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Abstract

It is desirable to minimize skin penetration of some drugs, such as sunscreens and insect repellents. Available in vivo
and in vitro data suggest appreciable absorption of some sunscreen agents. The purpose of this study was to
investigate the effect of hydroxypropyl-f-cyclodextrin (HPSCD) on the release and permeation of the sunscreen
agent 2-hydroxy-4-methoxy benzophenone (oxybenzone). The interaction between oxybenzone and HPSCD was
studied in water by phase solubility analysis. The inclusion complex was characterized by thermal analysis and
nuclear magnetic resonance spectroscopy. UV transmittance and percent UVA transmittance, as a preliminary
measure of sun protection factor (SPF), were determined. /n vitro permeation experiments were conducted in Franz-
type diffusion cells at 37 °C, using the model membrane poly(dimethyl siloxane) (PDMS) and 4% bovine serum
albumin in phosphate buffer solution (pH 7.4) as the receptor phase. HPSCD caused a marked increase in the
aqueous solubility of oxybenzone. Data from the phase solubility experiment indicated the formation of 1:1
oxybenzone-cyclodextrin complex. UV transmittance studies indicated that the presence of HPSCD did not
suppress the UV absorbing properties of oxybenzone. The release and membrane permeation of oxybenzone was
significantly reduced in the presence of equimolar, 2 times molar and 1, 2 and 4% of HPSCD. It is concluded that
HPSCD can reduce the release/membrane diffusion of oxybenzone whilst retaining its efficacy as a sunscreen agent.
This formulation strategy may be useful in controlling skin penetration of topically applied sunscreens and other

chemicals.

Introduction

Increased evidence linking sun exposure with skin aging,
damage and development of skin cancers has led to
more extensive use of sunscreens in beach products and
everyday cosmetics. Sunscreen products are formulated
to provide a specific sun protection factor (SPF) and to
absorb a broad spectrum of ultraviolet radiation
(UVR). Since sunscreens are regularly applied to large
areas of the body, it is essential to have an understand-
ing of their safety and minimize absorption of actives to
viable tissues.

Acute adverse toxic effects of specific sunscreen
agents include contact irritation, allergic contact der-
matitis, phototoxicity, photoallergy, and staining of the
skin. However, the incidence is relatively small consid-
ering their widespread use. Relatively little information
is available on the mutagenic and carcinogenic potential
of sunscreen agents [1]. It has been suggested that under
UVR some sunscreens and related chemicals may have
mutagenic effects in the viable tissues of the epidermis
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and dermis [2]. A recent report that sunscreens caused
mitochondrial stress and inhibited growth in cultured
human cells has added to safety concerns [3]. Clearly,
the best means to ensure sunscreen safety is to minimize
penetration to viable tissues.

Ideally a topically applied sunscreen would be
localized in the stratum corneum without penetration
to deeper viable tissues. This likely occurs in many
lipophilic UVB sunscreens, but the UVA sunscreen 2-
hydroxy-4-methoxy benzophenone (commonly known
as benzophenone-3 or oxybenzone), which has an
absorption spectrum of 270-350 nm, is known to be
systemically absorbed following administration to the
skin [4-6]. For example, topical absorption leading to
excretion of oxybenzone and its metabolites in the urine
[4—6] and breast milk [7] has been reported.

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. studied the
influence of a range of vehicles on the diffusion of
oxybenzone into and across polyethylene membrane and
human epidermis [8]. They reported that the flux and
permeability coefficient of oxybenzone is related to
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vehicle solubility parameter [8]. Increased solubility of
oxybenzone in the vehicle reduced the thermodynamic
activity of the solute in the vehicle, thereby decreasing
solute availability from the vehicle, leading to reduced
permeability. Walters et al. also demonstrated the
influence of vehicle on skin penetration of the highly
lipophilic sunscreen octyl salicylate [9]. Due to the poor
water solubility of many sunscreen chemicals, vehicles
for sunscreen products tend to include oils or alcohols to
facilitate formulation. In some cases, these vehicles may
interact with the stratum corneum barrier to act as skin
penetration enhancers [10]. Thus, enhanced sunscreen
solubility with minimal use of organic solvent would be
advantageous.

The current study investigates the use of cyclodext-
rins to facilitate aqueous solubility of sunscreens and
minimize release from the vehicle. Cyclodextrins of
pharmaceutical relevance contain 6, 7 or 8 dextrose
molecules (a-, -, y-cyclodextrin respectively) bound in a
1,4-configuration to form rings of various diameters.
The ring has a hydrophilic exterior and lipophilic core in
which appropriately sized organic molecules can form
non-covalent inclusion complexes [11]. This can result in
improved stability and/or increased aqueous solubility
and dissolution of poorly water-soluble drugs [12]. f3-
Cyclodextrin (fCD) has low aqueous solubility
(18.5 mg/mL at 25 °C), therefore derivatives with
enhanced solubility, such as 2-hydroxypropyl-f-cyclo-
dextrin (HPBCD) and dimetyl-f-cyclodextrin (di-
methylfCD), are more commonly used in
pharmaceutical formulation.

Cyclodextrins may be useful in topical formulation of
lipophilic solutes. First, they could enhance aqueous
solubility, thereby facilitating formulation without the
need for organic and mixed solvents that may have
penetration enhancement properties. Second, the molec-
ular size of the solute—cyclodextrin complex may act to
retard skin penetration. A limited number of studies have
been published on the use of cyclodextrins in topical
formulation. Szente and co-workers reported improved
stability, wettability and dissolution of the lipophilic
insect repellent N,N-diethyl-m-toluamide (deet) by for-
mulation of inclusion complexes with fCD [13]. The
solubility and photostability of sunscreen chemicals was
increased by complexation with HPSCD [14, 15].

There are reports of both increased and decreased
skin penetration of drugs due to cyclodextrin complex-
ation. For example, penetration of lirazole across rat
skin was increased by complexation with HPSCD and
dimethylCD [16]. Based on thermal analysis data, the
authors suggested that dimethylfCD interacts with
proteins and disorders the stratum corneum bilayer
lipid structure. Similar changes were not observed with
HPSCD. Recently, the ability of HPSCD and yCD to
reduce the release of deet from vehicles was demon-
strated [17]. Williams and co-workers demonstrated the
use of cyclodextrins to reduce skin penetration of
estradiol and toluene [18]. The effect on skin penetration
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Figure 1. The chemical structures of 2-hydroxy-4-methoxy-benzophe-

none or oxybenzone (upper) and HPSCD. R = —CH,CH(OH)CH; or
—H, with average molar substitution of 0.75.

may be related to CD concentration. In a recent review
of the literature, Loftsson et al. concluded that reduced
permeability is generally observed at relatively high
concentrations of cyclodextrins [19].

The aim of the present study was to prepare and
assess a complex between oxybenzone and HPSCD
(Figure 1). This complex was characterized by phase
solubility studies, nuclear magnetic resonance (NMR)
spectroscopy and thermal analysis. The effect of com-
plexation on the UV transmittance spectra of oxyben-
zone (as a measure of sunscreen efficacy) and its
diffusion across a synthetic membrane was assessed.

Experimental
Materials

Oxybenzone was purchased from Aldrich (USA). f-
Cyclodextrin (fCD) and hydroxypropyl-f-cyclodextrin
(HPSCD) (molar substitution 0.6-0.9) were generously
provided as gifts by Wacker Biochem Corporation
(USA). Bovine serum albumin (BSA) was from Sigma



(USA). Methanol and acetonitrile were high-perfor-
mance liquid chromatography (HPLC)-grade from
Fisher Scientific (USA). Deionized water was used and
all other chemicals were analytical-reagent grade.

Determination of oxybenzone solubility

A moderate excess of oxybenzone was placed in 10 mL
of each solvent (30, 45 and 60% aqueous ethanol) and
stirred in the dark at 25 + 0.1 °C for 72 h. Each
mixture was then centrifuged at 10,000 x g for 10 min.
This step was repeated with the resulting supernatant,
prior to analysis of oxybenzone concentration by
HPLC.

Phase solubility studies

Solubility measurements were performed according to
the method of Higuchi and Connors [20]. An excess
amount of oxybenzone was added to aqueous solutions
containing different concentrations of the cyclodextrins
(0-15 mM for SCD and 0-60 mM for HPSCD). The
suspensions were stirred in 10 mL screw-capped vials at
25 £ 0.1 °C and shielded from light. After equilibration
for 72 h (previously validated), the contents of each vial
were filtered through a 0.45 ym membrane filter (Mil-
lipore, USA) and analyzed by HPLC to determine the
concentration of oxybenzone.

Preparation of the inclusion complex

The inclusion complex was prepared at an equimolar
ratio of oxybenzone to HPBCD as reported below.
Oxybenzone (114.1 mg, 0.5 mmol) dissolved at room
temperature in 95% ethanol (10 mL) was added to
purified water (10 mL) containing HPSCD (700 mg,
0.5 mmol). The resulting solution was stirred for 24 h at
room temperature and shielded from light. The solvent
was evaporated under vacuum at 40 °C by rotary
evaporation. The solid complex was dried under vacuum
in a desiccator for 3 days with phosphorus pentoxide as
a drying agent. The oxybenzone content of the complex
was determined by HPLC.

Thermal analysis

Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed on a Metler
TGA/SDTA 851 and Metler DSC/821 respectively.
Samples of oxybenzone, HPSCD and the complex were
scanned at a heating rate of 20 °C per min under a flow
of nitrogen (50 mL/min).

NMR spectroscopy
"H and '>C NMR spectra were recorded at 300 and

75 MHz respectively using a Bruker Avance 300 spec-
trometer (Karlsruhe, Germany). Samples were dissolved
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in deuteromethanol, and chemical shifts (6) for hydro-
gen and carbon resonance were reported in ppm relative
to TMS.

High-performance liquid chromatography

An Alliance liquid chromatographic system (Waters
Inc., USA) equipped with a 2690 Separations Module
and 996 Photodiode Array detector, was used. Separa-
tion was achieved on a Symmetry C;g column (5 um,
39 x 150 mm L[.D., Waters Inc., USA) at ambient
temperature, with an inline pre-filter. Integration was
undertaken using a personal computer equipped with
Millenium version 4.0 software.

The mobile phase consisted of methanol:water
[85:15], filtered through a 0.45 ym membrane filter
(Durapore membrane filter, Millipore, USA). The mobile
phase was continuously degassed before and during use.
The flow rate was 1.0 mL/min and the detection wave-
length set at 289 nm. The retention time for oxybenzone
was ~2.4 min. Calibration curves were calculated on
peak area measurements and the assay was fully vali-
dated. Extraction of oxybenzone from 4% BSA solutions
was achieved using solvent precipitation of proteins.
Briefly, 100 uL sample of oxybenzone in BSA solution
was mixed with 200 ul. acetonitrile:methanol (95:5),
refrigerated at 4 °C for 15 min, then centrifuged at
10,000 x g for 10 min to precipitate proteins prior to
HPLC analysis. This extraction was validated with a
recovery of 99.6 + 1.08% from BSA solutions.

UV Transmittance spectral analysis

Solutions for UV spectral analysis were prepared in
ethanol using oxybenzone alone and in combination
with cyclodextrin. The method for determining trans-
mittance has been reported previously [21, 22]. Four
combinations were prepared in 100 mL of ethanol
containing (i) 1 mg oxybenzone (4.38 x 10~ mmol),
(i) 1 mg oxybenzone and 12.6 mg HPSCD
(8.75 x 10™* mmol), (iii) 1 mg oxybenzone and 6.3 mg
HPSCD (4.38 x 10~ mmol), (iv) 1 mg oxybenzone and
3.15 mg HPACD (2.19 x 10~ mmol). UV transmittance
curves of each solution were obtained with the aid of a
UV/VIS spectrophotometer with scanning wavelengths
between 290 and 400 nm (Shimadzu, Japan). A back-
ground correction was performed using lcm quartz cells
filled with blank solvent. The UVA transmittance was
determined as the area under the transmittance curve in
the 320400 nm region for each solution divided by the
area under the transmittance spectrum for these wave-
lengths in the absence of sunscreen and/or HPSCD, and
then multiplied by 100.

In vitro release and membrane diffusion

Oxybenzone release and membrane permeation was
determined across a synthetic model membrane
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(polydimethyl siloxane, PDMS). In vitro permeation
studies across PDMS were performed in Franz-type
diffusion cells (cross sectional surface area 1.18 cm?).
The membrane was immersed in deionized water for 1 h,
then mounted between the donor and receptor com-
partments of diffusion cells and the assembly held in
place with a plastic clamp. The receptor chamber
(approx. 3.5 mL) was filled with 4% BSA in phosphate
buffer (pH 7.4), stirred continuously in a water bath at
37 £ 0.1 °C. The donor phase consisted of 1 mL of
each of the test formulations of oxybenzone, i.e.,
saturated solutions of oxybenzone in 30, 45 and 60%
aqueous ethanol; saturated solutions of oxybenzone in
45 and 60% ethanol containing equimolar or 2 times
molar concentrations of HPSCD; and saturated solu-
tions in 30% ethanol with 1, 2 and 4% HPSCD. Aliquots
of 100 uL of the receptor fluid were withdrawn for
HPLC analysis and replaced periodically for 6 h.
Experiments were conducted in triplicate.

The flux of oxybenzone through the membranes into
the receptor fluid from each of the formulations was
determined from slopes of plots of cumulative concen-
tration in the receptor phase versus time and expressed
as ug cm~> h™'. Permeability coefficients were calculated
for oxybenzone from each formulation. The difference
between the cumulative amount of oxybenzone in the
receptor versus time plots was assessed using multiple
regression with pair-wise comparison. One-way ANO-
VA followed by Bonferroni’s comparison test was used
for assessing the decrease in permeability coefficient of
oxybenzone with increased concentration of ethanol and
on addition of HPBCD. The level of significance was set
at p < 0.05.

Results and discussion
Characterization of the complex

The phase solubility studies of oxybenzone in aqueous
solutions of different concentrations of SCD and
HPSCD examined are shown in Figure 2A. Of the two
cyclodextrins used, only HPSCD caused a substantial
increase in aqueous solubility of oxybenzone, and
consequently, only HPBCD was selected for further
experiments. The slope of the solubility curve (Fig-
ure 2B) is less than unity and the linear Aj-type
relationship suggest a 1:1 complex stoichiometry of
oxybenzone with HPSCD [20]. The apparent stability
constant (K) for the oxybenzone-HPSCD complex was
calculated from the slope and intercept values of the
initial straight-line portion of the solubility diagram,
according to the following equation:

Kj.1 = slope/(intercept (1 — slope)

We assume that a 1:1 stoichiometric complex exists in
the solution and that the linear region has a slope less
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Figure 2. (A) Phase solubility diagrams in water at 25 °C for oxyben-
zone with (0-15 mM) (A, BCD and B, HPBCD). (B) Phase solubility
diagram in water at 25 °C for oxybenzone in the presence of HPSCD
(0-60 mM).

than unity, a condition that does exist. The apparent
stability constant (K) for the oxybenzone-HPSCD
complex was calculated to be 5839 M.

The complex was characterized in the solid state by
thermal analysis using DSC and TGA. DSC curves for
HPpCD showed a shallow endotherm at 110 °C. A sharp
melting point endotherm was observed for oxybenzone
at 67 °C. A slight deviation in this sharp melting point
endotherm for oxybenzone was observed in the presence
of HPBCD (65 °C), and the shallow endotherm for
HPSCD was shifted from 110 to 117 °C in the presence
of oxybenzone. These deviations indicate an interaction
between oxybenzone and HPSCD. Recently, Felton et
al. [23] also demonstrated the complexation between
oxybenzone and HPBCD using differential scanning
calorimetry. Further confirmation was provided by the
TGA curve of the oxybenzone-HPSCD complex that
shows that the interaction of oxybenzone with HPSCD
leads to a dramatic reduction in weight loss of oxyben-
zone, when compared to oxybenzone alone (Figure 3).
The weight loss at the inflect point for oxybenzone
(185.11 °C) and HPSCD (352.12 °C) alone were 99.18
and 86.79% respectively. The complex has two inflect
points with a weight loss of only 5.44% at 179.62 °C and
a major weight loss of 74.21% at 328.23 °C. These
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Figure 3. TGA thermograms for (1) oxybenzone, (2) HPSCD, (3)
oxybenzone — HPSCD complex.

changes can be ascribed to interaction of oxybenzone
with HPSCD. Hence, the results of thermal analysis
indicate an interaction between the two moieties. Ben-
zophenone, the parent molecule of benzophenone-3 or
oxybenzone has been demonstrated to form a stable
inclusion complex with cyclodextrins. fCD possessed the
best complexing ability with benzophenone when com-
pared with a- and y-CD [24].

NMR studies were performed to obtain further
evidence to determine the interaction between the
sunscreen molecule and the cyclodextrin moiety in
deuteromethanol. The '"H NMR shifts (Table 1) of the
HPSCD alone or as a complex with oxybenzone
demonstrate that the presence of the sunscreen molecule
induces changes in the chemical shift values for the
proton (H-5) located inside the cyclodextrin cavity and
the external protons. This implies interaction of the
guest molecule with the external surface of the cyclo-
dextrin. Comparison of the '*C NMR spectrum of
cyclodextrin alone and in the presence of oxybenzone
shows significant upfield chemical shifts in carbons 3
and 5 in the ring (Table 1; see Figure 1). The data
obtained indicate that the '*C chemical shifts are more
sensitive to complexation than the 'H shifts. These shifts
are indicative of an interaction between the oxybenzone
and cyclodextrin molecule.

Table 2 reports some of the 'H and '*C chemical
shifts of oxybenzone in the free form and in the presence
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of HPBCD. As observed for cyclodextrin, the *C signals
are more affected than those from 'H. Interaction with
HPSCD produces shifts in protons on oxybenzone, large
shifts being observed in protons on carbon b, d, e, g, and
k. These data are indicative of strong interaction of
oxybenzone with the HPSCD, and are confirmed by
large '*C chemical shifts. Comparison of the '*C NMR
spectrum of oxybenzone in the absence and presence of
cyclodextrin shows significant downfield chemical shifts
in the carbons b, d, e, and the methoxy carbon (g) of
oxybenzone (Table 2). This is in agreement with the
deshielding phenomenon previously reported [25], in
which the carbons interacting with the external part of
the cavity are shifted downfield. Moreover, the negative
shift on the aromatic carbon k suggests an insertion of
this part of the molecule into the cyclodextrin cavity
[26]. Therefore, the NMR results strongly indicate
complexation of oxybenzone with HPSCD.

Ultra-violet transmittance studies

Measured sun protection factors (SPF) provide a mea-
sure of the time of skin exposure to sunlight required to
induce erythema in the presence of a sunscreen as
compared to no protection. Theoretical SPFs calculated
from UV transmittance spectra have been reported to
show correlation with the actual measured SPF values
[20]. This study measures the UV transmittance spectra
of oxybenzone, as a preliminary measure for SPF and
the effect of complexation with HPSCD (Figure 4).
Since oxybenzone is primarily considered as a UVA
sunscreen agent, percent UVA transmittance was also
calculated. The UVA transmittance was determined
from the area under the transmittance curve in the 320—
400 nm region for each solution (A, B, C, and D)
divided by the area under the transmittance spectrum for
these wavelengths in the absence of sunscreen and/or
HPSCD (Figure 4). The percent transmittance de-
creased with an increase in the concentration of HPSCD:
percent UVA transmittance was 74.76, 74.05, 68.94, and
66.11 for solution A, B, C, and D, respectively. The
results suggest that HPBCD complexation does not
decrease the UVA absorbing properties of oxybenzone,
and that a sunscreen formulation incorporating the

Table 1. 'H and 3C NMR chemical shifts (3, ppm) for HPBCD in the absence and presence of oxybenzone

1 2 3 4 5 Methyl
'"H NMR chemical shift, d, for the proton on carbon no.:
HPBCD 5.003 3.733 3.973 3.525 3.849 1.15
Oxybenzone- 4.995 3.731 3.972 3.515 3.838 1.145
HPSCD complex
Ao —-0.008 —-0.002 —-0.001 -0.01 -0.011 —-0.005
13C NMR chemical shift, d, for carbon no.:
HPpBCD 102.051 74.944 83.472 74.088 62.294 19.525
Oxybenzone- 102.012 74.933 83.344 74.071 62.062 19.594
HPSCD complex
Ao -0.039 —-0.011 —-0.128 -0.017 -0.232 0.069
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Table 2. 'H and '*C NMR chemical shifts (6, ppm) for oxybenzone in the absence and presence of HPSCD

b d e g i ] k
'"H NMR chemical shift, d, for the proton on carbon:
Oxybenzone 6.449 6.478 6.528 3.858 7.58 7.63 7.606
Oxybenzone- HPSCD  6.505 6.535 6.561 3.893 7.61 7.665 7.641
complex
Ad 0.056 0.057 0.033 0.035 0.03 0.035 0.035
13C NMR chemical shift, 6, for carbon:
b c d e f g h i J k
Oxybenzone 102.339 168.061 108.313 132.796 114.446 56.365 201.68 129.987 129.552 136.605
Oxybenzone- HPSCD 102.449 168.086 108.451 132.911 114.433 56.52 201.708 130.012 129.682 136.54
complex
Ao 0.11 0.025 0.138 0.115 -0.013 0.155 0.028 0.025 0.13 —-0.065
Solution A Solution B
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60 60
O 40 40
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Figure 4. Transmittance Spectra of (A) 1 mg oxybenzone (4.38 x 10~ mmol); (B) 1 mg oxybenzone and 12.6 mg HPBCD (8.75 x 10~ mmol);
(C) 1 mg oxybenzone and 6.3 mg HPSCD (4.38 x 10~ mmol); (D) 1 mg oxybenzone and 3.15 mg HPACD (2.19 x 10~ mmol) in ethanol.

HPBCD complex would be as effective as oxybenzone
alone.

In vitro release and membrane diffusion

The release study was designed to determine if increased
affinity of oxybenzone towards the vehicle would
result in a decrease in release rate and thereby
decrease penetration. Since the solubility of oxyben-
zone increases with an increase in the percentage
of ethanol (0.134 £ 0.005 mg/mL, 1.43 £ 0.06 mg/
mL, and 6.39 £ 0.17 mg/mL in 30, 45, and 60%
ethanol, respectively), the thermodynamic activity of
the drug is expected to decrease in the same order and
thereby result in decreased release from the vehicle.
Permeability coefficient K,, values are often used to
compare penetration profiles of solutes examined under
different conditions and relate to the rate of diffusion of
a solute within a membrane adjusted for differences in

concentration. As expected, the permeability coefficient
of oxybenzone decreased significantly with increase in
the percentage of ethanol from 30 to 60% (Figure 5).

Further studies were designed to evaluate whether
HPpSCD is capable of increasing the affinity of oxyben-
zone towards the vehicle, which would result in
decreased thermodynamic activity of the solute in the
vehicle. This would decrease the release of solute from
the vehicle, and thereby, reduce permeability. Equimolar
and 2 times molar concentration of HPSCD decreased
the release of oxybenzone from the vehicle containing 45
and 60% ethanol when compared to oxybenzone alone.
This is reflected by lower values of permeability coeffi-
cient (p < 0.01) as shown in Figure 5. Oxybenzone
release was also reduced in the 30% ethanol vehicle when
an excess of HPBCD (1%) was added (Figure 6)
(p < 0.01). Further, decrease in release was seen with
increase in the concentration of HPSCD to 2 and 4%
(» < 0.01).
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Figure 6. Penetration profiles of oxybenzone across PDMS mem-
brane. Data represents mean +sd of three replicates. The donor phase
was saturated solution of oxybenzone in 30% ethanol (W), with 1%
(9); 2% (A); 4% HPSCD (o).

Conclusions

Complexation of oxybenzone with HPSCD was dem-
onstrated in the solid state by thermal analysis (DSC
and TGA) and in solution by phase solubility and NMR
spectroscopic studies. It is concluded that HPSCD can
reduce the release and membrane diffusion of oxyben-
zone whilst retaining its efficacy as a sunscreen agent.
This formulation strategy may be useful in controlling
skin penetration of sunscreens and other topically
applied chemicals. It is possible that inclusion of
oxybenzone in HPSCD may also be beneficial in limiting
interaction of UV filter with the skin and thus reducing
irritation and allergic side effects. Further studies on
human epidermis are currently being undertaken. In
addition, the influence of cyclodextrin complexation on
oxybenzone oxidation [27] and formation of toxic
photoproducts following UVR exposure should be
investigated, as this may be a further advantage.
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