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Abstract: Ibuprofen is a non-steroidal anti-inflammatory drug possessing analgesic and antipyretic
activity. Electron paramagnetic resonance (EPR) spectroscopy could be applied to study its interaction
with biological membranes and proteins if its spin-labeled analogs were synthesized. Here, a sim-
ple sequence of ibuprofen transformations—nitration, esterification, reduction, Sandmeyer reaction,
Sonogashira cross-coupling, oxidation and saponification—was developed to attain this goal. The syn-
thesis resulted in spin-labeled ibuprofen (ibuprofen-SL) in which the spin label TEMPOL is attached
to the benzene ring. EPR spectra confirmed interaction of ibuprofen-SL with 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) bilayers. Using 2H electron spin echo envelope modulation
(ESEEM) spectroscopy, ibuprofen-SL was found to be embedded into the hydrophobic bilayer interior.

Keywords: non-steroidal anti-inflammatory drug; NSAID; lipid bilayer; EPR; 2H ESEEM

1. Introduction

Ibuprofen, along with aspirin and paracetamol, is the most significant non-steroidal
anti-inflammatory drug, and is widely used for analgesic and antipyretic purposes. The
over-the-counter status of these drugs are based on years of extensive research into their
efficacy and safety [1–3]. In particular, the general pattern of blocking prostaglandin
synthesis via inhibition of membrane enzyme cyclo-oxygenase (COX) by ibuprofen, as well
as the parallel side effects caused by this inhibition, mainly in the gastrointestinal tract, has
been studied in detail [4]. The other beneficial properties of ibuprofen, such as slowing
down neurodegenerative diseases [5–7] and cancer [8–11] have also been shown.

Improvement of ibuprofen-containing drugs is carried out in several directions: in-
creasing its bioavailability [12,13], its use in combination with other drugs [14,15], reducing
the negative impact on the gastrointestinal tract [16], and others. In this regard, new data
on the processes of interaction of ibuprofen with lipid membranes and with proteins,
previously inaccessible for detection and description, could be extremely useful. Differ-
ent methods, such as X-ray diffraction/scattering [17,18], differential scanning calorime-
try [19], quasielastic neutron scattering [20], fluorescence [21], neutron spin echo [22],
electrochemical impedance [23], Raman microspectroscopy [24], vibrational sum frequency
spectroscopy [25], powder NMR [26] and electron paramagnetic resonance (EPR) spec-
troscopy [27,28] are used to study ibuprofen-mediated changes in model lipid membranes.

Spin-label EPR spectroscopy [29] allows one to obtain structural and dynamical in-
formation at the molecular level, of the kind that is accessible only with this technique.
In particular, a pulsed EPR version of electron spin echo envelope modulation (ESEEM)
spectroscopy probes the position of molecules in the membranes [30–33], while double
electron–electron resonance (DEER, also known as PELDOR) spectroscopy probes molecu-
lar self-assembling in membranes and other biological systems [34–38].

For EPR applications, employment of spin-labeled ibuprofen would be desirable.
Usually the nitroxyl label is introduced into ibuprofen through the transformation of the
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carboxyl group: condensation reactions of ibuprofen with amino or hydroxyl derivatives
of nitroxides under the action of dehydrating agents (1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide or N,N′-dicyclohexylcarbodiimide/N,N-dimethyl-4-aminopyridine) were
used to synthesize esters [39] and amides [40], respectively. A significant disadvantage of
this approach is the replacement of an important functional group in the molecule, namely
the carboxyl group, with an ester or amide group. In such cases, there is a change in the rate
and efficiency of drug–target interactions, since the inhibition of COX is achieved, among
other ways, through the formation of critical bonds of its active site with the carboxyl
group of ibuprofen [41,42]. In addition, the carboxyl group is the hydrophilic “anchor” of
ibuprofen, playing a key role in the drug’s interaction with the lipid membranes and its
components [43,44].

Therefore, introduction of a substituent in the benzene ring to preserve basic properties
of the ibuprofen (the most important is amphiphilicity of the molecule) would be reasonable.
Here, we report a six-step synthesis of a new ibuprofen spin-labeled derivative (ibuprofen-
SL), containing a nitroxyl radical 2,2,6,6-tetramethylpiperidin-1-yl (TEMPOL) in the meta
position relative to the 1-carboxyethyl group. Also, interaction of ibuprofen-SL with a model
membrane of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was characterized
by conventional and pulsed EPR.

2. Results and Discussion
2.1. Synthesis

The route of synthesis is presented in Scheme 1. We used the Sonogashira cross-
coupling of 4-ethynyl-2,2,6,6-tetramethylpiperidin-4-ol with iodo-ibuprofen methyl ester 2
to assemble a precursor 3, which, after oxidation with hydrogen peroxide followed by
saponification with aqueous sodium hydroxide solution in one pot, gave the target prod-
uct 1. This order of transformations is a good alternative to the use of ethynyl-nitroxides
in cross-coupling, which is usually difficult due to the side processes resulting in low
yields of spin-labeled products [45–47]. Standard procedures for the oxidative iodination
(I2/HIO3/AcOH) of ibuprofen have resulted in an inseparable mixture of 2- and 3-iodo-
ibuprofen (Figure S1). Therefore, the necessary compound 2 was obtained in several steps.
Initially, ibuprofen was carefully nitrated with nitric acid in sulfuric acid at −5 ◦C in 89%
yield. Esterification of the nitro compound 4 with methanol in the presence of sulfuric acid
gave the ester 5 (98% yield). The amine 6 was obtained in 92% yield by reduction with
iron filings in aqueous methanol at 65◦C. In the next step, the amine 6 was diazotized with
sodium nitrite in hydrochloric acid and subjected to Sandmeyer reaction with potassium
iodide in water, to prepare the iodo-ibuprofen methyl ester 2 (51% yield).

Scheme 1. Synthesis of ibuprofen-SL 1.
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The structure and purity of the obtained compounds 1–6 were confirmed by elemental
analysis, IR, 1H-NMR, 13C-NMR and mass spectrometry (see Supplementary Materials).

2.2. Conventional EPR Spectra: Interaction with the POPC Membrane

EPR spectrum of ibuprofen-SL dissolved in toluene at concentration of 1 mM was
recorded at room temperature (25 ◦C)—see Figure 1. This spectrum is typical for the
nitroxide rapidly tumbling in a solution. The hyperfine interaction a constant directly
obtained from the spectrum is 1.5 ± 0.02 mT.

Figure 1. Room-temperature EPR spectra of ibuprofen-SL: for its 1 mM solution in toluene (a), and
in presence of POPC bilayers (b). In the latter case, the samples were prepared either by mixing
ibuprofen-SL and POPC prior to the bilayer’s preparation (thick line), or by adding the solution of
ibuprofen-SL in DMSO to the pure POPC bilayers (thin line).

Figure 1 also shows room-temperature EPR spectra for ibuprofen-SL in the presence
of POPC bilayers, for the samples obtained in two ways. First, bilayers were prepared from
an initial ibuprofen-SL/POPC mixture (1:99 mol/mol). Secondly, a dimethyl sulfoxide
(DMSO) solution of ibuprofen-SL was added to pure POPC bilayers. One can see from
Figure 1 that both methods of sample preparation result in very similar EPR spectra. A
slight difference between them is the presence of a small admixture of a narrow triplet
for the second kind of the sample. This narrow triplet obviously belongs to ibuprofen-SL
which did not enter the membrane but remains in the water phase. Also, a slight narrowing
of the EPR lines is here seen; as DMSO is less viscous than the lipid bilayer, this narrowing
can be readily explained by the plasticization effect of DMSO.

The EPR spectra in the POPC bilayer show that molecular motion is hampered re-
markably, as compared with the freely rotating case of toluene solution (see Figure 1).
This retardation is typical for EPR spectra of spin-labeled molecules in room-temperature
POPC membrane—see, e.g., [48]. Therefore, we may conclude that in our samples the
ibuprofen-SL molecules interact with the membranes.

2.3. Pulsed EPR: Location in the POPC Membrane

Information about location of the ibuprofen-SL molecule in the membrane can be
obtained using pulsed EPR. The approach used [30–33] employs ESEEM spectroscopy.
The ESEEM effect appears because of an anisotropic hyperfine interaction of the unpaired
electron of the spin label with the nearby nuclei; its magnitude is determined by the
number of nuclei located in the immediate proximity of the spin label—at distances less
than 1 nm [30–33]. 2H ESEEM of D2O-hydrated membranes allows one to determine the
location of the spin label respectively to the membrane surface.
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The ESEEM signal time trace for ibuprofen-SL in D2O-hydrated POPC bilayers, ob-
tained as a function of the delay t (see Experimental), E(t), was refined from the influence
of the background spin relaxation by normalizing to the mean echo decay, <E(t)>, [30–33]:

En(t) =
E(t)

< E(t) >
− 1. (1)

The result is shown in Figure 2a. Also in Figure 2a are the analogously obtained
reference data on stearic acids, doxyl-spin-labeled at the n-th carbon atom positions along
the carbon chain, n-DSA, and the analogous data [49] on 2-oleoyl-1-palmitoyl-sn-glycero-3-
phospho(TEMPO)choline (denoted as TEMPO-PC), in which the spin label is attached to
the polar lipid head. The corresponding Fourier transforms (see [32]) are given in Figure 2b.

Figure 2. (a) ESEEM time traces for ibuprofen-SL in D2O-hydrated POPC bilayer. For comparison,
the analogous data for TEMPO-PC (adapted from [49] under permission) and 5(12,16)-DSA are given.
The data are vertically shifted for convenience. (b) Fourier transforms of the time domain data.

One can see from the data presented in Figure 2 that ESEEM amplitudes for all the
samples are different. The largest amplitude is for the TEMPO-PC sample which can be
readily understood because the spin label here is directly exposed to the water shell. For the
spin-labeled stearic acids, n-DSA, the signal amplitude becomes subsequently smaller with
the n increase, which corresponds to increasing the distance from the membrane surface.

The ESEEM amplitude for ibuprofen-SL in Figure 2 demonstrates its closeness to that
of the 5-DSA sample. It is known from molecular dynamics (MD) simulations [50], that the
carbon atom positions in the spin-labeled stearic acids resemble approximately those for
the host bilayer lipid (with some minor deviation). Note that in the 5-DSA molecule the
location of the nitroxide is fixed by its covalent attachment to the alkane chain, whereas in
ibuprofen-SL there could be a broader distribution including molecules buried deep into
the membrane and others near the surface. Nevertheless, this closeness allows one to state
that the spin label in the ibuprofen-SL molecule is located mostly in the membrane interior.

This statement is to be compared with the results of MD simulations for ibuprofen
embedded in lipid bilayers [28,51,52] which indicate that ibuprofen molecules prefer to be
located in the hydrophobic interior. This is not surprising because, although a hydrophilic
carboxylate group of ibuprofen interacts with lipid hydrophilic heads, its large non-polar
residue is indeed expected to be located in the hydrophobic interior.
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Therefore, the presence of a spin label does not remarkably change the hydrophobicity
of the backbone of the parent ibuprofen molecule, which might lead to its excursion from
the membrane interior. Therefore ibuprofen-SL molecules can adequately mimic the parent
ibuprofen molecules embedded into the biological membrane.

3. Materials and Methods
3.1. General Information

Elemental analysis was performed with a CHN-analyzer (Model 1106, “Carlo Erba”,
Italy). NMR spectra were recorded on a Bruker AV-400 (400 (1H) and 101 (13C) MHz) or
AV-500 (500 (1H) and 126 (13C) MHz) spectrometer in the CDCl3. Chemical shifts (δ) are
given in ppm with reference to the residual signals of CDCl3 (δ = 7.26 ppm for 1H and
δ = 77.16 for 13C ppm). Melting points were determined with a 1101D Mel-Temp Digital
Melting Point apparatus (Electrothermal). HRMS were measured on a Thermo Electron
Corporation DFS mass spectrometer (70 eV), using direct injection, the temperature of
the ionization chamber was 220–270 ◦C. The IR spectra were recorded on a Shimadzu
IRTracer-100 instrument with GS10802-X Quest ATR ZnSe Accessory (Specac). Column
chromatography was performed on silica gel (0.063–0.200 mm). Merck 60 WF254 plates
were used for TLC analysis. All reagents and solvents were obtained from commercial
sources and used directly after purchased without special purification. Racemic ibuprofen
was purchased from Sigma-Aldrich.

3.2. Synthesis and Characterization

4-Ethynyl-2,2,6,6-tetramethylpiperidin-4-ol was synthesized according to the previously
reported procedure [53].

2-[4-(2-Methylpropyl)-3-nitrophenyl]propanoic acid (4). A solution of ibuprofene (5.5 g,
26.7 mmol) in 100 mL concentrated H2SO4 was cooled to −5 ◦C, and mixture of concen-
trated HNO3 (2.15 mL, 32.0 mmol, 67%) and concentrated H2SO4 (17 mL) was added
dropwise for 10 min. The resulting solution was stirred for an additional 20 min. The
mixture was added to ice (600 g), and the product was extracted with ethyl acetate (250 mL).
The organic layer was separated and dried over MgSO4. The solvent was evaporated, and
the product was crystallized from hexane. Yield 5.95 g (89%), white solid, mp 91–92 ◦C.
1H-NMR (400 MHz, CDCl3) δ: 7.83 (d, 1H, HAr, J = 1.7 Hz). 7.46 (dd, 1H, HAr, J = 7.9 and
1.7 Hz), 7.26 (d, 1H, HAr, J = 8.1 Hz), 3.79 (q, 1H, CH, J = 7.2 and 7.1 Hz), 2.76 (d, 2H, CH2,
J = 7.1 Hz), 1.89 (p, 1H, CH, J = 6.8 and 6.6 Hz), 1.55 (d, 3H, CH3, J = 7.2 Hz), 0.91 (d, 6H,
2CH3, J = 6.6 Hz). 13C-NMR (126 MHz, CDCl3) δ: 180.11 (C=O), 149.80 (CAr), 138.84 (CAr),
135.68 (CAr), 133.16 (CArH), 131.84 (CArH), 123.93 (CArH), 44.65, 41.54, 29.57, 22.57, 18.04
(i-Bu, CH3, CH). IR (film) cm−1: 2957, 2870 (Alk), 1701 (C=O), 1524, 1350 (NO2). Anal.
Calcd. for C13H17NO4: C, 62.48; H, 6.89; N, 5.66. Found: C, 62.14; H, 6.82; N, 5.57.

Methyl 2-[4-(2-methylpropyl)-3-nitrophenyl]propanoate (5). A solution of compound 4
(5.0 g, 19.9 mmol) and concentrated H2SO4 (1.5 mL) in methanol (70 mL) was stirred at
40 ◦C for 20 h. The reaction mixture was poured onto water (400 mL) and petroleum
ether (300 mL), the organic layer was separated and dried over MgSO4. The solvent was
evaporated in vacuo. The crude product was purified by column chromatography on silica
gel (eluent: petroleum ether/ethyl acetate, 9:1). Yield 5.18 g (98%), colorless oil. 1H-NMR
(400 MHz, CDCl3) δ: 7.79 (d, 1H, HAr, J = 1.7 Hz), 7.44 (dd, 1H, HAr, J = 7.9 and 1.7 Hz),
7.24 (d, 1H, HAr, J = 8.1 Hz), 3.77 (q, 1H, CH, J = 7.2 and 7.1 Hz), 3.67 (s, 3H, OCH3), 2.74 (d,
2H, CH2, J = 7.1 Hz), 1.88 (p, 1H, CH, J = 6.7 and 6.7 Hz), 1.51 (d, 3H, CH3, J = 7.2 Hz), 0.89
(d, 6H, 2CH3, J = 6.7 Hz). 13C-NMR (100 MHz, CDCl3) δ: 174.12 (C=O), 149.80 (CAr), 139.71
(CAr), 135.27 (CAr), 133.04 (CArH), 131.61 (CArH), 123.80 (CArH), 52.40 (OCH3), 44.66, 41.48,
29.53, 22.52, 18.42, (i-Bu, CH3, CH). IR (film) cm−1: 2957, 2870 (Alk), 1736 (C=O), 1529,
1348 (NO2), 1207, 1192, 1167 (COC). Anal. Calcd. for C14H19NO4: C, 63.38; H, 7.22; N, 5.28.
Found: C, 63.00; H, 7.09; N, 5.19.

Methyl 2-[3-amino-4-(2-methylpropyl)phenyl]propanoate (6). A mixture of compound 5
(5.0 g, 18.7 mmol), iron filings (4.4 g, 78.6 mmol), NH4Cl (2.8 g, 52.3 mmol) and H2O (3.8 mL)
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in methanol (38 mL) was stirred at 65 ◦C for 20 h. The reaction mixture was poured onto
ethyl acetate (350 mL), washed with water (350 mL) and dried with MgSO4. The solvent
was evaporated in vacuo. The crude product was purified by column chromatography
on silica gel (eluent: petroleum ether/ethyl acetate, 9:1). Yield 4.12 g (92%), colorless oil.
1H-NMR (400 MHz, CDCl3) δ: 6.94 (d, 1H, HAr, J = 7.7 Hz), 6.64 (dd, 1H, HAr, J = 7.7 and
1.6 Hz), 6.61 (d, 1H, HAr, J = 1.6 Hz), 3.65 (s, 3H, OCH3), 3.61 (q, 1H, CH, J = 7.2 and 7.1 Hz),
3.57 (br.s, 2H, NH2), 2.34 (d, 2H, CH2, J = 7.1 Hz), 1.91 (p, 1H, CH, J = 6.7 and 6.7 Hz), 1.46
(d, 3H, CH3, J = 7.2 Hz), 0.95 (d, 6H, 2CH3, J = 6.6 Hz). 13C-NMR (126 MHz, CDCl3) δ:
175.36 (C=O), 144.53 (CAr), 139.26 (CAr), 131.06 (CArH), 124.86 (CAr), 117.63 (CArH), 114.50
(CArH), 52.08 (OCH3), 45.08, 40.66, 27.80, 22.83, 18.67 (i-Bu, CH3, CH). IR (film) cm−1: 3448,
3371 (NH2), 2951, 2866 (Alk), 1728 (C=O), 1194, 1161 (COC). HRMS (ESI) m/z: [M]+ Calcd
for C14H21NO2 235.1567. Found 235.1571.

Methyl 2-[3-iodo-4-(2-methylpropyl)phenyl]propanoate (2). A solution of NaNO2 (610 mg,
8.8 mmol) in H2O (4 mL) was added dropwise to amine 5 in 8 M HCl (12 mL) at −5 ◦C.
The reaction mixture was stirred for 15 min and added in portions over 10 min to a stirring
mixture of KI (1.66 g, 10.0 mmol) in H2O (40 mL). Then, the reaction mixture was stirred at
60 ◦C for 2 h. Water (100 mL) and petroleum ether (200 mL) were added, and the organic
layer was separated and dried over MgSO4. The crude product was purified by column
chromatography on silica gel (eluent: petroleum ether/toluene, 1:1). Yield 1.5 g (51%),
colorless oil. 1H-NMR (500 MHz, CDCl3) δ: 7.74 (d, 1H, HAr, J = 1.5 Hz), 7.19 (dd, 1H,
HAr, J = 7.8 and 1.5 Hz), 7.09 (d, 1H, HAr, J = 7.8 Hz), 3.67 (s, 3H, OCH3), 3.63 (q, 1H, CH,
J = 7.2 and 7.0 Hz), 2.55 (d, 2H, CH2, J = 7.2 Hz), 1.95 (p, 1H, CH, J = 6.9 and 6.7 Hz), 1.46 (d,
3H, CH3, J = 7.2 Hz), 0.94 (d, 6H, 2CH3, J = 6.5 Гц). 13C-NMR (126 MHz, CDCl3) δ: 174.73
(C=O), 143.23 (CAr), 139.95 (CAr), 138.50 (CArH), 130.49 (CArH), 127.13 (CArH), 101.40 (CArI),
52.30 (OCH3), 49.24, 44.46, 28.98, 22.37, 18.63 (i-Bu, CH3, CH). IR (film) cm−1: 2953, 2868
(Alk), 1736 (C=O), 1203, 1163 (COC). HRMS (ESI) m/z: [M]+ Calcd for C14H19IO2 346.0424.
Found 346.0421.

Methyl 2-{3-[(4-hydroxy-2,2,6,6-tetramethylpiperidin-4-yl)ethynyl]-4-(2-methylpropyl)-
phenyl}propanoate (3). 4-Ethynyl-2,2,6,6-tetramethylpiperidin-4-ol (290 mg, 1.6 mmol) was
added to a solution of iodide 2 (500 mg, 1.4 mmol), PdCl2(PPh3)2 (30 mg, 0.04 mmol),
CuI (20 mg, 0.1 mmol), and Et3N (2 mL) in toluene (20 mL) and stirred under an argon
atmosphere at 75 ◦C for 1.5 h. After cooling, the reaction mixture was filtered, filtrate was
washed with 6 M aqueous ammonia (50 mL) and dried over MgSO4. The crude product was
purified by column chromatography on silica gel (eluent: ethyl acetate). Yield 300 mg (54%),
white solid, mp 95–96 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.30 (d, 1H, HAr, J = 1.7 Hz). 7.16
(dd, 1H, HAr, J = 7.9 and 1.9 Hz), 7.09 (d, 1H, HAr, J = 7.9 Hz), 3.62–3.68 (m, 4H, OCH3+CH),
2.58 (d, 2H, CH2, J = 7.1 Hz), 2.34 (br.m, 2H, NH+OH), 1.91–2.00 (m, 3H, CH2+CH), 1.76
(d, 2H, CH2, J = 13.4 Hz), 1.46 (d, 3H, CH3, J = 7.2 Hz), 1.33 (d, 12H, 4CH3, J = 11.4 Hz),
0.91 (d, 6H, 2CH3, J = 6.6 Hz). 13C-NMR (126 MHz, CDCl3) δ: 174.95 (C=O), 142.75 (CAr),
137.99 (CAr), 131.35 (CArH), 130.12 (CArH), 127.50 (CArH), 122.65 (CAr), 83.05, 97.62 (C≡C),
67.32 (COH), 52.24, 51.02, 49.63, 44.85, 43.48, 32.84, 31.65, 29.68, 22.62, 18.59 (i-Bu, CH3, CH,
OCH3, NH(C(CH3)2CH2)2). IR (film) cm−1: 3500 (NH, OH), 2955, 2870 (Alk), 1738 (C=O),
1163 (COC). Anal. Calcd. for C25H37NO3: C, 75.15; H, 9.33; N, 3.51. Found: C, 75.59; H,
9.51; N, 3.43. HRMS (ESI) m/z: [M]+ Calcd for C25H37NO3 399.2768. Found 399.2767.

{4-[5-(1-Carboxyethyl)-2-(2-methylpropyl)phenyl]ethynyl-4-hydroxy-2,2,6,6-tetrame-
thylpiperidin-1-yl}oxidanyl (1). A solution of 30% Hydrogen peroxide (0.37 mL) was added
to a mixture compound 5 (120 mg, 0.3 mmol), Na2WO4·2H2O (15 mg, 0.045 mmol), EDTA
disodium salt (15 mg, 0.045 mmol) and H2O (0.37 mL) in methanol (3 mL) at room temper-
ature and stirred for 70 h. The reaction mixture was filtered, the solvent was evaporated in
vacuo, 2 M NaOH (3 mL) was added, and the resulting mixture was stirred at 80 ◦C for
0.5 h. Then, H2O (5 mL) was added. The solution was cooled to 0 ◦C and treated with 1 M
HCl to neutral pH. The crude product was extracted with ethyl acetate and purified by
column chromatography on silica gel (eluent: petroleum ether/ethyl acetate, 1:1). Yield
60 mg (50%), red viscous oil. 1H-NMR (400 MHz, CDCl3) δ: 7.10–7.75 (m, 3H, HAr). 3.78
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(br.m, 1H, CH), 2.70 (br.m, 2H, CH2), 2.08 (br.m, 1H, CH), 1.58 (br.m, 3H, CH3), 1.02 (br.m,
6H, 2CH3). 13C-NMR (126 MHz, CDCl3) δ: 177.63 (C=O), 141.99 (CAr), 136.28 (CArH),
130.94 (CAr), 128.80 (CArH), 126.92 (CArH), 120.36 (CAr), 84.74 44.56, (C≡C), 42.44, 28.64,
28.42, 22.03, 17.14 (i-Bu, CH3, CH). IR (film) cm−1: 3470 (OH), 2931, 2868 (Alk), 2241 (C≡C),
1709 (C=O). HRMS (ESI) m/z: [M]+ Calcd for C24H34NO4 400.2482. Found 400.2486.

3.3. Sample Preparations for EPR Investigation

To obtain EPR spectra in toluene solution, ibuprofen-SL was dissolved in toluene
(Ekros-Analytica, St. Petersburg, Russia, distilled before the use) at concentration of 1 mM.

Lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were from Avanti
Polar Lipids (Birmingham, AL, USA). Spin-labeled stearic acids 5-DSA, 12-DSA and 16-DSA
were from Sigma-Aldrich (Saint Louis, MO, USA). These substances were used as received.

The bilayer samples with ibuprofen-SL were prepared in two ways. For the first
method, POPC and ibuprofen-SL were dissolved separately in chloroform, then the two
solutions were mixed, so that the ibuprofen-SL/POPC molar ratio in the mixture was 1:99.
Then the solvent was removed in a nitrogen stream and the mixture was stored under
vacuum for 4 h. Then phosphate-buffered saline (pH 7.0) was added to the resulting powder
in a proportion of 10:1 (v/v), the sample was stirred and then stored for 2 h. Upon this
procedure, multilamellar vesicles (MLVs) are formed [54]. Then the mixture was centrifuged
to remove excess solvent. For some experiments, deuterium-substituted water has been
used instead of ordinary water. For the second method, MLVs were similarly prepared,
but without ibuprofen-SL; then, a dimethylsulfoxide (DMSO) solution of ibuprofen-SL
was subsequently added. DMSO content was less than 10 vol% respectively to the sample
volume; the total ibuprofen-SL quantity was 100 times smaller than the total lipid quantity
(mol/mol).

For comparative purposes, POPC bilayers containing 1 mol% of doxyl-spin-labeled
stearic acids n-DSA (n = 5, 12 or 16) were also prepared, in a manner similar to the first
method described above.

The prepared samples were put into EPR glass tubes of 3 mm o.d. and studied either
at room temperature or at 80 K. In the latter case, the samples were quickly frozen by
immersion into liquid nitrogen.

3.4. EPR Measurements

Conventional EPR spectra were obtained at room temperature with an X-band EPR
benchtop SPINSCAN-X spectrometer (ADANI, Minsk, Belorussia), operating at modulation
amplitude of 0.01 mT, with the output microwave (MW) power of 100 mW, the MW
attenuation set to−25 dB, and with sweep and constant times of 60 s and 46 ms, respectively.

In pulsed EPR studies, an X-band Bruker ELEXSYS E580 EPR spectrometer was used
equipped with a split-ring Bruker ER 4118 X-MS-3 resonator and an Oxford Instruments CF-
935 cryostat. A three-pulse ESEEM sequence (π/2)-τ-(π/2)-t-(π/2)-τ-echo was employed,
with excitation at the maximum of the echo-detected EPR spectrum. The pulse lengths
were 16 ns, time delay τ was 204 ns, the time delay t was scanned from 300 ns to 10 µs,
with a 12 or 16 ns time step. The resonator was cooled with a stream of cold nitrogen
gas. The temperature was controlled by a nitrogen flow stabilized by a Bruker ER4131VT
temperature controller, the sample temperature was kept near 80 K.

4. Conclusions

It is shown in this work that ibuprofen—a non-steroidal anti-inflammatory drug
possessing analgesic and antipyretic activity—can be labeled by a TEMPOL spin label
via a simple six-step sequence of nitration, esterification, reduction, Sandmeyer reaction,
Sonogashira cross-coupling, oxidation and saponification. The TEMPOL spin label in
ibuprofen is coupled to the benzene core of the molecule via a triple bond.

EPR data show that spin-labeled ibuprofen interacts with lipid membranes. The im-
mersion depth into the membrane was found with pulsed EPR (2H ESEEM spectroscopy)
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in D2O-hydrated bilayers, the results indicate that spin label is buried into the membrane
interior, which is in agreement with literature MD data on the immersion of the ibupro-
fen molecule. So, the proposed method of synthesis allows one to obtain spin-labeled
ibuprofen that can adequately mimic the parent ibuprofen molecules interacting with the
biological membrane.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27134127/s1, Figure S1: 1H-NMR spectrum of a mix-
ture of products isolated by the iodination reaction of ibuprofen with I2/HIO3 in acetic acid at
70 ◦C, followed by methylation with methanol; Figures S2–S14: 1H and 13C-NMR spectra for com-
pounds 1–6; Figures S15–S20: IR spectra for compounds 1–6; Figures S21–S24: HRMS spectrum of
compound 1–3, 6.

Author Contributions: Synthesis and writing, D.S.B.; investigation, A.S.S.; conceptualization and
writing, S.A.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation, project # 21-13-00025.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the synthesized compounds are available from the authors.

References
1. Rainsford, K.D. Ibuprofen: Discovery, Development and Therapeutics; John Wiley & Sons: West Sussex, UK, 2015. [CrossRef]
2. Radman, M.; Babic, A.; Runjic, E.; Jelicic Kadic, A.; Jeric, M.; Moja, L.; Puljak, L. Revisiting established medicines: An overview of

systematic reviews about ibuprofen and paracetamol for treating pain in children. Eur. J. Pain 2019, 23, 1071–1082. [CrossRef]
[PubMed]

3. Varrassi, G.; Pergolizzi, J.V.; Dowling, P.; Paladini, A. Ibuprofen Safety at the Golden Anniversary: Are all NSAIDs the Same?
A Narrative Review. Adv. Ther. 2020, 37, 61–82. [CrossRef] [PubMed]

4. Rainsford, K.D. Ibuprofen: Pharmacology, Therapeutics and Side Effects; Springer: Berlin/Heidelberg, Germany, 2012. [CrossRef]
5. Wyss-Coray, T.; Mucke, L. Ibuprofen, inflammation and Alzheimer disease. Nat. Med. 2000, 6, 973–974. [CrossRef]
6. Gao, X.; Chen, H.; Schwarzschild, M.A.; Ascherio, A. Use of ibuprofen and risk of Parkinson disease. Neurology 2011, 76, 863–869.

[CrossRef]
7. Van Dam, D.; Coen, K.; De Deyn, P.P. Ibuprofen modifies cognitive disease progression in an Alzheimer’s mouse model.

J. Psychopharmacol. 2010, 24, 383–388. [CrossRef] [PubMed]
8. Khwaja, F.; Allen, J.; Lynch, J.; Andrews, P.; Djakiew, D. Ibuprofen inhibits survival of bladder cancer cells by induced expression

of the p75NTR tumor suppressor protein. Cancer Res. 2004, 64, 6207–6213. [CrossRef] [PubMed]
9. Zappavigna, S.; Cossu, A.M.; Grimaldi, A.; Bocchetti, M.; Ferraro, G.A.; Nicoletti, G.F.; Filosa, R.; Caraglia, M. Anti-inflammatory

drugs as anticancer agents. Int. J. Mol. Sci. 2020, 21, 2605. [CrossRef]
10. Endo, H.; Yano, M.; Okumura, Y.; Kido, H. Ibuprofen enhances the anticancer activity of cisplatin in lung cancer cells by inhibiting

the heat shock protein 70. Cell Death Dis. 2014, 5, e1027. [CrossRef]
11. Greenspan, E.J.; Madigan, J.P.; Boardman, L.A.; Rosenberg, D.W. Ibuprofen inhibits activation of nuclear β-catenin in human

colon adenomas and induces the phosphorylation of GSK-3β. Cancer Prev. Res. 2011, 4, 161–171. [CrossRef]
12. Cajaraville, J.P. Ibuprofen arginate for rapid-onset pain relief in daily practice: A review of its use in different pain conditions.

J. Pain Res. 2021, 14, 117–126. [CrossRef]
13. Hartlieb, K.J.; Ferris, D.P.; Holcroft, J.M.; Kandela, I.; Stern, C.L.; Nassar, M.S.; Botros, Y.Y.; Stoddart, J.F. Encapsulation of

Ibuprofen in CD-MOF and Related Bioavailability Studies. Mol. Pharm. 2017, 14, 1831–1839. [CrossRef] [PubMed]
14. Smith, W.; Leyva, R.; Kellstein, D.; Arthur, E.; Cruz-Rivera, M. Efficacy of a Fixed-Dose Combination of Ibuprofen and Ac-

etaminophen Compared with Individual Monocomponents in Adult Male Subjects With Endotoxin-Induced Fever: A Randomized
Controlled Trial. Clin. Ther. 2021, 43, 1213–1227. [CrossRef] [PubMed]

15. Brazier, D.; Perry, R.; Keane, J.; Barrett, K.; Elmaleh, D.R. Pharmacokinetics of Cromolyn and Ibuprofen in Healthy Elderly
Volunteers. Clin. Drug Investig. 2017, 37, 1025–1034. [CrossRef] [PubMed]

16. Laine, L.; Kivitz, A.J.; Bello, A.E.; Grahn, A.Y.; Schiff, M.H.; Taha, A.S. Double-blind randomized trials of single-tablet
ibuprofen/high-dose famotidine vs. ibuprofen alone for reduction of gastric and duodenal ulcers. Am. J. Gastroenterol. 2012, 107,
379–386. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules27134127/s1
https://www.mdpi.com/article/10.3390/molecules27134127/s1
http://doi.org/10.1002/9781118743614
http://doi.org/10.1002/ejp.1380
http://www.ncbi.nlm.nih.gov/pubmed/30793444
http://doi.org/10.1007/s12325-019-01144-9
http://www.ncbi.nlm.nih.gov/pubmed/31705437
http://doi.org/10.1007/978-3-0348-0496-7
http://doi.org/10.1038/79661
http://doi.org/10.1212/WNL.0b013e31820f2d79
http://doi.org/10.1177/0269881108097630
http://www.ncbi.nlm.nih.gov/pubmed/18957478
http://doi.org/10.1158/0008-5472.CAN-03-3814
http://www.ncbi.nlm.nih.gov/pubmed/15342406
http://doi.org/10.3390/ijms21072605
http://doi.org/10.1038/cddis.2013.550
http://doi.org/10.1158/1940-6207.CAPR-10-0021
http://doi.org/10.2147/JPR.S280571
http://doi.org/10.1021/acs.molpharmaceut.7b00168
http://www.ncbi.nlm.nih.gov/pubmed/28355489
http://doi.org/10.1016/j.clinthera.2021.05.004
http://www.ncbi.nlm.nih.gov/pubmed/34304913
http://doi.org/10.1007/s40261-017-0549-5
http://www.ncbi.nlm.nih.gov/pubmed/28856569
http://doi.org/10.1038/ajg.2011.443


Molecules 2022, 27, 4127 9 of 10

17. Manrique-Moreno, M.; Villena, F.; Sotomayor, C.P.; Edwards, A.M.; Muñoz, M.A.; Garidel, P.; Suwalsky, M. Human cells and cell
membrane molecular models are affected in vitro by the nonsteroidal anti-inflammatory drug ibuprofen. Biochim. Biophys. Acta
Biomembr. 2011, 1808, 2656–2664. [CrossRef]

18. Alsop, R.J.; Armstrong, C.L.; Maqbool, A.; Toppozini, L.; Dies, H.; Rheinstädter, M.C. Cholesterol expels ibuprofen from the
hydrophobic membrane core and stabilizes lamellar phases in lipid membranes containing ibuprofen. Soft Matter 2015, 11,
4756–4767. [CrossRef]

19. Sreij, R.; Prévost, S.; Dargel, C.; Dattani, R.; Hertle, Y.; Wrede, O.; Hellweg, T. Interaction of the Saponin Aescin with Ibuprofen in
DMPC Model Membranes. Mol. Pharm. 2018, 15, 4446–4461. [CrossRef]

20. Sharma, V.K.; Mamontov, E.; Tyagi, M. Effects of NSAIDs on the nanoscopic dynamics of lipid membrane. Biochim. Biophys. Acta
Biomembr. 2020, 1862, 183100. [CrossRef]

21. Yefimova, S.L.; Tkacheva, T.N.; Kasian, N.A. Study of the Combined Effect of Ibuprofen and Cholesterol on the Microviscosity
and Ordering of Model Lipid Membranes by Timeresolved Measurement of Fluorescence Anisotropy Decay. J. Appl. Spectrosc.
2017, 84, 284–290. [CrossRef]

22. Sharma, V.K.; Nagao, M.; Rai, D.K.; Mamontov, E. Membrane softening by nonsteroidal anti-inflammatory drugs investigated by
neutron spin echo. Phys. Chem. Chem. Phys. 2019, 21, 20211–20218. [CrossRef]

23. Ramadurai, S.; Sarangi, N.K.; Maher, S.; Macconnell, N.; Bond, A.M.; McDaid, D.; Flynn, D.; Keyes, T.E. Microcavity-Supported
Lipid Bilayers; Evaluation of Drug-Lipid Membrane Interactions by Electrochemical Impedance and Fluorescence Correlation
Spectroscopy. Langmuir 2019, 35, 8095–8109. [CrossRef] [PubMed]

24. Wood, M.; Morales, M.; Miller, E.; Braziel, S.; Giancaspro, J.; Scollan, P.; Rosario, J.; Gayapa, A.; Krmic, M.; Lee, S. Ibuprofen and
the Phosphatidylcholine Bilayer: Membrane Water Permeability in the Presence and Absence of Cholesterol. Langmuir 2021, 37,
4468–4480. [CrossRef] [PubMed]

25. Sun, S.; Sendecki, A.M.; Pullanchery, S.; Huang, D.; Yang, T.; Cremer, P.S. Multistep Interactions between Ibuprofen and Lipid
Membranes. Langmuir 2018, 34, 10782–10792. [CrossRef] [PubMed]

26. Kremkow, J.; Luck, M.; Huster, D.; Müller, P.; Scheidt, H.A. Membrane interaction of ibuprofen with cholesterol-containing lipid
membranes. Biomolecules 2020, 10, 1384. [CrossRef]

27. De Souza Teixeira, L.; Chagas, T.V.; Alonso, A.; Gonzalez-Alvarez, I.; Bermejo, M.; Polli, J.; Rezende, K.R. Biomimetic artificial
membrane permeability assay over franz cell apparatus using bcs model drugs. Pharmaceutics 2020, 12, 988. [CrossRef]

28. Aloi, E.; Rizzuti, B.; Guzzi, R.; Bartucci, R. Association of ibuprofen at the polar/apolar interface of lipid membranes. Arch.
Biochem. Biophys. 2018, 654, 77–84. [CrossRef]

29. Marsh, D. Spin-Label Electron Paramagnetic Resonance Spectroscopy; CRC Press: Boca Raton, FL, USA, 2020. [CrossRef]
30. Erilov, D.A.; Bartucci, R.; Guzzi, R.; Shubin, A.A.; Maryasov, A.G.; Marsh, D.; Dzuba, S.A.; Sportelli, L. Water concentration

profiles in membranes measured by ESEEM of spin-labeled lipids. J. Phys. Chem. B 2005, 109, 12003–12013. [CrossRef]
31. Salnikov, E.S.; Erilov, D.A.; Milov, A.D.; Tsvetkov, Y.D.; Peggion, C.; Formaggio, F.; Toniolo, C.; Raap, J.; Dzuba, S.A. Location and

aggregation of the spin-labeled peptide trichogin GA IV in a phospholipid membrane as revealed by pulsed EPR. Biophys. J. 2006,
91, 1532–1540. [CrossRef]

32. Milov, A.D.; Samoilova, R.I.; Shubin, A.A.; Grishin, Y.A.; Dzuba, S.A. ESEEM measurements of local water concentration in
D2O-containing spin-labeled systems. Appl. Magn. Reson. 2008, 35, 73–94. [CrossRef]

33. Dzuba, S.A.; Marsh, D. ESEEM of Spin Labels to Study Intermolecular Interactions, Molecular Assembly and Conformation.
In A Specialist Periodic Report, Electron Paramagnetic Resonance; Gilbert, C., Chechik, V., Murphy, D.M., Eds.; RSC Publishing:
Cambridge, UK, 2015; Volume 24, pp. 102–121. [CrossRef]

34. Milov, A.D.; Maryasov, A.G.; Tsvetkov, Y.D. Pulsed Electron Double Resonance (PELDOR) and its Applications in Free-Radicals
Research. Appl. Magn. Reson. 1998, 15, 107–143. [CrossRef]

35. Schiemann, O.; Prisner, T.F. Long-Range Distance Determinations in Biomacromolecules by EPR Spectroscopy. Quart. Rev. Biophys.
2007, 40, 1–53. [CrossRef] [PubMed]

36. Jeschke, G. DEER Distance Measurements on Proteins. Ann. Rev. Phys. Chem. 2012, 63, 419–446. [CrossRef] [PubMed]
37. Fábregas-Ibáñez, L.; Tessmer, M.H.; Jeschke, G.; Stoll, S. Dipolar pathways in dipolar EPR spectroscopy. Phys. Chem. Chem. Phys.

2022, 24, 2504–2520. [CrossRef] [PubMed]
38. Unguryan, V.V.; Golysheva, E.A.; Dzuba, S.A. Double Electron-Electron Resonance of Spin-Labeled Cholestane in Model

Membranes: Evidence for Substructures inside the Lipid Rafts. J. Phys. Chem. B 2021, 125, 9557–9563. [CrossRef]
39. Sasaki, K.; Ito, T.; Fujii, H.G.; Sato, S. Synthesis and reduction kinetics of five ibuprofen-nitroxides for ascorbic acid and methyl

radicals. Chem. Pharm. Bull. 2016, 64, 1509–1513. [CrossRef]
40. Akdogan, Y.; Emrullahoglu, M.; Tatlidil, D.; Ucuncu, M.; Cakan-Akdogan, G. EPR studies of intermolecular interactions and

competitive binding of drugs in a drug-BSA binding model. Phys. Chem. Chem. Phys. 2016, 18, 22531–22539. [CrossRef]
41. Selinsky, B.S.; Gupta, K.; Sharkey, C.T.; Loll, P.J. Structural analysis of NSAID binding by prostaglandin H2 synthase: Time-

dependent and time-independent inhibitors elicit identical enzyme conformations. Biochemistry 2001, 40, 5172–5180. [CrossRef]
42. Gupta, K.; Kaub, C.J.; Carey, K.N.; Casillas, E.G.; Selinsky, B.S.; Loll, P.J. Manipulation of kinetic profiles in 2-aryl propionic acid

cyclooxygenase inhibitors. Bioorg. Med. Chem. Lett. 2004, 14, 667–671. [CrossRef]
43. Boggara, M.B.; Faraone, A.; Krishnamoorti, R. Effect of pH and ibuprofen on the phospholipid bilayer bending modulus. J. Phys.

Chem. B 2010, 114, 8061–8066. [CrossRef]

http://doi.org/10.1016/j.bbamem.2011.07.005
http://doi.org/10.1039/C5SM00597C
http://doi.org/10.1021/acs.molpharmaceut.8b00421
http://doi.org/10.1016/j.bbamem.2019.183100
http://doi.org/10.1007/s10812-017-0465-8
http://doi.org/10.1039/C9CP03767E
http://doi.org/10.1021/acs.langmuir.9b01028
http://www.ncbi.nlm.nih.gov/pubmed/31120755
http://doi.org/10.1021/acs.langmuir.0c03638
http://www.ncbi.nlm.nih.gov/pubmed/33826350
http://doi.org/10.1021/acs.langmuir.8b01878
http://www.ncbi.nlm.nih.gov/pubmed/30148644
http://doi.org/10.3390/biom10101384
http://doi.org/10.3390/pharmaceutics12100988
http://doi.org/10.1016/j.abb.2018.07.013
http://doi.org/10.1201/9780429194634
http://doi.org/10.1021/jp050886z
http://doi.org/10.1529/biophysj.105.075887
http://doi.org/10.1007/s00723-008-0144-2
http://doi.org/10.1039/9781782620280-00102
http://doi.org/10.1007/BF03161886
http://doi.org/10.1017/S003358350700460X
http://www.ncbi.nlm.nih.gov/pubmed/17565764
http://doi.org/10.1146/annurev-physchem-032511-143716
http://www.ncbi.nlm.nih.gov/pubmed/22404592
http://doi.org/10.1039/D1CP03305K
http://www.ncbi.nlm.nih.gov/pubmed/35023519
http://doi.org/10.1021/acs.jpcb.1c05215
http://doi.org/10.1248/cpb.c16-00347
http://doi.org/10.1039/C6CP04137J
http://doi.org/10.1021/bi010045s
http://doi.org/10.1016/j.bmcl.2003.11.034
http://doi.org/10.1021/jp100494n


Molecules 2022, 27, 4127 10 of 10

44. Boggara, M.B.; Krishnamoorti, R. Partitioning of nonsteroidal antiinflammatory drugs in lipid membranes: A molecular dynamics
simulation study. Biophys. J. 2010, 98, 586–595. [CrossRef]

45. Bode, B.E.; Margraf, D.; Prisner, T.F.; Schiemann, O. Counting the Monomers in Nanometer-Sized Oligomers by Pulsed Electron-
Electron Double Resonance. J. Am. Chem. Soc. 2007, 129, 6736–6745. [CrossRef] [PubMed]

46. Kálai, T.; Schindler, J.; Balog, M.; Fogassy, E.; Hideg, K. Synthesis and resolution of new paramagnetic α-amino acids. Tetrahedron
2008, 64, 1094–1100. [CrossRef]

47. Saha, S.; Hetzke, T.; Prisner, T.F.; Sigurdsson, S.T. Noncovalent spin-labeling of RNA: The aptamer approach. Chem. Commun.
2018, 54, 11749–11752. [CrossRef]

48. Smorygina, A.S.; Golysheva, E.S.; Dzuba, S.A. Clustering of Stearic Acids in Model Phospholipid Membranes Revealed by Double
Electron-Electron Resonance. Langmuir 2021, 37, 13909–13916. [CrossRef]

49. Konov, K.B.; Isaev, N.P.; Dzuba, S.A. Glycerol penetration profile in phospholipid bilayers measured by ESEEM of spin-labelled
lipids. Mol. Phys. 2013, 111, 2882–28863. [CrossRef]

50. Stimson, L.; Dong, L.; Karttunen, M.; Wisniewska, A.; Dutka, M.; Róg, T. Stearic Acid Spin Labels in Lipid Bilayers: Insight
through Atomistic Simulations. J. Phys. Chem. B 2007, 111, 12447–12453. [CrossRef]

51. Khajeh, A.; Modarress, H. The influence of cholesterol on interactions and dynamics of ibuprofen in a lipid bilayer. Biochim.
Biophys. Acta 2014, 1838, 2431–2438. [CrossRef]

52. Jämbeck, J.P.M.; Lyubartsev, A.P. Exploring the Free Energy Landscape of Solutes Embedded in Lipid Bilayers. J. Phys. Chem. Lett.
2013, 4, 1781–1787. [CrossRef] [PubMed]

53. Litvin, E.F.; Kozlova, L.M.; Shapiro, A.B.; Freidlin, L.K.; Rozantsev, E.G.; Skripnichenko, L.N. Hydrogenation of stable nitroxyl
radicals with acetylenic bonds on Ni, Pd, and Pt catalysts. Bull. Acad. Sci. USSR Div. Chem. Sci. 1979, 28, 97–102. [CrossRef]

54. Pabst, G.; Danner, S.; Podgornik, R.; Katsaras, J. Entropy-Driven Softening of Fluid Lipid Bilayers by Alamethicin. Langmuir 2007,
23, 11705–11711. [CrossRef]

http://doi.org/10.1016/j.bpj.2009.10.046
http://doi.org/10.1021/ja065787t
http://www.ncbi.nlm.nih.gov/pubmed/17487970
http://doi.org/10.1016/j.tet.2007.11.020
http://doi.org/10.1039/C8CC05597A
http://doi.org/10.1021/acs.langmuir.1c02460
http://doi.org/10.1080/00268976.2013.796416
http://doi.org/10.1021/jp0746796
http://doi.org/10.1016/j.bbamem.2014.05.029
http://doi.org/10.1021/jz4007993
http://www.ncbi.nlm.nih.gov/pubmed/26283109
http://doi.org/10.1007/BF00925405
http://doi.org/10.1021/la701586c

	Introduction 
	Results and Discussion 
	Synthesis 
	Conventional EPR Spectra: Interaction with the POPC Membrane 
	Pulsed EPR: Location in the POPC Membrane 

	Materials and Methods 
	General Information 
	Synthesis and Characterization 
	Sample Preparations for EPR Investigation 
	EPR Measurements 

	Conclusions 
	References

