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bstract

The complexation of EPA with ketoprofen was probed in order to rationalise co-operative skin permeation enhancement behaviour observed
reviously. The modulation of aromatic protons of ketoprofen was determined using 1H NMR spectra from different formulations containing
arying concentrations of fish oil and a control saturated triglyceride. Molecular modelling of possible complexes of ketoprofen with constituents
f fish oil was performed. NMR data revealed a dose-dependent change in chemical shift in the aromatic protons of ketoprofen on addition of fish oil
nd/or EPA. Similar patterns were observed in both cases, although the free fatty acid induced changes in more protons. Molecular modelling results
ndicate quite large binding energies of all complexes considered, varying between ca. 90 and 160 kJ mol−1. The geometries of these complexes
hows strong O–H· · ·O hydrogen bonds in all cases, and in the case of the complex of ketoprofen with free EPA there is also some evidence of
–H· · ·� and/or �–� interactions, giving rise to regiospecifically solvated complexes. If strongly bound ketoprofen:EPA complexes can form, then
he permeation enhancement of EPA by ketoprofen could be attributed to such a complex. Once the complex is formed, the triglyceride/free fatty
cid could aid permeation of associated ketoprofen into the lipophilic stratum corneum via the pull effect. Once permeated, the more hydrophilic
etoprofen could aid the permeation of the triglyceride/free fatty acid through the epidermis, again via the pull effect. This could explain the
ynergistic permeation enhancement seen with these compounds.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The principal polyunsaturated fatty acids present in fish oil,
icosapentaenoic acid (EPA) (approximately 33% of total) and
ocosahexaenoic acid (DHA) (approximately 21% of total)
ave been demonstrated to possess numerous properties ben-
ficial to health (Calder, 2006). Topical delivery of the oil offers
he ability to avoid wide distribution and other pitfalls associ-
ted with oral doses and the transcutaneous delivery of EPA
nd DHA from a fish oil vehicle has previously been demon-
trated in vitro (Heard et al., 2003) with potential value in the
reatment of arthritis (Thomas and Heard, 2005); furthermore

opically applied fish oil was found to exert an anti-inflammatory
ctivity against UVB-induced erythema in vivo (Puglia et al.,
005). As a novel multi-pronged topical anti-inflammatory, the
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imultaneous delivery of EPA, DHA and ketoprofen has been
emonstrated in vitro, where the data also suggested that an inter-
elationship existed between the permeation of EPA, DHA and
etoprofen (Heard et al., 2003; Thomas and Heard, 2005). Keto-
rofen permeation was enhanced by the presence of EPA, but it
as difficult to explain the enhancement of EPA by ketoprofen
sing regular skin permeation theory.

The classic viewpoint of drugs within a formulation being
onsidered implicitly as free distinct species has been challenged
ecently by consideration of the existence of drug molecules
ithin solvation cages, comprised of molecules of the fluid
hase. Although the phenomenon of a pull effect, whereby trans-
ermal delivery of the vehicle facilitates that of the solute was
rst suggested some time ago (Kadir et al., 1987; Pardo et al.,
991), it is only recently that evidence for the permeation of

ntact complexes across skin has been demonstrated (Heard
t al., 2003, 2006; Karia et al., 2004). Mechanisms of skin
ermeation enhancement are often the subject of publications
Hadgraft, 1999; Williams and Barry, 2003; Karande et al., 2006)
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Fig. 1. Structures of EPA and ketoprofen, w

lthough the fate of the enhancer itself is rarely mentioned. How-
ver, it has recently been shown that ethanol and 1,8-cineole used
s enhancers can permeate the skin in a concentration-dependent
anner and enhance permeation of solute accordingly (Heard

t al., 2006) via a manifestation of the pull effect (Kadir et al.,
987). Such considerations highlight the importance of under-
tanding the fate of enhancers and solvents in addition to the
rimary active in the formulation.

In an earlier paper (Thomas and Heard, 2005) the permeation
f EPA was found to be enhanced by the presence of ketoprofen
nd similarly, permeation of ketoprofen enhanced by the pres-
nce of fish oil. Indeed, only negligible amounts of EPA were
ound to permeate skin in the absence of ketoprofen. This inter-
elationship, which cannot be explained by current accepted
heory of skin permeation, led to the proposal of a vehicular
omplexation between EPA and ketoprofen, which was suffi-
iently stable to permeate through the skin intact. Of particular
ignificance in these structures is the presence of �-electrons on

C bonds in EPA, and within aromatic rings in ketoprofen.
Attractive interactions between �-systems such as these

re possible, arising from electrostatic and dispersion-based
orces. Such attractive interactions between �-systems play an
mportant role in biological systems and molecular recogni-
ion. To date, most research has focussed on the benzene dimer
Sinnokrot et al., 2002) taken as a small model system of repre-
entative interactions in biological molecules, such as proteins
r DNA (Hunter and Sanders, 1990). The interaction energies
f the face-to-face dimer configuration are comparable to weak
ydrogen bonds at approximately 10–15 kJ mol−1. In this paper,
e consider the interactions of much bigger molecules, namely

he unsaturated regions of EPA and the aromatic regions of keto-
rofen. The energy of such interactions should be approximately
dditive, such that larger binding energies than found for the
enzene dimer are anticipated. The theory of �–� interactions
as been investigated by Hunter and Sanders, who have pub-
ished much significant work on them, and established several
ules when considering such attractions. They also illustrate how
–� interactions are fundamental to DNA helix formation and

o the intercalation of drugs into a DNA helix via face-to-face

stacked complexes with the aromatic DNA bases (Hunter and

anders, 1990).
The structures of EPA (five double bonds) and ketopro-

en (two aromatic rings) suggest that complexation of the two

S
F
t

oton assignment illustrated for ketoprofen.

ompounds could involve �–� interactions. The nature of the
olecular interactions involved in two structurally similar com-

ounds to this work has recently been examined: tamoxifen, a
ormonal treatment for oestrogen receptor positive (ER+) cancer
ontaining three �-aromatic rings, and � linolenic acid, an n − 6
olyunsaturated fatty acid with anti-cancer properties (Heard et
l., 2005).

The current paper is part of an ongoing study attempting to
lucidate the unusual inter-relationship between permeation of
PA and ketoprofen (Fig. 1). In the current paper the vehicular

ormation of a fish oil/EPA–ketoprofen complex is investi-
ated using 1H NMR spectroscopy to determine the possibility
f complexation involving adjacent �–� interactions between
nsaturated regions of EPA and the aromatic regions of ketopro-
en. Molecular models were then constructed to suggest possible
eometrical parameters of EPA or DHA–ketoprofen complexes
nd their binding energies determined.

. Methods

.1. NMR spectrometry

1H NMR spectra were obtained using a Bruker Avance
PX400 spectrometer operating at 400 MHz and 27 ◦C. Sub-

aturated solutions of ketoprofen (2.5%, w/w) in fish oil,
ixtures of fish oil and Miglyol 812N (a synthetic saturated

riglyceride), 1:10, 1:20, 1:1, 10:1 and 20:1 were prepared,
ncluding pure Miglyol 812N as a control formulation (Heard
t al., 2005). A fixed volume of formulation (25 �l) was added
o separate NMR tubes and CDCl3 (475 �l) was added as sol-
ent. These volumes were found to produce suitability strong
MR signals. The shifts of the aromatic protons were deter-
ined relative to ketoprofen control and the individual proton

hifts were plotted as a function of concentration. These exper-
ments were repeated using the primary constituents of fish oil,
amely EPA and DHA free fatty acids. Due to the small amount
f material available, serial dilutions of a 25 mg ml−1 solution
n Miglyol 812N were prepared and saturated with ketopro-
en.
Ketoprofen proton assignments were assigned using the
pectral Database for Organic Compounds, as illustrated in
ig. 1. An example of the aromatic region of the ketoprofen spec-

rum produced from 2.5% ketoprofen in Miglyol 812N with the
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there is no obvious mechanism in the passage through the skin
that could supply sufficient energy to cause dissociation. These
results strengthen the hypothesis of permeation enhancement of
EPA by ketoprofen discussed above.
ig. 2. NMR spectrum of ketoprofen aromatic region showing proton assign-
ents.

ssigned protons and their relevant positions within the spectrum
s illustrated in Fig. 2. As the region affected by �–� bonding is
he aromatic region of ketoprofen, this is the region which has
een the focus of these studies. Assignments (J) and (K) rep-
esent a single proton and a methyl group, respectively (three
quivalent protons). Neither signal is in the aromatic region hav-
ng shifts of approximately 3.8 and 1.5 ppm, respectively, and
as therefore been omitted from analysis.

.2. Molecular modelling

Individual molecules of ketoprofen, EPA and the triglyceride
f this fatty acid were built using the Molecular Builder function
f the MOE package (http://www.chemcomp.com), and min-
mised using the MMFF-94 force-field (Halgren, 1996) until no
orce on any nucleus exceeded 0.05 kcal/(Å mol). Complexes
etween ketoprofen and EPA or DHA were constructed by
ringing together optimised structures and re-optimising using
he same method. This resulted in little or no change to the
onformation of either drug or fatty acid. The conformational
nergy landscape of these complexes was explored by ran-
omly altering the mutual orientation of drug and fatty acid as
ell as the dihedral angles of any rotatable bonds. This was

ollowed by full energy minimisation. Throughout this pro-
edure, the cis orientation of the C C bonds in fatty acids
as maintained using harmonic restraints, which were subse-
uently removed in the final minimisation. These stochastic
earches proceeded until either 1000 conformations were found,
r no new low-energy conformations were found after 1000
earches.

Binding energies were calculated by subtracting the energies
f the individual molecules from the total energy of the com-
lex, all calculated using the MMFF-94 force-field. In all cases
he contribution to binding energy from bond length, angle and
ihedral terms was effectively zero, such that binding was a
ombination solely of electrostatic and Van der Waals terms. Of
ourse, static calculations such as these cannot fully represent the

ynamic behaviour of flexible molecules at room temperature.
owever, they can at least probe possible interactions between
olecules, yielding information on their strength and any close

ontacts of specific groups.
F
m
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. Results and discussion

NMR spectra have been shown to be highly sensitive to local
hemical environment and the technique has been used pre-
iously to probe �–� interactions where such processes are
anifested as up or downfield shifts depending on the mag-

itude of shielding/deshielding modulation (Kelly et al., 2001).
ig. 3 shows the modulation of the ketoprofen aromatic protons
ignals in the different formulations. It is clear that addition
f fish oil to ketoprofen in Miglyol 812N resulted in dose-
ependent downfield chemical shifts of signals from aromatic
rotons on the ketoprofen structure. From examination of the
MR spectra it would appear that the protons most suscep-

ible to shift when in the presence of fish oil or Miglyol are
hose labelled protons (F), which are meta to the carbonyl group
n the unsubstituted phenyl ring. This pattern seems logical,
ince the ring on which the carboxylic acid group is located
s more sterically hindered to potential �–� interactions. A
ingle EPA molecule or EPA-triacylglyceride would therefore
xperience difficulty in approaching this ring, whereas the free
henyl ring, which is also likely to be in a different plane,
pparently represents a more attractive option for any possible
nteraction.

Fig. 4(a) shows the lowest energy geometry located for the
omplex of an EPA triglyceride with ketoprofen, which would
ave a molecular weight of approximately 1163. The high-
ighted protons (F) are the most noticeably affected in the NMR
pectra. Somewhat unexpectedly, these are amongst the furthest
way from the bulk of the triglyceride, and would therefore be
xpected to be the least affected of all the ketoprofen protons.
his complex contains a hydrogen bond between the carboxylic
cid group of ketoprofen and a carbonyl of the triglyceride, con-
ributing to the calculated binding energy of 95.4 kJ mol−1. This
arge binding energy and resulting stability makes it understand-
ble how this complex could permeate the skin as a whole, as
ig. 3. Chemical shifts of ketoprofen aromatic protons in fish oil/Miglyol for-
ulations.

http://www.chemcomp.com/
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F EPA free fatty acid/ketoprofen complex; (c) DHA free fatty acid/ketoprofen complex;
(
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ig. 4. Molecular model graphics: (a) EPA triglyceride/ketoprofen complex; (b)
d) Miglyol/ketoprofen complex.

1H NMR was carried out using differing concentrations of
ure EPA free fatty acid and dose-dependent downfield shifts
ere again observed (Fig. 5). As with the entire fish oil, proton

F) appeared to be most susceptible to such a shift, suggest-
ng that this effect may be due to individual fatty acids within
he fish oil. The main difference between the free fatty acid
nd the triacylglycerol appears to be the effect upon the (B)
roton of ketoprofen. This proton lies on the opposite ring to
roton (F), ortho—to both carbonyl and carboxylic acid groups.
his difference in the shifts may be due to the lesser steric hin-
rance of the free fatty acid, allowing it to approach closer to
etoprofen and hence exert a greater effect on other protons,
pecifically (B). Alternatively, free EPA may be susceptible to
imerisation between pairs of carboxylate groups unlike in the

riglyceride, which may be partly responsible for the differences
n the spectra.

Molecular models of ketoprofen with free EPA. Fig. 4(b)
ndicates significantly stronger binding (157.0 kJ mol−1) than

Fig. 5. Chemical shifts of ketoprofen aromatic protons in EPA free fatty acid/
Miglyol formulations.
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as found for the triglyceride of EPA discussed above. Once
gain, a hydrogen bond is formed between the molecules: in this
omplex, this is from the O–H of EPA to the central carbonyl of
etoprofen, which presumably accounts for much of the binding
nergy. Unlike in the triglyceride, however, there are reasonably
lose contacts between the aromatic rings of ketoprofen and

C double bonds in the EPA chain, a possible source of the
ncreased stability of this complex. In particular, protons (F) are
ound close to the penultimate C C bond in EPA, with H· · ·H
istances of 3.5–3.7 Å. The orientation of the groups involved in
his interaction is such that �· · ·� stacking seems unlikely, and
his might be better described as C—H· · ·� contact. Proton (B)
s also highlighted in Fig. 4, and is located close to the carboxylic
cid group of EPA (3.0 Å), which could explain the shift seen for
his proton that was not present with the triglyceride. Overall,
he proximity of these groups is striking when compared with
MR spectra.
The formulations containing DHA and Miglyol follow a sim-

lar trend, with a large shift difference seen on protons (B) and (F)
Fig. 6). DHA at a level of 6.25 mg ml−1 also effects proton (E).
s DHA has an additional two carbon atoms within the alkene

hain it is possible that they are responsible for the effect on this
roton. At higher concentrations DHA is not able to fit as easily
round the ketoprofen molecule due to competition for space and
o the effect is not as marked. The molecular modelling of this
ompound with ketoprofen (approximate molecular weight of
omplex, 580) is shown in Fig. 4(c). Once again a strong binding
nergy (132.1 kJ mol−1) was found but unlike free EPA this high
inding energy is most likely to be due to the O H attractions
etween the carboxylate groups of the DHA and ketoprofen,
ith a probable contribution from � orbital overlap. However,
o clear link between this complex and the difference in proton
F) shifts can be determined.

It is clear that the ketoprofen 1H NMR shifts are distinctly
ifferent in the presence of polyunsaturated-containing fish

il and fully saturated Miglyol. Thus even though �-bonding
etween adjacent molecules of ketoprofen is possible, this
rrangement was apparently disrupted by the presence of the
sh oil/EPA. Furthermore, the same general pattern of shifts is

ig. 6. Chemical shifts of ketoprofen aromatic protons in DHA/Miglyol formu-
ations.
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bserved when pure EPA and DHA were used in place of fish
il.

To compare the binding energies and structures of the
PA/ketoprofen complex and the control formulation, a com-
lex of Miglyol with ketoprofen, with approximate molecular
eight 764, was also modelled (Fig. 4(d)). The binding energy

or this synthetic triglyceride complex is 109.1 kJ mol−1, again
rather large value. Indeed, this is slightly larger than that

ound for the EPA-triglyceride complex, but not as large as
hat found for free EPA. Taken together, these data suggest that
he saturated and unsaturated triglycerides have similar binding
nergies, but that a very strongly bound complex with EPA as
free fatty acid can be formed, which may displace another

ompound to form a stronger complex, thus further supporting
ur hypothesis that a EPA/ketoprofen complex may be able to
ermeate skin intact. It has been demonstrated (Thomas and
eard, 2005) that very little EPA permeated from a fish oil vehi-

le alone, underpinning the need for a complexant (ketoprofen)
n the formulation. If the complex forms within the formulation
hen a co-operative enhancing effect could be in operation. The
ipophilic EPA triglyceride/fatty acid permeates the lipophilic
C taking the more hydrophilic ketoprofen with it. Then in the
ore hydrophilic layers of the viable epidermis and dermis the

everse occurs and the ketoprofen permeates transporting the
ound EPA with it.

Work carried out by Thomas and Heard (in press) have
hown the molecular ratio of EPA:ketoprofen that is found
ost-transcutaneous delivery is approximately 10:1, with the
atio within the formulation of approximately 6:1. The molec-
lar modelling demonstrated in the current paper has shown
hat a triglyceride is capable of binding to a single ketoprofen

olecule. Further modelling studies could indicate the possibil-
ty of further binding with another triglyceride or free fatty acids
resent within the formulation. Also, it is important to consider
he effect of biological processes within skin on these complexes
and vice versa). This is addressed in terms of metabolism of
PA (Thomas and Heard, in press) and activity on epidermal
yclooxygenase and lipoxygenase (Thomas et al., submitted for
ublication) in further articles.

It appears that the formula weights of the overall complexes
ave no significant effect upon their binding energies and it
s the unsaturation of the EPA chains that has the over-riding
ffect, again supporting the notion of bonding by a complexation
nteraction. It is difficult to determine the exact mechanism of
nteraction between both the fish oil/ketoprofen complex and the
ree fatty acid/ketoprofen complex, as the triglyceride is present
s a random mixture of fatty acids and not all EPA or DHA
atty acids. The trend seen in NMR shifts however are very sim-
lar between the triglyceride and free fatty acid indicating the
hifts are more likely to be due to EPA and DHA/ketoprofen
nteractions than other fatty acids.

. Conclusions
This work supports the hypothesis of complexation between
PA and/or DHA present as both free fatty acids and triacyl-
lycerides, and ketoprofen. NMR data shows a clear pattern of
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hanges in chemical shift of aromatic protons in ketoprofen,
he magnitude of which depends on the concentration of fatty
cid. Molecular modelling results indicate quite large binding
nergies of all complexes considered, varying between ca. 90
nd 160 kJ mol−1 and the geometries of these complexes give
ise to regiospecifically solvated complexes. Permeation of these
ntact complexes across skin could, at least in part, account for
ncreased permeation reported for mixtures of ketoprofen with
sh oils, EPA or DHA.
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