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The compounds containing nitroxyl radical (NO’) are actively used as spin probes to examine colloid sys-
tems, including lipid membranes and micelles. Their electron paramagnetic resonance spectrum provides
information about the composition of the medium, in particular, the content of water there. Yet, the proper
treatment of the measurement results demands understanding the microscopic characteristics of the mo-
lecular probe. In the present paper, we extend our previous studies on the microscopic state of acid-base
and solvatochromic probes in surfactant micelles to the field of spin probes. We report the results of molecu-
lar dynamics simulation of a common spin probe, methyl-5-doxylstearate, in micelles of anionic (sodium
n-dodecyl sulfate, SDS) and cationic (n-dodecyltrimethylammonium bromide, DTAB) surfactants. The local-
ization of the molecule within the micelles, its shape, composition of the local environment, hydration were
quantified and compared with the available relevant experimental data. No significant dissimilarity was found
in the characteristics of the probe molecule in both kinds of micelles. However, the characteristics of the O°
atom carrying the unpaired electron are pronouncedly different, namely, in DTAB micelles it is less hydrated
and forms less hydrogen bonds with water. Similar situation was observed for the COO group. The main
reason was found to be the interactions with cationic surfactant headgroups, which screen the O™ atom and
COO group from water. These findings allowed revisit the point of view that the surface layer of DTAB mi-
celles as a whole is less hydrated in comparison to that of the SDS ones.

Keywords: methyl-5-doxylstearate, sodium dodecyl sulfate, dodecyltrimethylammonium bromide, local-
ization, conformation, hydration, hydrogen bond.

Introduction

The structure of micelles of ionic surfactants and their surface layers is an area of active research
by modern experimental methods. While some information may be obtained directly, estimating many
important properties demands using molecular probes. In the latter case, a compound called molecular
probe is added to the micellar solution, and the change of its properties (with respect to its pure water
solution) is experimentally registered. The properties include fluorescence spectrum (for fluorescence
probes), apparent acidity constant (for acid-base probes), UV/vis absorption spectrum (for solvato-
chromic probes) and electron paramagnetic resonance spectrum (for spin probes). This change may be
then related to such micelle properties as microviscosity, electrostatic potential, polarity, hydration,
respectively [1-6]. However, to establish this relation, the knowledge of the state of the molecular
probe in the micelle is necessary. It is usually obtained by means of nuclear magnetic resonance spec-
troscopy; yet, the method provides only rather general insight to the probe localization [7,8]. More
detailed localization information is inaccessible for it.

Recently, the computational methods have been involved to the research, as well. Among them, the
molecular dynamics (MD) simulations method became particularly popular because of its ability to
capture both structural and dynamic properties of these objects. It allows direct observation of the
microscopic details of the system, which are unachievable for most experimental means. Hence, the
MD method was actively applied firstly to individual micelles [9,10], and then to micelles with solubi-
lized molecular probes, including the fluorescent [11], acid-base [12], and solvatochromic [13,14]
ones. Yet, for the group of spin probes such studies still are rather scarce [15-17], albeit they are nu-
merous for lipid bilayers [18,19] and proteins [20,21].

In this work, we extend our studies on the microscopic state of solvatochromic and acid-base
probes in micellar solutions to the field of spin probes. Their particular feature is the ability to estimate
the water fraction (i.e. hydration) in the medium. The principle is based on an established linear corre-
lation between i) the measured hyperfine splitting in electron paramagnetic resonance (EPR) spectrum
of the probe and ii) the concentration of O—H dipoles in medium [22]. For solutions of surfactants,
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which are not hydrogen bond donors, the latter equals to concentration of water. The result of meas-
urement is usually presented as the ratio H between water concentrations in the medium and in pure
water.

Among the variety of probes, we choose a rather popular representative methyl-5-doxylstearate
(MDS, Fig 1). Its spin label is the nitroxyl radical NO" containing the O atom with unpaired electron.
The presence of the long hydrocarbon chain assures incorporation of the probe to the examined lipid
bilayer or micelle. Particularly, it was previously employed to assess the water content in the surface
layer of sodium n-dodecyl sulfate (SDS) and n-dodecyltrimethylammonium bromide (DTAB) mi-
celles, Fig. 1: the former ones were found to have larger H and, thus, be hydrated stronger [5,6]. MDS
has been already simulated in zwitterionic micelles of N-dodecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate [17]. In this work we examine the microscopic localization and hydration of MDS
molecule in SDS and DTAB micelles by means of MD simulation.
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Figure 1. Structure formulas of the spin probe and surfactants considered in this work.

Simulation methodology

The simulations were carried out at standard conditions, maintained by means of Berendsen ther-
mostat and barostat. The 3D periodic boundary conditions were imposed, time step equaled 2 fs. Elec-
trostatic interactions were computed with the PME method, while van der Waals interactions were cut-
off at 1 nm. GROMACS 5.0 software was employed.

The initial configurations were micelles of 60 monomers with an MDS molecule placed inside.
This number corresponds to the aggregation numbers of these surfactants [23]. Three different initial
configurations were prepared for each system. Simulations were run for 40 ns, the first 10 ns of the
resulting trajectories were treated as equilibration and not used in calculations. The multistage proce-
dure of preparation of initial configurations is described in detail in our previous papers [13]. Three 11
ns simulations in pure water were also performed, the first 1 ns was omitted in calculations as equili-
bration.

The potential models for compounds were derived in the framework of the OPLS-AA force field.
SDS and DTAB models previously developed by us were taken [10,14]; water was described with the
SPC model. The model for MDS was built following the accepted in OPLS-AA protocol. The atom
types were assigned manually from the set available in the OPLS-AA. The atoms of ester group and
the most of hydrocarbon radical were attributed with the respective built-in charges in the force field.
Oppositely, the atomic charges in the doxyl moiety were computed ab initio because they are not pre-
sent in OPLS-AA. At the first stage, the quantum-chemical computation of the electrostatic potential
around the doxyl moiety including four adjacent CH, groups was performed (the parameters were:
Hartree-Fock level of theory, 6-31G(d) basis set, vacuum medium). At the second stage, the potential
was fitted with a set of point charges placed on atoms. To facilitate the process, the RED Server was
employed: it automatically performs both steps for a specified molecule, providing the final point
charges [24]. The produced potential model is shown in Appendix, Fig. Al.

Results and discussion

The first point of the study is understanding the location of the probe molecule. As a quantitative
measure we used the distribution function of the distance (DFD) p(7) defined as a time-averaged prob-
ability p to observe the chosen distance equal to » during MD. The DFD's were computed between the
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micelle center of mass (COM) and indicative atoms of the probe molecule: the O" atom and the C
atom of carboxyl group (Ccoo). The DFD's between micelle COM and S or N atoms of the surfactant
headgroups were also plotted to outline the location of the micelle surface. The graphs are shown in
Fig. 2.

The positioning of the indicative atoms differs rather little: the peaks of Ccoo and O atoms are
shifted by +0.15 nm upon going from DTAB micelles to the SDS ones. In both cases, Ccoo is
~0.15 nm advanced towards water. To provide visual understanding, the typical configurations of
MDS in micelles are shown in Appendix, Fig. A2.
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Figure 2. Distribution functions of distances micelle COM — O" (red), micelle COM — C in COO group (blue),
micelle COM — surfactant S or N (black). Solid curves are for SDS micelles, dashed curves are for the DTAB
ones.

The doxyl moiety is attached to a long hydrocarbon chain (17 C atoms). It is known that such
chains tend to adopt a bent conformation because the straight conformation is statistically rather im-
probable. Further, the chain is longer than that in surfactant molecules (12 C atoms). It is interesting
now to inspect the average curvature of the MDS molecule. We described it in terms of DFD between
the Ccoo atom and the C atom in the terminal CH; group, Fig. 3A. Small values indicate strong bend
of the molecule and vice versa. According to the used potential model, the maximum value (that corre-
sponds to the anti conformation of all C—C bonds) equals 2.0 nm. The calculated distribution functions
are shown in Fig. 3B.

The distance mostly lies within 1.4—1.8 nm range, its preferable value is 1.6 nm indicating rather
limited bend. No significant difference is present between the two surfactant solutions.

d, nm

A B
Figure 3. A: Definition of the distance d that characterizes the bend of MDS molecule (the gray surface repre-
sents the micelle hydrocarbon core); B: Distribution functions of d in SDS (blue solid curve) and DTAB (red
dashed curve) micelles.

The investigated molecule is used to probe the water content in micelles. Therefore, the central
point of our study is the inspection of composition of the solution located in the immediate vicinity of
the MDS molecule, which is its microenvironment. We chose to inspect not only the microenviron-
ment of the whole molecule, but also that of the COO moiety and the O atom carrying the unpaired
electron. The previously developed approach was used: for each time moment, the solution atoms
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located within the 0.4 nm vicinity of any atom of the examined moiety were found and distributed into
3 groups depending on their kind (micelle hydrocarbon core, surfactant headgroups, and water). The
time-averaged number of atoms in each group characterizes the medium the moiety is situated in. For
convenience we converted these numbers to molar fractions. The latter are depicted in Fig. 4A.
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Figure 4. A: Microenvironment composition of the whole molecule and COO, O" moieties in micelles. The bars
in triples correspond to (left to right): the micelle core atoms (gray), the water atoms (blue), the headgroup atoms
(orange). B: The amount of water in the microenvironment of the O" atom in SDS (blue triangles) and DTAB
(red circles) micelles relative to the pure water solution, calculated at different values of microenvironment ra-
dius.

The local environment of the whole molecule almost does not change upon going from one surfac-
tant to another, the water content in it reaches ~20%. This is reasonable because the molecule contains
only few atoms, which are expected to interact differently with cationic and anionic surfactants: the
COO group and the two O atoms in doxyl moiety, all carrying high fractional charge (|0| ~ 0.35-0.5).
For the COO group the difference becomes more pronounced: the water fraction in DTAB micelles is
19% lower than in SDS ones, mostly due to the increased fraction of headgroups (by 13%). The COO
group in total is negatively charged, hence, it repels anionic headgroups and attracts the cationic ones.
This effect was previously observed by us for acid-base and solvatochromic probes [12—14], where
hydroxyl and carboxyl groups in neutral and, even more, anionic protolytic forms were strongly
screened by cationic headgroups and, thus, had limited amount of water molecules around. The re-
maining 6% of the difference correspond to the increased fraction of hydrocarbon, which consequently
is attributed to the slightly deeper immersion into micelles (Fig. 2A).

The situation for the O" atom is rather similar to that of the COO group. Because it is of a particular
interest, we performed a more detailed analysis of its hydration. Firstly, we repeated counting water
atoms around O at the values of microenvironment radius other than 0.4 nm (namely, 0.25-0.6 nm).
The results, N, (micelle), were then related to the ones in pure water solution, N, (water), Fig. 4B. Sec-
ondly, we determined the average number of O'—water hydrogen bonds, 7. It equals 1.07+0.01 for
pure water solution, 0.74+0.03 for the SDS one, and 0.46+0.03 for the DTAB one. This data proves
much more aqueous environment of O° in the anionic surfactant than in the cationic one. This is
caused firstly by the screening with the cationic headgroups (their fraction reaches 12% in DTAB)
and secondly by the larger fraction of hydrocarbon around due to somewhat deeper localization in
DTAB micelles (Fig. 2A).

Now we can consider the results of experimental measurements of SDS and DTAB solutions made
using MDS in the light of the presented information about the microscopic state of this molecular
probe. Specifically, in the works of Lebedeva et al. [5,6] the EPR spectrum of MDS was found to cor-
respond to the molar concentration of water in the medium (relative to pure water) H equal to 0.68 and
0.44 in SDS and DTAB micelles, respectively. These values were then attributed to the whole surface
layer of these micelles.

Matching these results with the data in Fig. 4B and n,, values shows that they agree well with the
values nj,(micelle) / nyy(water), which equal 0.69 for SDS and 0.43 for DTAB. Good match is also
observed with the ratios N,(micelle) / N,(water) values of O" at microenvironment radius 0.25 nm:
0.64 for SDS and 0.39 for DTAB. These observations shed light on the microscopic reason of the O°
EPR signal charge in micellar solutions. The effect of hydrogen bonding was assumed [22], but it was
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not quantitatively shown in terms of the number of such bonds made by the probe with water. Further,
the fact of almost quantitative agreement proves the adequacy of used model in the context of dis-
cussed problem.

On the other hand, attributing the measured H values to the entire surface layer appears to be unjus-
tified. The localization of the molecule is similar in both micelles, its shape is similar, too (Fig. 2, 3).
Given these conditions, its microenvironment should be much more hydrated in SDS micelles, if their
surface layer actually contains more water. However, no considerable difference is observed (Fig. 4A).
This allows suppose the overall similarity of water fractions in the surface layers of SDS and DTAB
micelles, with the variations present in the local vicinity of the spin label only.

Conclusions

MD simulations of a spin probe methyl-5-doxylstearate in micelles of ionic surfactants sodium
n-dodecyl sulfate and n-dodecyltrimethylammonuim bromide were performed. The localization of the
molecule was examined and the hydration of the molecule and its moieties was calculated by counting
water atoms in their microenvironments and counting hydrogen bonds made with water molecules.
The molecule was found to be slightly deeper immersed into micelles of DTAB compared to SDS.
The curvature and hydration of the molecule is also similar in both micelles. At the same time, the O°
atom in nitroxyle radical is much better hydrated in SDS micelles than in the DTAB ones. This is
caused mostly by its screening from water by cationic headgroups of DTAB and slightly deeper local-
ization in the micelles. Therefore, it is concluded that the experimentally measured hydration values
likely correspond not to the complete surface layer, but to the local environment of the spin label only.
Importantly, the hydration values of the O" atom calculated in such a way quantitatively agree with the
experiment. This proves the adequacy and usefulness of the approach and the model used for investi-
gating local environments of molecular probes in micellar solutions.
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Appendix
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Figure Al. Atomic charges and types used in the potential model of MDS radical. The part with non-standard
parameters is shown only.
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Figure A2. Snapshots from MD trajectories showing typical MDS localization in SDS (left) and DTAB (right)
micelles. For micelles, hydrocarbon core is colored gray and the headgroups are colored light blue or orange.
The O" atom with unpaired electron is highlighted with pink.
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B.C. ®apadoHoB, A.B. Jlebeab. HUTPOKCMNBHBIN CNMHOBLIM 30HA B MOHHBLIX Muuennax: MonekynspHo-
AVHaMU4Yeckoe MOAEeNMpoBaHue.

XapbKOBCKMIA HauMoHarnbHbIN yHuBepcuTteT umenn B.H. KapasunHa, xumunyecknii coakyneteT, nn. Ceoboabl, 4,
XapbkoB, 61022, YkpavHa

CoeanHeHusa ¢ HUTPOKCUbHbIM pagukanom (NO') akTMBHO MCNOMb3YTCA B Ka4ecTBe CMMHOBLIX 30HAOB AnS
N3y4YeHNs OpraHM3oBaHHbIX PaCTBOPOB, B TOM YnCne NUNuAHbIX MeMmbpaH 1 muuenn. VX cnekTpbl 9NeKTPOHHOro
napamarH1THOro pe3oHaHca NPeAoCTaBNsAT MHPOPMAaLMIO O COCTaBe Cpefbl, B YAaCTHOCTU, O COAEPXKaHUM BOAI
B Hei. OgHaKo, KOppeKTHas MHTepnpeTauns pesynbTaToB uU3MepeHuin TpebyeT MOHMMAaHUS MUKPOCKOMUYECKNX
XapaKTepuCTMK MOMEKYNsApHOro 3oHga. B gaHHOM cTaTbe Mbl pacnpoCTpPaHseM Haluv NpexHue MUccrneaoBaHus
MWKPOCKOMNYECKOrO COCTOSIHNSA KUCIOTHO-OCHOBHbBIX U CONbBaTOXPOMHbIX 30HAOB Ha CrMHOBbIE 30HAbLI. Mbl CO-
obLaem pesynbraTbl MOMEKYNSPHO-AUHAMUYECKOTO MOAENUPOBAHUSI pPacnpoOCTPaHEHHOro CMMHOBOrO 30HAQ,
MeTun-5-gokcuncreapata, B Muuennax aHuoHHoro (H-gogeuuncynbdpart HaTtpusi, [ACH) u  kaTuoHHOro
(H-popeumnTpumeTnammonHns 6pomua, OTAB) NoBEpXHOCTHO-aKTUBHBLIX BellecTB. Jlokanusaums monekynbl B
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30HAa B muLennax obovx BMOOB 3HAYUTENbHOW pasHuLbl HE BbISIBIIEHO, OOHAKO XapakTepucTuku atoma O ¢
HecnapeHHbIM 3MEeKTPOHOM CYLLIECTBEHHO pasnuyalTcd: B YacTHOCTH, B Muuennax OTAB oH meHee rugpaTtupo-
BaH 1 obpasyeT MeHbLLEe BOAOPOAHbIX CBs3el ¢ Bogow. MogobHast cutyauns Habnogaetca un gnsa rpynnsl COO.
MaBHOWM NPUYMHOM 3TOrO YCTAaHOBMIEHO B3aUMOAEWNCTBME C KATUOHHBLIMU FOSIOBHBLIM IpynnaMu, KOTopble 3KpaHu-
pytoT atom O n rpynny COO ot Boabl. TN HabNAeHNST NO3BONWAM NEPECMOTPETL TOUKY 3PEHMS, YTO NMOBEPX-
HOCTHbIN cnow muuenn OATADB B Lenom siBNsieTcs MeHee rmapaTupoBaHHbIM, YeM TakoBon muuenn OJCH.

KnioueBble crioBa: MeTun-5-aoKkcuncreapar, goaeuuncynbdart HaTpusa, 6poMua AoAeLUnTPUMETUNAaMMOHMS,
nokanusauus, KoHgopMauus, rmaparaims, BOAOPOAHasa CBA3b.

B.C. ®apadoHos, O.B. lebigb. HitpokcunebHuii cniHOBWI 30HA B iOHHWMX Miuenax: MonekynspHo-gnHamidyHe
[OCTioKEeHHS.

XapkiBCbkuii HauioHanbHUi yHiBepcuTeT imeHi B.H. KapasiHa, ximiyHui dakynbtet, mangaH Ceobogu, 4,
XapkiB, 61022, YkpaiHa

Cnonyku 3 HiTpokcunbHuM pagukanoMm (NO') akTMBHO BMKOPMCTOBYIOTLCS K CMIHOBI 30HAM ANS OOCHIAXEHHS
OpraHi30BaHMX PO3YMHiB, Y TOMY YuCHi MiNigHMX MeMBpaH Ta Miuen. Ix cnekTpyn enekTPOHHOro mapamarHiTHOro
pe3oHaHcy HafalTb iHopMaLilo LLoAo cKNnaay cepeaoBuLla, 30Kpema, Npo BMICT BOAM B HbOMY. BTiM, KopekTHa
iHTepnpeTauis pe3ynbTaTiB BMMiptOBaHb NOTpeOYe pPO3yMiHHS MIKPOCKOMIYHMX XapaKTEPUCTUK MOMEKYNSPHOro
30HAa. Y OaHin ctaTTi MM NOLUMPIOEMO Hali nonepenHi AOCNIAXEHHS MiKPOCKONIYHOIO CTaHy KMCIOTHO-OCHOBHUX
Ta CONMbBAaTOXPOMHMX 30HAIB B MiLenax NoBEPXHEBO-aKTUBHUX PEYOBMH Ha CMiHOBI 3oHAM. Mu gonosigaemo pe-
3ynbTaT¥ MONEKYNAPHO-AMHAMIYHOrO MOOENOBAHHA NMOLUMPEHOro CMiHOBOro 30HAA, MeTun-5-gokcuncreapara, B
MiLenax aHioHHoi (H-gopeuuncynbgat HaTtpito, [JCH) Ta kaTioHHOI (H-gogeunnTpumMeTunamoHito opomia, ATAB)
NoBEpPXHEBO-aKTUBHUX PEeYOBUH. Jlokanisauis mMonekynu B miuenax, ii oopma, cknag nokarilbHOro OTOYEeHHs, rif-
paToBaHiCTb Bynu o64McrneHi Ta NOpiBHSAHI 3 HABHUMM BigMNOBIOHMMMW eKcnepuMeHTanbHUMK gaHmmu. Mix xapak-
TEPUCTUKaMWN MOMEKYNSIPHOIo 30HA4a B MiLenax 060X B1AiB 3HAYHOI pi3HMLi HE 3HAWAEHO, NPOTE XapaKTepPUCTUKM
atoma O° 3 HecrnapeHnM enekTPoHOM € CYTTEBO BiAMIHHUMMU: 30kpeMa, y Miuenax OTAB BiH € MeHW rigpaToBa-
HMM Ta YTBOPIOE MeHLUe BOAHEBWX 3B'A3KiB i3 Bogot. MogibHa cutyauis cnoctepiraetecs i agns rpynu COO. No-
MOBHO MPUYMHOIK LibOTO BU3HAYEHO B3AEMOZiI0 3 KaTiOHHUMW FONOBHUMM rpynamu, siki ekpaHytoTb atom O™ Ta
rpyny COO Big Boam. Lli 3Haxigku [o3Bonunu nepernsHyTM TOYKY 30pYy, WO nosBepxHesui wap miuen OTAB B
LinoMy € MeHLU rigpaToBaHUM, HiX Takui miuen OCH.

KnrouoBi cnoBa: metun-5-gokcuncreapar, gogeumncynbdart HaTpito, 6poMia fogeunnTpuMeTUnamMmonito, no-
Kanisauiga, koHdopmaLliq, rigpaTauis, BOOHEBUI 3B'A30K.
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