
in self-assembling nanogels.

Isothermal titration microcalorimetry (ITC) is a modern and
sensitive method available for the determination of thermodynamics
of the host (CD)-guest interaction [21-30]. ITC shows whether an
association process occurs and allows the evaluation of the associa-
tion constant (K), the enthalpy (AH) and the entropy (AS) changes
of the interaction from which the Gibbs free energy (AG) of the
process can be derived [21, 27, 31, 32].

In the present study, ITC has been used in conjunction with
phase solubility studies to gain information on the inclusion ability
of pp-CD toward the hydrophobic sunscreen BZ-3, in comparison
with that of native B-CD. As the temperature is a well known pa-
rameter that could modify the stability of inclusion complexes, a
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Fig. (1). Chemical structure of (A) Benzophenone-3 and (B) Poly-B-Cyclodextrin.

special attention was brought to the effect of temperature on BZ-
3/CDs interactions, especially between 4°C and 37°C, which are
consistent with storage and customary temperatures.

We further took advantage of these interactions to formulate
BZ-3 loaded MD/pp-CD nanogels (nanoassemblies). Finally, the
stability of the nanogels suspension as well as the effect of dilution
and temperature on the release of BZ-3 was investigated.

2. MATERIALS AND METHODS
2.1. Materials

B-cyclodextrin polymer (pp-CD) was prepared by crosslinking
B-cyclodextrin ($-CD) with epichlorohydrin (EP), under strong
alkaline conditions. Briefly, 100g of anhydrous $-CD was dissolved
in 160mL NaOH (33% wi/w) solution under mechanical stirring
overnight. Then, 81.52g of EP (molar ratio f-CD/EP = 10) was
rapidly added to the solution heated to 30°C. In order to obtain
soluble polymer with high molar masses (M), the reaction was
stopped in the vicinity of gelation point by addition of acetone. The
obtained aqueous phase was heated overnight at 50°C, neutralized
with 6N HCI and ultrafiltered using membranes with a cut-off of
100,000 g/mol. The pp-CD polymer was finally recovered by
freeze-drying. The $-CD content in pp-CD was 70% w/w, accord-
ing to the '"H NMR spectra. The average molar mass of pp-CD
polymer was 7x10° g/mol, as determined by size exclusion chroma-
tography using pollulant standards.

To synthesize dextran bearing hydrophobic lauryl side chains
(MD), 4g of dextran (40,000 g/mol) was solubilized in 100 mL of
dimethyl formamide containing 1g of lithium chloride. Then, 0.43
mL of lauroyl chloride and 0.031 mL of pyridine were added to the
dextran solution. The reaction was carried out at 80°C for 3 hours.
The obtained MD was isolated by precipitation in isopropyl alco-
hol. It was further solubilized in distilled water, purified by dialysis
for 48 hours and finally freeze-dried. The substitution yield of MD
was 4.8 % of glucose units, as determined using *H NMR spectros-
copy.

BZ-3 was purchased from Sigma-Aldrich (France). Water was
purified by reverse osmosis (Milli-Q®, Millipore Corporation,
USA). All the chemicals used were of analytical grade.

HOHC
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2.2. Methods
2.2.1. Determination of BZ-3 Concentration

BZ-3 concentrations were determined by UV spectrophotome-
try at 290 nm (Perkin Elmer UV/VIS spectrophotometer, Ger-
many). A calibration curve with correlation coefficient (r) of 0.9983
was obtained. The assay has been validated and was reliable in the
presence of cyclodextrins and MD polymer.

2.2.2. Solubilization Assays

To study the solubilisation of BZ-3 by using p-CD, pp-CD and
MD, a series of experiments were conducted:

e Determination of the time Required to Reach the Equilib-
rium of BZ-3/CDs Complexation

For this purpose, the kinetics of BZ-3 solubilization was studied by
introducing B-CD or pB-CD aqueous solutions (10 g/L or 50 g/L)
into vials containing excess amounts of BZ-3 with regards to the
solubility. The samples were protected from light and shaken at a
controlled temperature of 25 + 0.5°C. At each time point (2, 4, 6, 8,
10, 12, 24 and 72 h), 1 mL of each solution was taken out, centri-
fuged (3000 =g, 10 min) and then ultracentrifuged for 45 minutes at
112,500 xg (Beckman L7-55, USA) to remove the insoluble frac-
tion of BZ-3. The concentration of solubilized BZ-3 was measured
by UV spectrophotometry at 290 nm as previously described.

*  Phase Solubility Assays

Phase solubility studies were performed according to the Higu-
chi and Connors method [33]. A series of pp-CD aqueous solutions
of increasing concentrations (0 - 300 g/L) were introduced into
vials containing an excess amount of BZ-3. The suspensions were
shielded from light and shaken at a controlled temperature of 25, 37
or 4 + 0.5°C. After equilibrium has been reached (12 hours), an
aliquot of each sample was centrifuged (3000 xg, 10 min) and then
ultracentrifugated at 25, 37 or 4°C for 45 minutes at 112,500 xg
(Beckman L7-55, USA) to obtain BZ-3 loaded pp-CD solutions.
The concentration of solubilized BZ-3 was measured by UV spec-
trophotometry as described previously. These studies were per-
formed in triplicate for each of the samples.

The phase solubility diagrams were obtained by plotting the
mean solubility of BZ-3 against -CD concentrations. For pp-CD,
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the B-CD concentrations were calculated to be 70% w/w as esti-
mated by "H NMR spectroscopy.

The apparent stability constants (Ks) of the BZ-3/-CD com-
plexes formed were calculated from the regression curve of the
initial straight line of the solubility diagrams, with the assumption
of a 1:1 stoichiometry, according to Eq. 1:

. slope Eq. 1
So (- slope)

where, Sq is BZ-3 solubility in water, in the absence of 3-CD.
e Solubilization of BZ-3 by g-CD and MD

The solubilization of BZ-3 by the B-CD monomer and MD
polymer was studied by using the same procedure as previously
described for pp-CD. The concentration of MD and B-CD solutions
was increased up to 15g/L, close to the maximal solubility of B-CD
in water (18.5 g/L) [34]. In the case of MD, the range of concentra-
tions was in the order of magnitude with the one used for nanogel
preparation.

2.2.3. Preparation of Solutions for ITC Experiments

Before preparation of the solution for ITC experiments, the
water content in each material (3-CD and pB-CD) was accurately
determined by weighting the samples before and after drying under
vacuum at 105°C during 24 hours. Then, the water content was
taken into account to determine the accurate amount of powder to
be dissolved in water to reach the concentrations needed for ITC
experiments.

e B-CD (10 mM) and pB-CD (concentration of B-CD cavities =
10 mM) solutions were prepared by dissolving the correspond-
ing weight of B-CD and pB-CD powder into MilliQ® water.
Solutions were magnetically stirred overnight to ensure the
complete solubilization of material.

*  For the preparation of BZ-3 solutions, an excess of BZ-3 (25
mg) was placed in a glass vial together with 50 mL of MilliQ®
water under magnetic stirring overnight at 25°C. The suspen-
sion was centrifuged (3000 xg, 10 min) and then ultracentri-
fuged for 45 minutes at 112,500 xg (Beckman L7-55, USA) to
remove the insoluble BZ-3. After appropriate dilution with
MiIIiQ® water, BZ-3 concentration in the solution was meas-
ured spectrophotometrically as described above.

2.2.4. Isothermal Titration Microcalorimetry (ITC) Studies.

An isothermal calorimeter (ITC) (MicroCal Inc., USA) has
been used for determining simultaneously from a single titration
curve, the enthalpy of the interaction between BZ-3 and cyclodex-
trins in their native or polymerized form and equilibrium constants
corresponding to the formation of a complex between those species.
The ITC instrument was periodically calibrated either electrically
using an internal electric heater, or chemically by measuring the
dilution enthalpy of methanol in water. This standard reaction was
in excellent agreement (1-2%) with MicroCal constructor data.

In a typical experiment, 10 pL of g-cyclodextrin (10mM) or pp-
CD (concentration of B-CD cavities =10mM) aqueous solution
contained into 283 uL syringe, was used to titrate an aqueous solu-
tion of BZ-3 into the calorimetric cell. Intervals between injections
were 600s and agitation speed was 220 rpm. A background titra-
tion, consisting in injecting the same titrant solution (B- or pp-CD)
in solely the MilliQ® water placed in the sample cell, was sub-
tracted from each experimental titration to account for dilution
effects.

Data consisting in series of heat flows as a function of time
were collected automatically and when appropriate, the interaction
process between the two species has been analyzed by the one-site
binding model proposed in the Windows-based Origin 7 software
package supplied by MicroCal. Based on the concentrations of the
titrant and of the sample, the software used a nonlinear least-
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squares algorithm (minimization of Chi2) to fit the series of heat
flows (enthalpograms) to an equilibrium binding equation, provid-
ing best fit values of the stoichiometry (N), association constant
(K’) and change in enthalpy (AH). From these results, the free
energy (AG) and the entropy (AS) were deducted according to
equation 2:

AG =-RT LnK'=AH -TAS Eq.2
2.2.5. Nanogel Preparation and BZ-3 Loading

* Nanogel suspensions were prepared by mixing MD solution
and pp-CD solution (polymer concentration (Cp) of 2.5 or 5
g/L) at room temperature under magnetic stirring. The concen-
trations of both polymer solutions were the same and their re-
spective volumes were varied in order to reach MD/pB-CD
weight ratio of 33/67, 50/50 or 67/33 w/w.

e BZ-3-loaded nanogels were obtained by mixing the two poly-
mer solutions (MD & pp-CD) saturated with BZ-3. The BZ-3-
loaded pB-CD solutions were prepared as previously described
in the solubilization assays section. The required concentra-
tions of MD solutions were prepared by diluting the BZ-3
saturated MD stock solution (50g/L) with a saturated solution
of BZ-3 in water.

e BZ-3 loading into MD-pp-CD nanogels was evaluated by the
calculation of two parameters: (i) the encapsulation efficiency
(EE) and (ii) the amount of BZ-3 associated per 100mg of
polymer (D).

e The encapsulation efficiency (EE), expressed as a percentage,
was calculated according to equation 3:

EE (%)=L£BZ=3 4 100-1B2=3=FBz-3 109 Eq.3
Tpz-3 Tpz-3

where, Lgz.3 is the loaded BZ-3 (concentration of BZ-3 associated
with the nanogels), Fgz3 the free BZ-3 (concentration of BZ-3
found in the supernatant medium after ultracentrifugation (112,500
xg, 30 min, 25°C) of the nanogels). Tgz3 is the total BZ-3 initially
brought into the nanogel suspension. All concentrations were ex-
pressed in pg/mL.

(ii) The amount of BZ-3 associated per 100mg of dried polymer
was calculated as follows:

D %(w/w)=EBZ=3M8) 10 Eqd
Py, (mg)

where, Lgz3 is the amount of BZ-3 effectively entrapped into the
nanogel expressed in mg and Py, the total amount (in mg) of the two
polymers, pp-CD and MD, that associate to form nanogels.

e The stability of the BZ-3 entrapment over time was investi-
gated by determining the encapsulation efficiency after incu-
bating the suspensions at different temperatures (37 or 4°C) or
after subjecting it to temperature cycle between 4 and 25°C.

2.2.6. Yield of Nanogel Production

The yield of nanogel production has been determined to inves-
tigate the efficiency of the preparation method. Briefly, 10 mL of
nanogel suspension (Cp = 2.5 or 5 g/L; MD/pp-CD ratio 50/50
w/w) loaded or non-loaded with BZ-3 was prepared as previously
described in section 2.2.5. After 15 min, the suspension was ultra-
centrifuged (112,500 xg, 30 min, 25°C). After this step, the samples
were composed of a pellet (corresponding to the nanogels) and a
supernatant (a water rich phase containing the polymer that did not
associate to form the nanogels). Supernatant and pellet were col-
lected separately, freeze-dried and then accurately weighed. The
production vyield (Eq.5) was calculated from the mass ratio of
polymers forming nanogels and total amount of polymer used for
the preparation.
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amount of polymer in pellet

production yield (%) = x100 Eq.5

total amount of polymer

The supernatant containing free polymer have been studied
using light scattering techniques. This enabled to assess that there
was no signal corresponding to nanogels, as it was the case with
nanogel suspension before centrifugation. This evidenced the ab-
sence of nanogels in the supernatant.

2.2.7. Particle Size Measurement

The hydrodynamic diameter and size distribution of the nano-
gels were determined at different time intervals by quasi-elastic
light scattering (QELS) using a Coulter Nanosizer (Model NAMD,
Coultronic, France). If necessary, samples were diluted with Mil-
liQ® water in order to maintain the count per second between 5x10*
and 1x10° Each sample was measured three times for 1 min at
20°C and at an angle of 90°. Both unimodal and size distribution
processor analysis were performed.

2.2.8. Freeze Drying

If necessary, nanogel suspensions were freeze dried. For this
purpose, two milliliters of the nanogel suspensions, loaded or non-
loaded with BZ-3, were filled in 8 mL glass vials. The samples
were frozen at -20°C in a conventional freezer for 24h and then
placed into the drying chamber of an alpha 1/4 freeze-dryer (Christ,
Germany) or a Lyovac GT2 (Leybold-Heraeus), pre-cooled to -
20°C. Drying was performed at a pressure of 0.05 mbar for 48 h.

The freeze-dried samples were resuspended by adding 2 mL of
MilliQ water under manual shaking for 30 s and the nanogel size
was evaluated by QELS as previously described in the size meas-
urements section.

2.2.9. Release Studies

For kinetic studies, the freshly prepared nanogel suspension (Cp
= 2.5 or 5.0 g/L, MD/pp-CD = 50/50 w/w) was diluted with water
(1 part of NPs with 0.5 part of water) and then placed on a shaker
(Heidolph, Titramax 101, Germany) at 37 or 4°C. At each time
point (0, 1, 2, 4, 8, 24 and 72h), 1 mL was taken out and ultracentri-
fuged (112,500 xg, 30 min.) to separate the nanogels. The BZ-3
concentration in the supernatant was assessed by UV spectropho-
tometry as previously described.

In a second study, the effect of dilution of nanogels on the BZ-3
release was investigated at fixed time interval (4 h) and at various
temperatures (4 or 37°C). Nanogel suspensions were diluted with
increasing volumes of water and after 4h, the amount of BZ-3
released was estimated using the same procedure as described
above.

3. RESULTS

3.1. Solubilization Experiments

The solubilization of BZ-3 by B-CD in its native or polymer
form has been investigated using the solubility method described by
Higuchi and Connors [33].

e Determination of the Time Required to Reach the Equilib-
rium of Complexation

In a first step, the kinetics of BZ-3 solubilization was deter-
mined by adding an excess of the hydrophobic compound into a 10
g/L or a 50 g/L pB-CD solution. At different time intervals, the
concentration of the solubilized BZ-3 was determined. It was found
that the BZ-3 concentration reached a plateau value after 8 hours,
indicating that the complexation between BZ-3 and pp-CD reached
equilibrium. The same time was required to reach equilibrium in the
case of BZ-3/B-CD interaction. Therefore, a longer time of contact
between BZ-3 and CDs (monomer or polymer form), i.e. 12 hours,
was chosen for the further solubility experiments, to ensure that the
experiments were performed under equilibrium state.

Daoud-Mahammed et al.

*  Phase Solubility Assays

The equilibrium phase solubility diagrams obtained by using B-
CD and pB-CD are presented in Fig. (2A). As it can be seen from
this figure, the BZ-3/B-CD solubility curve was a typical Bs-type
phase solubility diagram [33]. In the first portion of the diagram,
the apparent solubility of BZ-3 increased linearly by increasing f-
CD concentration up to 8.8x10 mol/L (10g/L). At higher concen-
trations, insoluble BZ-3/B-CD complexes were formed. As a conse-
quence, the maximal increase in apparent BZ-3 solubility was 1x10
® mol/L with the addition of p-CD.

Conversely, in the presence of pB-CD, a continuous linear
increase of BZ-3 solubility was observed whatever the 3-CD poly-
mer concentration, up to 200 g/L (Fig. 2B). At higher pp-CD con-
centrations, the viscosities were too high to carry out the experi-
ments.

At 25°C, the phase solubility diagram was a typical A -type
[33] indicating the formation of soluble BZ-3/B-CD complexes for
the CD polymer. The apparent stability constant (Ks) of the BZ-3/
B-CD complexes, calculated from the initial straight part of the
solubility diagrams (Eq. 1), was 2260 M™ for BZ-3/3-CD com-
plexes. For BZ-3/pp-CD complexes, K was 5180 M™, more than
twice as high as found for the BZ-3/B-CD reference sample (Table
1).

The solubilization of BZ-3 by its inclusion into the pp-CD was
also studied at 4 and 37°C (Fig. 2C). The apparent solubility of BZ-
3 increased linearly by increasing the pp-CD concentration for both
temperatures studied, as it has been observed at 25°C. The regres-
sion curves obtained from the solubility diagrams showed increas-
ing slopes when the temperature rose from 4 to 37°C. At 10 g/L of
pp-CD, the BZ-3 concentration was 1.5-fold higher at 37°C than at
4°C. The apparent stability constants of the complexes formed
(calculated using equation 1) were 10040 M™ at 4°C and 4830 M™
at 37°C.

e Solubilization of BZ-3 by MD

Fig. (3) compares the effect of MD, B-CD and pB-CD on the
apparent solubility of BZ-3. As it can be seen, the amount of BZ-3
solubilized increased linearly by increasing the MD concentration,
clearly indicating the existence of hydrophobic interactions between
the lipophilic BZ-3 and the hydrophobically modified MD polymer.

It is noteworthy to point out that the solubilization of BZ-3 was
more efficient in the presence of B-CD polymer than in the presence
of MD (Fig. 3). Indeed, the concentration of BZ-3 was 172.7 + 15.2
mg/L in the presence of 5 g/L of pp-CD (concentration of B-CD
cavities in the polymer = 3.08x10° mol/L) and only 22.9 + 2.9
mg/L (8-fold lower) in the presence of the same concentration of
MD.

3.2. Preparation and Characterization of Nanogels Loaded with
BZ-3

Nanogel suspensions were prepared by mixing MD and pp-CD
solutions at room temperature under magnetic stirring. The charac-
teristics of BZ-3 loaded nanogels obtained by varying polymer
concentration and MD/pB-CD ratio are presented in Table 2.

Nanogels sizing 100 to 200 nm were obtained irrespective of
the polymer concentration and the MD/pf-CD polymer ratio used.
Their size distribution was unimodal as indicated by the polydisper-
sity index (PI) value which is less than or equal to 0.2 except in the
case of nanogels prepared with a 33/67 w/w MD/pB-CD polymer
ratio (Table 2). The nanogels were freeze-dried and the obtained
dried cakes were easily re-hydrated and the suspensions showed
mean diameters and PI close to the initial ones measured, i.e. just
after nanogel preparation.

The encapsulation efficiency and the amount of BZ-3 associ-
ated per 100mg of dried polymer were highly dependent upon the
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Table 1.

Association Constants and Thermodynamic Parameters for Inclusion Complex Formation of BZ-3 (0.0411 mM) with 8-
CD (10 mM) and pB-CD (10 mM) at 298 K (25°C). K and K’ are the Association Constants Obtained from the Solubility
Curves (Fig. 2A, 2C) and ITC Experiments (Fig. 6), Respectively

CD Derivative T K K’ AH TAS* AG*
m* m* kJ.mol* kJ.mol* kJ.mol*
4°C (277K) ND 3780 -11.35 7.62 -18.97
p-CD 25°C (298K) 2260 2190 -16.69 237 -19.06
37°C (310K) ND 1460 -33.32 -14.54 -18.78
pp-CD 4°C (277K) 10040 3840 -8.14 10.87 -19.01
25°C (298K) 5180 2700 -17.61 1.96 -19.58
37°C (310K) 4830 1350 -25.51 -6.93 -18.58
*AG =-RTLn K, TAS=AH-AG
**N (N CD : 1 BZ)
ND = not determined
Table 2. Characteristics of BZ-3 Loading into MD/pg-CD Nanogels
Cp MD/pB- C/p-CD** CifB- EE D Yield of NP Mean Diameter nm/ P1
gL cb Molar ratio coBz3™ % % (whw) formation Initial* After Freeze-Drying
wiw Molar ratio wt%
33/67 1/4.7 1/4.7/0.35 31+5 0.7+0.1 - 85+3/05 105+37/0.6
25 50/50 1/2 1/2/0.35 66 +3 12+0.2 83+2 120+25/0.1 155+23/0.1
67/33 11 1/1/0.2 66 +8 09+0.2 - 135+20/0.1 155 +28/0.2
33/67 1/4.7 1/4.7/0.6 57+10 12+0.1 - 100+ 24/0.4 110+ 38/0.6
5 50/50 1/2 1/2/0.38 75+5 13+0.1 84+4 165+34/0.1 120+23/0.2
67/33 11 1/1/0.2 739 09+0.1 - 185+21/0.1 145+20/0.2

Cp: polymer concentration; MD/pB-CD: polymer weight ratio; EE: entrapment efficiency; PI: polydispersity index.
D: the amount of BZ-3 associated per 100 mg of dried polymer.
*Before freeze-drying.
** 3-CD and C,, were calculated according to Eqs 6 and 7, respectively.
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polymer concentration (Cp) and the MD/pp-CD ratio. Indeed, the
best result was obtained in the case of MD/pB-CD ratio of 50/50
w/w irrespective of the Cp. For instance, in the case of 2.5 g/L
nanogels, the drug loading was found to be 1.2 wt% for the 50/50
w/w polymer ratio and only equal to 0.7 and 0.9 wt% for the 33/67
and the 67/33 w/w polymer ratios, respectively.

The yield of nanogel production was determined for the 50/50
w/w polymer ratio using equation 4. It was found that more than 80
% of the polymers associated spontaneously, leading to the forma-
tion of nanogels. This value was quite similar to one obtained for
non-loaded nanogels (80 + 3%), in the case of 2.5 g/L, 50/50 w/w
polymer ratio.

The stability of the BZ-3 entrapment was also investigated. For
this purpose, BZ-3 loaded nanogels were incubated at two different
temperatures: 4°C and 37°C. After predetermined time intervals (0,
1, 2, 4,8, 24 & 72h), BZ-3 EE was assessed. From the results pre-
sented in Fig. (4), in the first two hours, the EE appeared to increase
slightly when the suspensions were stored at 4°C whereas the EE
slightly decreased when the nanogels were stored at 37°C indicating
that BZ-3 entrapment was not significantly affected by the incuba-
tion of the nanogels at the temperature of 4 or 37°C.

100
+ 37°C

90 - = 4°C

; ;

70 A

60 -

BZ.-3 entrapment efficiency (%)

50 T T T
0 20 40 60 80
Time (H)
Fig. (4). Stability of BZ-3 entrapment into MD/pf3-CD nanogels during 72 h

of incubation at 4 or 37°C. Each value is the average of three independent
experiments + SD.

The nanogel suspensions, initially formed at 25°C, were also
subjected to successive incubation steps: 2h at 4°C followed by 2h
at 25°C. This treatment was then repeated two times. After each
incubation step, the BZ-3 loading was calculated. It was found that
the initial BZ-3 loading was slightly increased from 1.44 + 0.01
wt% to 1.57 £ 0.02 wt% after 2h at 4°C. The rise was reversible as
demonstrated by the 1.43 + 0.01 wt% BZ-3 loading reached after 2h
storage at 25°C. The same results were obtained up to 5 successive
steps of incubation at these temperatures (data not shown).

3.3. BZ-3 Release

The kinetics of BZ-3 release was investigated by diluting 1 part
of nanogel suspension with 0.5 part of water. The suspensions were
incubated at two temperatures (4 and 37°C), and the BZ-3 present
in the release medium was assessed at predetermined time intervals.
The release kinetics obtained is presented in Fig. (5A). The per-
centage of BZ-3 released increased in the first 4 hours following
nanogel dilution. Then it reached a plateau value around 2.5% and
15% BZ-3 released at 4 and 37°C, respectively.

Therefore, in order to study the influence of nanogel dilution on
BZ-3 release, the time of incubation was fixed at 4h and nanogel

Current Nanoscience, 2010, Vol. 6, No. 06 7

BZ.-3 released (%)
e

A D

0 T T T T T 1
0 4 8 12 16 20 24

Time (H)

A

100 -
90 A

?g {ﬂi « 71

_ K
‘?: 60 §¥
2 09y 1
40 %
330 -
3 21
20 11
1042
O T T T T 1
0 10 20 30 40 50

Dilution factor

B

Fig. (5). (A) Kinetics of BZ-3 release at 4 (A) or 37°C (m). Nanogels were
diluted with water immediately after their preparation. At predetermined
time intervals, the amount of BZ-3 was assessed in the release medium. (B)
Effect of nanogels dilution on the BZ-3 release at 4 (A) or 37°C (m). Nano-
gel suspensions were diluted with increasing volumes of water, 4h after
dilution the amount of BZ-3 was assessed in the release medium. Each value
is the average of three independent experiments + SD.

suspensions were diluted with increasing the amounts of water, and
placed at 4 or 37°C. Then the percentage of BZ-3 present in the
release medium was determined and plotted against the dilution
factor (Fig. 5B). The first observation was that the percentage of
BZ-3 released increased by increasing the dilution of the nanogels
suspension. For example, at 37°C the percentage of BZ-3 released
increased from 30% to 70% when the dilution factor increased from
1 to 5. When the dilution factor became higher than 5, the amount
of BZ-3 released was increased slightly.

The second observation was that the release was less important
at 4°C than at 37°C. Indeed, 70% of BZ-3 was released for a dilu-
tion factor of 5 at 37°C versus only 35% for the same dilution at
4°C. Moreover, the equilibrium (70% of BZ-3 released) was
reached at a dilution factor of 20 at 4°C while the maximum BZ-3
released was obtained for a dilution factor of 5 at 37°C.

3.4. Isothermal Titration Microcalorimetry

The thermodynamics of the interaction between BZ-3 and 3-CD
in its monomer or polymerized form has been investigated using
ITC at three different temperatures (4, 25 and 37°C). Typical ITC
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data corresponding to the binding interaction of BZ-3 and $-CD in
its native form or polymerized form are presented in Fig. (6). The
integration of the exothermic heat flows which were released upon
successive injection of 10 uL aliquots of CDs into BZ-3 solution
leads to a differential binding curve which was fitted to a standard
single-site binding model leading to the direct determination of N,
K’ and AH changes of the interaction. The association constants and
the thermodynamic parameters of the association between BZ-3 and
B-CD or pp-CD at different temperatures are presented in Table 1.

The first observation was that at a given temperature, the asso-
ciation constants K’ were in the same order of magnitude for BZ-
3/B-CD and BZ-3/pp-CD complexes. For instance, at 25°C K’ of
BZ-3/3-CD and BZ-3/pp-CD interactions were found equal to 2190
M™ and 2700 M respectively. The second observation was that
when the temperature of the experiment was increased from 4°C to
37°C, K’ decreased. For example, K’ of BZ/pp-CD interaction
decreased from 3840 M™ at 4°C to 1350 M™ at 37°C. The stoichio-
metries (N) of the complexes formed were found consistent with a
1:1 stoichiometry for both BZ-3/B-CD and BZ-3/pp-CD inter-
actions (Fig. 6, right panels).

From a thermodynamic point of view, both BZ-3/3-CD and BZ-
3/pp-CD interactions were characterized by a negative AH value
and a positive TAS value except in the case of inclusion complexes
formed at 37°C, for which TAS took a negative value (Table 1).
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Moreover, AH and TAS decreased when the temperature increased,
always leading to a negative AG value of about -19 kJ.mol™.

4. DISCUSSION
4.1. BZ-3 Solubilization
Using #-CD and pg-CD

The formation of BZ-3/CD inclusion complexes resulted in an
increase in the apparent water solubility of the sparingly soluble
sunscreen agent. The results obtained clearly demonstrate the ad-
vantage of using pp-CD polymers instead of the native B-CD to
improve the apparent solubility of BZ-3 (Fig. 2). Indeed, the solubi-
lization of the hydrophobic molecule was limited by the poor solu-
bility of p-CD in water [34] (18.5 g/L equivalent to 1.6x107
mol/L). Thus, the inclusion complexes formed were also poorly
soluble in water. Conversely, the highly water-soluble pp-CD
polymer allowed a spectacular increase of the hydrophobic mole-
cules’ solubility. For example, the apparent solubility of BZ-3 was
increased by a factor of 50 in the presence of 10g/L B-CD and a
factor of 90 and 1500 in the presence of 10 g/L and of 200 g/L pp-
CD, respectively (Fig. 2B).

The stability constants have been assessed from the solubility
isotherms (Fig. 2) obtained by plotting the concentration of BZ-3
against the concentration of CD, with the assumption that the com-
plexes formed had a 1:1 stoichiometry (Eq.1). The 1:1 stoichiome-
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Fig. (6). Typical ITC data corresponding to the binding interaction of BZ-3 (0.0411 mM, 1.441 ml cell volume) with (A) $-CD (10 mM) (m) and (B) pp-CD
(10 mM) () at 4°C. Left panels show exothermic heat flows which are released upon successive injection of 10ul aliquots of cyclodextrin into BZ-3. The
right panels show integrated heat data, giving a differential binding curve which was fit to a standard single-site binding model yielding the following parame-

ters N, K’, and AH.
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try of the interaction was confirmed by using ITC (Fig. 6). How-
ever, it is noteworthy to point out that, in the case of BZ-3/pB-CD,
the association constant values obtained from ITC experiments
were not in accordance with the ones obtained from phase solubility
studies. Indeed, at 25°C the BZ-3/pp-CD association constants were
equal to 5180 M™ and 2700 M™ when obtained from solubility
studies and ITC experiments, respectively (Table 1).

Despite the fact that phase-solubility diagrams are the most
common method for the determination of the association constants,
this techniques has been recently questioned mainly by Loftsson
[35] who pointed out that association constants might be overesti-
mated by this way. Indeed, the apparent association constants ob-
tained from phase-solubility diagrams reflects drug solubilisation
by many possible mechanisms other that simple inclusion inside the
CD cavities. Thus, several research groups have shown that CDs
form both inclusion and non-inclusion complexes and that many
different types of complexes can coexist in aqueous solutions [36,
37]. In addition, both CDs and CD complexes are known to form
aggregates and it is thought that these aggregates are able to solubi-
lize drugs and other hydrophobic molecules through micellar-type
mechanisms [35, 38]. Furthermore, in the case of CD polymers, the
situation is more complex than for CD monomers, because the
glyceryl linkers between the CDs might act as solubilizers for hy-
drophobic molecules [37]. Thus, in the pp-CD polymer obtained by
crosslinking with epichlorohydrin, the hydrophobic pyrene mole-
cules fit well inside the clam shells arrangements between two f-
CDs. This might be the case with our BZ-3/pB-CD system, where
BZ-3 molecules might also accumulate inside hydrophobic non-
inclusion pockets in pp-CD, until their saturation. Contrarily, the
saturation of these pockets could not occur in the case of ITC ex-
periments, because BZ-3 is already in its molecular form in the
measurement cell. As a consequence, association constants deter-
mined from phase-solubility diagrams appear to be overestimated.

So far in the present study, ITC represented the most accurate
method for the evaluation of the association constant related to the
complexation of BZ-3 with both B-CD and pB-CD. Indeed, the
superiority of ITC over all other methodologies is the possibility to
get deep understanding of the molecular interaction between BZ-3
and CDs through the determination of the association constant and
thermodynamic parameters. This determination is independent on
the solubilization of the drug since both BZ-3 and CD are in their
soluble form.

An interesting observation is that K was strongly affected by
the temperature of the experiment. Indeed, both ITC and solubility
experiments have shown that K decreased when the temperature
increased from 4°C to 37°C (Table 1). The dependence of the asso-
ciation constant upon temperature is a well known phenomenon and
has been widely described in CD literature. For instance, Todorova
et al. have shown that in the case of inclusion of three drugs
naproxen, flurbiprofen and nabumetone into 3-CD and y-CDs, the
association constants decreased with the temperature [39]. Similar
results have been reported for the inclusion of naproxen and keto-
prophen into modified 3-CDs inclusion complexes [40, 41].

Using MD

The apparent solubility of BZ-3 was also improved in the pres-
ence of MD polymer (Fig. 3) but to a much lower extent than with
CDs. The enhancement of BZ-3 solubility using MD may result
from interactions between the poorly soluble BZ-3 and the micro-
domains formed upon the assembly of the hydrophobic alkyl-chains
grafted onto the hydrophilic dextran backbone. Indeed, precedent
work has demonstrated that these hydrophobic side groups led to
the formation of polymeric micelles [42]. The critical aggregation
concentration (CAC) of MD (in the same range of substitution yield
as here), which corresponded to the onset of the formation of hy-
drophobic microdomains, was about 0.2 g/L, as determined by
surface tension measurements [20]. The present study was carried
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out at higher MD concentration, where the hydrophobic dodecyl
moieties of MD associate as micelles. Therefore, the observed
increase in BZ-3 solubilities could be reasonably attributed to their
solubilization into the hydrophobic microdomains of the am-
phiphilic MD.

4.2. Characterization of BZ-3 Loading into Nanogels

We further took advantage of the ability of BZ-3 to complex
with pB-CD and to interact with MD, to entrap it into the associa-
tive MD/pB-CD nanogels. On the basis of previous results showing
a short physical stability of MD/pB-CD nanoassemblies at polymer
concentrations (Cp) higher than 5 g/L [43], the nanogels were
prepared using Cp of 2.5 g/L and 5 g/L and three polymer weight
ratios: 33/67, 50/50 and 67/33 (w/w). For BZ-3 entrapment, it was
chosen to form nanogels by mixing pp-CD and MD solutions,
already loaded with BZ-3. In both polymer solutions, the hydro-
phobic molecule was solubilized at saturation. Therefore, it was
expected that the dissociation of CD/BZ-3 complexes upon dilution
(arising from solution mixing) would be limited. The results ob-
tained have demonstrated that the polymer ratio had an impact on
the nanogel formation as well as on the entrapment of BZ-3. In-
deed, in all the conditions tested nanogels of 100-200 nm with
unimodal distribution were obtained, except for the 33/67 (w/w)
ratio (Table 2). Moreover, nanogels formed with a 50/50 (w/w)
polymer ratio exhibited the highest BZ-3 entrapment (drug loading
of 1.3 wt%).

Though the results of phase solubility and ITC experiments
confirmed the formation of 1:1 stoichiometry of BZ-3:B-CD, the
achieved drug loading was about 1.3 wt%. This could be attributed
to the fact that not all the CDs in the B-CD polymer can form inclu-
sion complexes. Indeed, there is equilibrium between BZ-3 in the
complexed form and BZ-3 free in solution. Moreover, it is possible
that steric effects due to crosslinking of B-CD in the pp-CD poly-
mers might prevent part of the CDs to act like hosts for BZ-3.

As the formation of nanogels is based on the association of MD
and pB-CD through the complexation between alkyl moieties (Cy,)
and CD cavities, it was a key point to determine the molar ratio
C12/B-CD for each MD/pB-CD weight ratio used for nanogel prepa-
ration.

The molar ratio C;,/p-CD/BZ-3 for each MD/pp-CD weight
ratio used for nanogel preparation was calculated from the molar
number of B-CD cavities, lauryl chains and BZ-3 molecule given by
Egs. 6, 7 and 8 respectively:
mMpRCD -0.7

BCD

Number of 3-CD cavities (molar) = Eq.6

where, mp,.cp is the mass of pp—CD used in the experiment, 0.7 is
the B-CD content in the polymer and M is the molecular weight of a
B-CD.

Myp-T Eq.7
Mp
where, myp is the mass of MD used in the experiment, t is the

molar percentage of glucose units bearing C;, moieties in the poly-
mer (4.8%) and Mp, is the molecular weight of one glucose units.

Number of C;, chains =

m
Number of BZ-3 (molar) =
Mpz_3
Where, mgz.3 is the mass of BZ-3 used in the experiment and
Mgz.3 is the molecular weight of the BZ-3 molecule.

By performing these calculations, the 50/50 (w/w) ratio was
found to correspond to 1C;,/23-CD. At this molar ratio, 80% of the
polymers in the formulation associated to form nanogels loaded or
non-loaded with BZ-3, indicating that the presence of the hydro-

Eq.8



10 Current Nanoscience, 2010, Vol. 6, No. 06

phobic alkyl-chains did not impede with the polymer association
through C,,/3-CD complexation.

Despite the occupancy of B-CD cavities by BZ-3 molecules,
enough CDs remained available to complex the C;, chains of MD
polymer. Moreover, as BZ-3 entrapment was maximum, it can be
concluded that 1C;,/2CD molar ratio was the optimum for the
formation of BZ-3 loaded nanogels. The lower entrapment obtained
for other polymer weight ratios, suggests a less efficient polymer
association. The 33/67 MD/pB-CD weight ratio corresponded to
molar ratio of 1C,,/53-CD, showing an excess of -CD regarding to
alkyl chains. Therefore, one could suppose that not enough C;,/CD
complexes were formed to permit the formation of nano-assemblies
(nanogels) of sufficient cohesion when the two polymers were
associated. Probably, in the nanogel samples, nanoassemblies coex-
ist with non-associated polymer particles of pp-CD, thus explaining
the high polydispersity of the samples (Table 2). The 67/33 (w/w)
ratio corresponded to a 1Cy,:13-CD molar ratio. Due to the compact
conformation of the branched -CD polymer in water [44], some
CDs were probably masked, unavailable for C;, chains complexa-
tion. Moreover, some CD cavities in the ppCD polymer were com-
plexed with BZ-3. Therefore, the number of C,/CD inclusion
complexes formed was also insufficient for efficient polymer asso-
ciation.

Depending on the sun protection factor to be achieved, UV
filters such as BZ-3 are added up to maximal concentrations of 6%
(US) 10% (Australia, Europe) and 5% (Japan). However, since the
first effective sunscreen developed in about 60 years ago, a main
concern nowadays is the damage on the skin resulting from some
sunscreen chemicals which produce potentially harmful substances
if they are illuminated while in contact with living cells [45].

The amount of sunscreen which penetrates through the stratum
corneum may or may not be large enough to cause damage. Re-
cently, the amount of harmful reactive oxygen species (ROS) re-
flecting skin damage was measured in untreated and in sunscreen-
treated skin [46]. In the first 20 minutes the film of sunscreen had a
protective effect and the number of ROS species was low. After 60
minutes, however, the amount of absorbed sunscreen was so high
that the amount of ROS increased more in the sunscreen-treated
skin than in the untreated skin [46].

Thus, the benefits that might result from a formulation that
retain BZ-3 on the skin are invaluable, given the frequency of ap-
plication of sunscreens. Nanoparticulate systems are supposed not
to cross the skin barrier because of their large size. Lower BZ-3
concentrations in such nanoparticle or nanogel-based formulations
could be envisageable, if indeed BZ-3 would not penetrate through
the skin causing damages. However, many other investigations
would be necessary to confirm these assumptions and for the fur-
ther development of our system.

4.3. Stability of BZ-3 Entrapment and Release

The stability of BZ-3 entrapment was studied for the optimized
loaded nanogels (Cp= 2.5 or 5 g/L, MD/pp-CD=50/50 w/w) by
incubating the nanogels at 4°C or 37°C. Slight changes in BZ-3
entrapment were observed during the first hours of incubation.
Entrapment slightly decreased at 37°C and slightly increased at
4°C, indicating a moderate effect of the temperature (Fig .4).
Moreover, the changes in BZ-3 entrapment with respect to changes
in temperature were reversible as evidenced by subjecting the sam-
ples to successive steps where temperature decreased from 25 to
4°C and then increased in the same range. These modifications
were expected as it was previously found that the association con-
stants of BZ-3/CD increased when the temperature decreased.

The entrapped BZ-3 was released upon nanogel dilution. Ki-
netic studies have evidenced that the amount of released BZ-3
increased in the first four hours (Fig. 5A). Then, the release reached
equilibrium and a new dilution was required to allow additional
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BZ-3 release. The percentage of sunscreen released rose with in-
creasing dilutions leading to a maximal release of 70% (Fig. 5B).
Thus, a significant part of BZ-3 remained firmly associated to the
nanogels. Size measurements have been performed for each dilution
made: the nanogels conserved the same mean diameter with uni-
modal distribution. These findings suggest that nanogels did not
dissociate upon dilution.

As expected, BZ-3 release was influenced by temperature.
Indeed, due to lower association constants of BZ-3/CD complexes
at 37°C than at 4°C, the percentage of BZ-3 released was higher at
37°C than at 4°C, for the same dilution. As a consequence, a 2.5-
fold higher dilution was needed at 4°C than at 37°C to reach the
maximum BZ-3 release of 70%. As the dilution phenomena are
limited at the skin surface, one could expect that the sunscreen
agent would remain well entrapped into the nanogels after skin
application. Further experimentations will be carried out in vitro to
evidence the efficiency of BZ-3 entrapment into the associative
MD/pB-CD nanogels to prevent skin penetration.

4.4. Storage of the Nanogels

Storage of BZ-3 nanogels as suspensions might presents some
drawbacks such as the risk of microbiological contamination, the
premature polymer degradation by hydrolysis and physicochemical
instability. Thus, it has been shown previously that destabilization
of MD/pB-CD nanogels could be circumvented by their storage
after freeze-drying [43]. In this study, we showed that BZ-3 loaded
nanogels could be easily reconstituted after freeze drying with mean
diameters comparable with the initial ones (Table 2).

4.5. Thermodynamic Parameters

Upon the interaction of BZ-3 with CD cavity, a balanced en-
thalpic and entropic variation could reflect many events including
desolvation of water molecules bound to the BZ-3 and/or to the CD
and formation of weak interactions. Among the several possible
weak interactions involved in the complexation of guests with CDs,
van der Waals forces and hydrophobic interactions related to the
size/shape matching between the guest and the CD cavity have been
reported [15, 16, 22, 32, 47]. An acute analysis of the thermody-
namic parameters (AH, AS) could allow evidencing the main driv-
ing forces involved in the complexation process. Typically, hydro-
phobic interactions between two apolar molecules at room tempera-
ture have been described as entropy-driven processes, where the
entropy of the interaction is large and positive while the enthalpy of
the process is small (JAH|<|TAS]|) [15, 16, 32, 48]. However, van der
Waals interactions are usually enthalpy-driven processes with
minor favourable or unfavourable entropies of interaction
(|AH|>|TAS|) [22].

It can be seen from Table 1, both AH and AS variations were
clearly affected by the temperature of the experiment, being either
favorable or unfavorable. Indeed, at 25°C and 37°C, the reactions
of complexation of BZ-3 with both - and pp-CD were exclusively
exothermic phenomena (AH<O0) with favorable entropic contribu-
tion (AS>0) and mostly enthalpy driven (| AH |> | TAS|). Thus, it
can be concluded that the main driving forces of the binding at 25
and 37°C are van der Waals forces [22].

However, at 4°C, the interaction of BZ-3 with both B-CD and
pB-CD resulted in an increase of the AS (7.62 and 10.87 kJ.mol™ for
B-CD and pB-CD respectively). The large gain in AS could be
attributed to the strongest interaction between BZ-3 and CD cavity
resulting in a more pronounced desolvation. Noteworthy, desolva-
tion occurs: i) upon BZ-3 inclusion in CDs and ii) from dehydration
of the peripheral hydroxyl groups in the bridges between CDs, upon
the formation of non-inclusional complexes in pp-CD.

Taking into account the initially included or interacting water
molecules, the 1:1 complexation interaction of BZ-3 with a CD host
may be written as follows:
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BZ-3%gH,0+CD*hH0 <> BZ-3%CD*(g+h—i)H20+iH,0

Eq.9

Where g represents the number of water molecules interacting

with the free BZ-3, h the number of tightly bound hydration water

molecules inside the free CD cavity, and i the net displacement of
water upon complexation.

The desolvation process and, in turn, the entropic gain were
more pronounced in the case of pp-CD. One possible explanation
for this increased entropy contribution could be related to the more
hydrophilic environment of the CD cavity in the pp-CD polymer:
the reorganization of surface/cavity neighbouring water molecules
that were released upon BZ-3 inclusion could be higher in the case
of pp-CD polymer than in native B-CD [31]. From these findings, it
could be concluded that the interactions between BZ and cyclodex-
trins represented the net effect of solvation changes (hydrophobic
hydration) and van der Waals interactions with the predominance of
each type of forces when the temperature of the experiment was
changed.

The changes in enthalpy were compensated by the changes in
entropy always leading to a negative AG value of about -19 kJ.mol
! A good straight line (R2=0.997) could be obtained when plotting
AH versus TAS for the different reactions of complexation of BZ-3
with B-CD and pp-CD. This confirmed the existence of an en-
thalpy-entropy compensation effect (Fig. 7).
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Fig. (7). Enthalpy-entropy compensation plot corresponding to inclusion
complex formation of BZ-3 (0.25mM) with p-CD (10mM) (¢) and pp-CD
(10mM) (#). Temperature of the experiment was changed (4, 25 and 37°C).
See Table 1 for the original data.

5. CONCLUSION

The solubility of BZ-3 was remarkably increased by host-guest
interactions between B-CD cavities of pp-CD and hydrophobic BZ-
3. Monodisperse BZ-3 loaded nanogels were prepared by a one-step
method based on the mixing of two water soluble self-assembling
polymers. Very high BZ-3 entrapment and nanogel production
yields were obtained. The BZ-3 release increased with increasing
dilutions, indicating that dilution of nanogels is a prerequisite for
the release, which makes the system interesting for sunscreen for-
mulation to prevent systemic penetration of BZ-3. Attractive fea-
tures of these self-assembling systems are their ‘green’ (solvent
free) preparation method, small size and the ease of redispersion
without altering the size after freeze drying.
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