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Abstract

Diclofenac is a non-steroidal anti-inflammatory drug (NSAID). Here, we use double
electron—electron resonance (DEER, also known as PELDOR) to study the inter-
action of spin-labeled diclofenac (diclofenac-SL) with three types of model mem-
branes consisting of palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), an
equimolar mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and this mixture with the addi-
tion of 20 mol% cholesterol. The results suggest that lipid-mediated lateral cluster-
ing of diclofenac-SL molecules occurs in all cases. For the POPC bilayer, alterna-
tive clustering takes place in two opposite leaflets, with random distribution of the
molecules within the clusters. For DOPC/DPPC and DOPC/DPPC/cholesterol bilay-
ers, diclofenac-SL molecules are separated by a distance of at least 1.4 nm. DOPC/
DPPC/cholesterol bilayers are known to form nanoscale liquid disordered and liquid
ordered lateral structures, the latter called lipid rafts. For this case, diclofenac-SL
molecules were found to be captured by lipid rafts, forming a quasi-regular two-
dimensional substructure in them with a “superlattice” parameter of ~3.0 nm.

1 Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are effective antipyretic and anal-
gesic pharmacologic agents [1]. Diclofenac is an NSAID of the phenylacetic acid
class which inhibits cyclooxygenase (COX)-2 enzyme [1]. NSAIDs also treat other
diseases including cancer [2], arthritis [3, 4], and neurodegenerative diseases [5].
However, side effects of NSAIDs are also known [6]. Many of these effects
are related to the membrane activity of these drugs [7-10]. For diclofenac, this
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activity may contribute to its gastrointestinal toxicity [6, 11, 12]. Diclofenac can
interact with erythrocyte membranes inducing a disordering of the acyl chains of
the lipids and changing the erythrocyte morphology [13]. To understand the ther-
apeutic effects of NSAIDs and to develop ways to limit their side effects, under-
standing the mechanisms at the molecular level of its interaction with the plasma
membrane can be extremely useful [7, 14-20].

Previously, in our laboratory, spin-labeled diclofenac (diclofenac-SL) was
synthesized [21]. This new substance allows using electron paramagnetic reso-
nance (EPR) spectroscopy for studying interaction of diclofenac with biological
membranes. Here, we study diclofenac-SL in model membranes of three different
types: palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), equimolar mix-
ture of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), and this mixture with added 20 mol% of
cholesterol. These types of model membranes are often used to mimic real bio-
logical membranes. POPC includes in its structure a fully saturated acyl chain
and a single-unsaturated acyl chain, DOPC includes two single-unsaturated acyl
chains, and DPPC consists of two fully saturated acyl chains. DOPC/DPPC/cho-
lesterol bilayers are known to form nanoscale liquid disordered and liquid ordered
lateral structures, the latter called lipid rafts [22-26].

Biological membranes and lipid rafts are nanoscale objects. Therefore, it is
reasonable to use experimental methods that allow studying the nanoscale struc-
ture. Such a method is double electron—electron resonance (DEER, also known as
PELDOR) [27-31].

DEER spectroscopy is based on the electron spin echo (ESE) phenomenon.
The DEER signal appears due to modulation by microwave (mw) pulses of mag-
netic dipole—dipole (d—d) interaction between spins. For some selected pair of
spins A and B, the DEER signal from spins A is [27-31]

vat) =1 —=pg(l — cosw,gt) )

where

888 Hgons (1 = 305 O5)
Wpp = h 3 .
AB

Here, pig,, is the Bohr magneton, g, and gy are the effective g-factors of two
interacting spins, and 6,5 is the angle between the vector r,; connecting two
spins and the magnetic field of the spectrometer. The dimensionless parameter
pp <1 is the fraction of electron spins excited by the pumping mw pulse (excita-
tion efficiency).

An important property of ESE spectroscopy in organic and biological solids
is that the observable frequency @, is the order of 10° rad/s. Therefore, DEER
experiment probes the distances r, of the order of several nanometers.

To take into account all spins in a sample, Eq. (1) is to be multiplied for all
pairs of spins.
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For mono-spin-labeled molecules randomly distributed in a three-dimensional
(3-D) space, theoretical expression for the DEER signal states that [27-31]

8n2g2'u2
V}D(t) = exp <_ﬂpBClocalt > (3)

91/3n

where C,.,; is the local spin concentration taken in the cm™ units. It is assumed that
INAR IR L

For the two-dimensional (2-D) model of the spatial distribution which could
be more appropriate for biological membranes, the analogous expression is [32]

2,2 2/3
8" Mpohr 2/3
V(1) = exp| =3.37 ] PBOal| “)

where 6, is the local surface concentration taken in the cm™ units.

2 Experimental
2.1 Materials and Samples

Diclofenac-SL was synthesized as described previously [21]. Cholesterol and
lipids POPC, DOPC, and DPPC were from Avanti Polar Lipids (Birmingham,
AL, USA). The chemical structures of diclofenac and diclofenac-SL are shown
in Fig. 1.

Bilayer were prepared either from POPC lipids (POPC bilayer) or from an
equimolar mixture of DOPC and DPPC (DOPC/DPPC bilayer) or from this
mixture with the addition of 20 mol% of cholesterol (DOPC/DPPC/cholesterol
bilayer). For the latter composition, it is known that at room temperature, the
phases Lo+Ld+Lp and Lo+Ld coexist [33]. Freshly prepared diclofenac-SL
was added to these lipids in a desired amount between 0.15 and 2.5 mol%. The
substances were first dissolved separately in chloroform, and then the solutions
were mixed in required proportions. The solvent was removed in a stream of
nitrogen, and the residue was stored then in vacuo for 4 h. Then, an excess of
phosphate-buffered saline (pH 7.0) was added in a proportion of 10:1. The sam-
ple was stirred and then stored for 2 h at room temperature. Then, the sample was
centrifuged at 14,000 g for 4 min, and the final lipid/water ratio was 1:3, w/w. It
was shown earlier [21] that diclofenac-SL is completely dissolved in the bilay-
ers after these operations. EPR glass tube of 3 mm o.d. was employed. For low-
temperature measurements, the samples were quickly frozen by immersion into
liquid nitrogen.
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Fig. 1 Chemical structures of diclofenac (left) and diclofenac-SL (right)

2.2 Measurements

An X-band Bruker ELEXSYS E580 EPR spectrometer was employed. Con-
ventional continuous-wave (CW) EPR spectra were obtained with a Bruker ER
4118X-MDS5 dielectric resonator, the modulation amplitude was 0.01 mT, the
output microwave power was 200 mW, the microwave attenuation was 25 dB, and
the sweep time and the spectrometer time constant were 10.49 s and 20.48 ms,
respectively.

In pulsed EPR measurements, the spectrometer was equipped with a split-ring
Bruker ER 4118 X-MS-3 resonator. Two-pulse ESE signal was generated with a
pulse sequence n/2 — T—x—17 — echo. The lengths of the first and second pulses
applied were 16 and 32 ns, respectively. The DEER measurements utilized a three-
pulse measurement scheme without dead time with signal correction by “blank”
excitation [34, 35]. The DEER pulse sequence was (#/2),4—t—7m,5—(—1)— 74—
7—echo,,, where the subscripts denote mw frequencies. The lengths of the pulses at
the frequency v, were 16 and 32 ns, respectively, the pumping pulse at the frequency
vg had duration of 36 ns, and its amplitude was selected to ensure a turning angle
7. The time delay v was set optionally between 200 and 800 ns. The delay ¢ was
scanned with a step of 4 ns, starting from a negative value t= — 180 ns before the
first detection pulse. Frequency v corresponded to the excitation of the maximum
of the echo-detected EPR spectrum, and frequency v, corresponded to its high-field
shoulder (so, the difference vy — v, was 85 MHz).

For low-temperature measurements, the resonator was placed in an Oxford Instru-
ments CF-935 cryostat and cooled with a stream of cold nitrogen. The temperature
was stabilized by a Bruker ER4131VT temperature controller.
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Fig.2 EPR spectra for different concentration y of diclofenac-SL in POPC (A), DOPC/DPPC (B), and
DOPC/DPPC/cholesterol (C) bilayers taken at room temperature
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Fig.3 EPR spectra for different concentrations y of diclofenac-SL in POPC (A), DOPC/DPPC (B), and
DOPC/DPPC/cholesterol (C) bilayers taken at 200 K. All spectra are normalized to the unity value of the
second integral over the magnetic field

3 Results
3.1 CWEPR Spectra

The CW EPR spectra of diclofenac-SL taken at room temperature for the three
types of bilayer studied are shown in Fig. 2, for different molar diclofenac-SL
concentrations y. One can see that all spectra look very similar. Their lineshape
indicates retarded molecular motion typical of spin-labeled molecules entrapped
into the membranes [36] and only slightly depend on .

Figure 3 shows CW EPR spectra taken at 200 K for all three types of the bilay-
ers, obtained also for different concentrations y. It is seen that here the linewidth
increases with increasing y; to visualize this increase, all spectra are normalized
to the same value of the second integral over the magnetic field.

At 200 K, molecular motion is frozen, so the increase of the linewidth in EPR
spectra occurs only because d—d interaction. It can be seen from data in Fig. 3 that
increase of diclofenac-SL concentration y results in remarkable broadening of EPR
lines. For POPC bilayer, broadening is much less than for DOPC/DPPC and DOPC/
DPPC/cholesterol bilayers. However, because of presence of different sources con-
tributing to the lineshape, analysis of d—d interaction is not easy in CW EPR.
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3.2 DEERData

DEER spectroscopy is specially designed to extract the pure contribution of the
d—d interaction. Previously [37], there was shown that in lipid bilayers, DEER time
traces at high concentrations of spin-labeled molecules may depend on the time
separation 7 between the echo-forming pulses. Therefore, we performed measure-
ments with different = here as well. Representative data from these measurements
are shown in Fig. 4.

It can be seen that at high value of concentration y, the z-dependence does occur
(especially for DOPC/DPPC and DOPC/DPPC/cholesterol bilayers): the DEER sig-
nal decays noticeably faster with increasing z. The reason for such a dependence
is interference of additional dipolar pathway arising for the spins under detection
(spins A) [38]: for a high concentration of spins, there is an “instantaneous diffu-
sion” effect in the system of spins A. This effect leads to a faster echo decay for
closely spaced spins, so that at large 7z spins with large spacing contribute mostly to
the echo signal. Then, the DEER decay at large = should indeed be slower than at
small z—this is exactly what can be seen in Fig. 4B, C.

Such dependence on 7t is, of course, undesirable, since it leads to the loss of
the observed spins. Therefore, the value of 7 should be small enough, so that this
dependence can be ignored. From the data in Fig. 4, it follows that this occurs at 7
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Fig.4 Semilogarifmic plot of three-pulse raw representative DEER data for diclofenac-SL in POPC (A),
DOPC/DPPC (B), and DOPC/DPPC/cholesterol (C) bilayers taken for various molar concentration y and

for different delays z. Temperature is 80K. The data are shifted vertically for the convenience of presenta-
tion
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about 300 ns for POPC bilayer and at 7 near 200 ns for DOPC/DPPC and DOPC/
DPPC/cholesterol bilayer.

Another point that can be observed in Fig. 4 is the non-linearity of the data at
t>0. This means that Eq. (3) cannot be applied, which is not surprising, since a 3-D
spatial distribution is hardly expected for bilayers. Figure 5 shows the DEER data
plotted in coordinates suitable for comparison with Eq. (4) written for the 2-D spa-
tial distribution.

The data of Fig. 5A (POPC bilayer) show fairly good linear dependencies for the
experimental DEER decays, which implies agreement with theoretical Eq. (4) for
2-D spatial distribution.

For DOPC/DPPC (Fig. 5B) and DOPC/DPPC/cholesterol (Fig. 5C) bilayers,
the linearity of the data does not takes place: a noticeable retardation of the decays
is seen at the beginning, when 7<0.1*2. The non-linearity of the similar type was
observed previously in DOPC/DPPC/cholesterol bilayer for spin-labeled ibuprofen
[37] and cholestane [39], and was explained by non-random nanoscale spatial distri-
bution of the molecules in their close contact.

As mentioned above, DEER cannot be applied at large times because of the effect
of 7z-dependence appearing due to the “instantaneous diffusion” effect for spins
under observation (spins A). From the other hand, this effect has the same physical
ground as the DEER effect—both are induced by the modulation of d—d interac-
tions by mw pulses. In principle, simple two-pulse echo can also be used to extract
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Fig.5 Semilogarithmic plot of three-pulse DEER time traces for diclofenac-SL in POPC (A), DOPC/
DPPC (B), and DOPC/DPPC/cholesterol (C) bilayers taken for various molar concentrations y of ibupro-
fen-SL [indicated in (A)]. The data are plotted vs. 3 for comparison with Eq. (4). Delays 7 are 300 ns in
(A) and 200 ns in (B) and (C). Dashed lines in (A) are drawn to emphasize the agreement with Eq. (4).
Open circles in (B) and (C) present the results of simulation within a model of inaccessibility (see text).
Temperature is 80 K. Data are shifted vertically for convenience
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information on d—d interactions, like the DEER does. However, this simple approach
faces several obstacles—the dead time restriction, intervening electron—nuclear
interactions (the so-called ESEEM effect), and fast signal decay due to spin relaxa-
tion. The latter two drawbacks can be suppressed by dividing the two time traces
obtained at different field positions [40]. Figure 6 shows the result of such division
for 2.5 mol% for diclofenac-SL in DOPC/DPPC and DOPC/DPPC/cholesterol bilay-
ers. One can see that temporal behavior in these two cases is substantially different.

4 Discussion

For the POPC bilayer, the experimental DEER data in Fig. 5A can be explained
in a rather obvious way, since they obey the theoretical equation [Eq. (4)] for the
2-D spatial distribution. The value of py=0.25+0.01 in this equation was found
for diclofenac-SL in glassy solution in the same way as it was done in [37] for spin-
labeled ibuprofen. The local diclofenac-SL surface concentrations o,., obtained
from using Eq. (4) and the data in Fig. 5A are plotted in Fig. 7.

Figure 7 presents also the dependence 6,,,4,m =0.01y/A; where A; is the area
per lipid which may be taken for POPC bilayer as 0.60 nm? [41]. This dependence
is expected for random spatial distribution of diclofenac-SL molecules. It can
be seen that oy, exceeds o,,,4om €verywhere up to y=2 mol%. This exceeding
unambiguously implies clustering of the molecules. From the other side, at small
1 <1mol%, 0., is close to 2:6,,,4om- This proximity was previously observed for
different types of spin-labeled molecules in the POPC bilayer [37, 42] and was
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Fig.6 Semilogarithmic plot of the ratio of two-pulse echo time traces taken at the magnetic field posi-
tions 1 and 2 shown in the inset, for diclofenac-SL in DOPC/DPPC and DOPC/DPPC/cholesterol bilay-
ers. Concentration y is 2.5 mol%. Temperature is 80 K
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Fig.7 Local diclofenac-SL surface concentration in the POPC bilayer as a function of its molar concen-
tration y. The two dashed lines present a dependence 6,40, =0.01%/A| expected for random spatial dis-
tribution and its doubled version, 26,4, Insert shows the model of alternative clustering of diclofenac-
SL in two opposite leaflets (see text)

attributed to alternative clustering in two opposite leaflets of the bilayer (a chess-
box model). At y > 1 mol%, this alternation is obviously broken.

The physical nature of these clustering features is currently unclear. We can
only state that alternative clustering implies that diclofenac-SL molecules in one
leaflet prevent their appearance in the opposite leaflet, and that this restriction is
removed at high concentrations.

The situation with DOPC/DPPC and DOPC/DPPC/cholesterol bilayers is more
complicated. First, the t-dependence here is much stronger—see Fig. 4—espe-
cially in the presence of cholesterol. Second, DEER decays when plotted against
" show retardation at the beginning of the decay—see Fig. 5B and C. These
two features have been observed previously for spin-labeled ibuprofen in DOPC/
DPPC/cholesterol bilayers [37]. The z-dependence was explained by the influence
of d—d interactions on the echo decay for the observed A spins at their high con-
centration [38]; this effect can become important in the case of non-random spa-
tial distribution of spin labels.

And the retardation at the beginning appears also for non-random (regular or
quasi-regular) spatial distribution. We suggest that the explanation given in [37]
for spin-labeled ibuprofen can be applied here for diclofenac-SL as well. The
“inaccessibility model” suggested in [37] assumes that spin labels are randomly
distributed in a 2-D space but cannot approach each other closer than some dis-
tance R,;,. Besides R_;,, this model has for fitting only one more free parameter,
Oioca- The results of this fitting in Fig. 5B and C are given as open circles. R,
in all these simulations was taken as 1.4 nm. It can be seen a rather good agree-
ment between experiment and simulations. The best-fitted o,,.,, values are given
in Fig. 8.
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Fig.8 Local diclofenac-SL surface concentration in the DOPC/DPPC and DOPC/DPPC/cholesterol
bilayers as a function of molar concentration y. The solid lines are drawn to guide the eye. Two dashed
lines present functions 6, =0.01y/A; expected for random spatial distribution in these two types of
bilayer

The dashed straight lines drawn in Fig. 8 present the situation of random 2-D dis-
tribution of spin labels in the membrane (a description of how A; were adopted from
the data in the literature is given in [37]). The fact that the 6., values found lie
significantly higher clearly indicates the clustering of spin-labeled molecules. Note
that the clustering features here is different from the case of the POPC bilayer (cf.
Figure 7): 6., values here are higher and clustering continues up to high molecular
concentrations. Another difference is that it is necessary to use an inaccessible dis-
tribution model.

Data in Fig. 5B and C in the absence and presence of cholesterol, respectively,
look very similar. This similarity, however, may not imply the similar character
of the spatial distribution, because the time interval for DEER where the signal
can be studied is too small. From the similarity of the data for DOPC/DPPC and
DOPC/DPPC/cholesterol bilayers, we may conclude only that the short-range struc-
ture of surrounding is nearly the same in these two bilayers. This surrounding is
most likely formed by saturated DPPC or unsaturated DOPC molecules enveloping
diclofenac-SL.

The two-pulse ESE data may be considered as an “extension” of DEER data for
larger time delays (instead of the time delay 7 in DEER, in the case of two-pulse
ESE the time delay corresponds to 7) [40]. These ESE data are presented in Fig. 6;
as longer time delays imply probing longer distances, these data show that the long-
range order in the DOPC/DPPC and DOPC/DPPC/cholesterol bilayers is quite dif-
ferent. We note that for the latter case, the two-pulse ESE time dependence looks
very similar to that observed in [43] for galvinoxyl free radicals in fullerene-con-
taining polymeric matrix where this temporal behavior was attributed to formation
of octahedral cluster of the radicals. Probably, such kind of clustering occurs here as
well.
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However, a detailed analysis of the time dependence of the two-pulse ESE, as
well as the stitching of these data with the DEER results, is a task of our future stud-
ies. We can only state now that the diclofenac-SL molecules form mutually ordered
(nano)clusters in the DOPC/DPPC/cholesterol bilayer. By other words, these ordered
clusters form some kind of “superlattice”. Note that the average distance between
diclofenac-SL molecules assessed from Fig. 8 as (6;,.,) " at large y is about 3 nm;
this value can be attributed to the parameter of this superlattice.

The DOPC/DPPC/cholesterol bilayer of the studied molar composition
(0.4:0.4:0.2) is known to form lipid rafts at physiological temperatures [33]; such
membrane heterogeneity is also known to persist upon cooling [44]. Then, the data
in Fig. 6 can be interpreted as evidence that diclofenac-SL molecules are captured
by lipid rafts. The same conclusion was done in [37] for spin-labeled ibuprofen in
the DOPC/DPPC/cholesterol bilayer of the same composition.

5 Conclusions

DEER study of mono-spin-labeled molecules allows getting information on the
mutual spatial arrangement of spin-labeled molecules. The results obtained here for
mono-spin-labeled diclofenac-SL indicate clustering of its molecules in the studied
lipid bilayers. In the POPC bilayer, clustering occurs as alternative assembling in
two opposite membrane leaflets, with random 2-D spatial distribution within the
clusters. In the DOPC/DPPC and DOPC/DPPC/cholesterol bilayers, the short-range
structure is likely formed by DPPC or DOPC molecules enveloping diclofenac-SL
molecules; this envelopment prevents the molecules from contacting closer than
1.4 nm.

In the DOPC/DPPC/cholesterol bilayer, the data can be explained by suggesting
that diclofenac-SL is taken up by lipid rafts, which are assumed to exist in this sys-
tem, even at low temperatures. This explanation is based on data from the two-pulse
ESE experiment: the time dependence of the echo signal revealed features known for
the long-range order of spin-labeled molecules. The superlattice parameter obtained
from the found surface density of diclofenac-SL is about 3.0 nm. The presence of
such a superlattice indicates that lipid rafts have an internal substructure. The stitch-
ing of DEER and two-pulse ESE data is the subject of further studies that may pos-
sibly allow to give more information about this internal substructure of lipid rafts.
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