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Electrospray ionization mass spectrometry (ESI MS) study has been performed to
examine biologically significant intermolecular interactions between the molecules of di-
methyl sulfoxide (DMSO, known as a functional agent for transdermal and transmembrane
drug’s transfer facilitation) and some antimicrobial drugs. Formation of stable noncova-
lent complexes of DMSO with the molecules of antibiotics levofloxacin (LEF) and cycloser-
ine (CYS) in the polar solvent methanol has been revealed by ESI MS probing of model
binary systems of DMSO with the mentioned drugs. At the same time ESI MS investigation
of the similar model systems containing DMSO and antimicrobial chemotherapeutic prepa-
ration decamethoxinum (DEC) has shown that any peaks of the noncovalent complexes
between DMSO and DEC are not recorded in the mass spectra, that points to the depend-
ence of DMSO-drug complexation peculiarities on the drug’s structure. The data of ESI MS
examining of DMSO+dipalmitoylphosphatidylcholine model system reveal that the DMSO
molecules also do not form stable noncovalent clusters with the membrane phospholipid
molecules in the polar surrounding. The obtained results as to formation of stable nonco-
valent complexes of DMSO with LEF and CYS in the polar solvent are proposed to be
considered as one of the possible molecular mechanisms of action of DMSO as transdermal
and transmembrane penetration enhancer in drug delivery. The current study confirms the
ESI MS method applicability to examining the DMSO complexation with the drugs mole-
cules and biomolecules with the purpose to predict the DMSO usage efficiency as an agent
for the drug’s transdermal and transmembrane transport facilitating.

Keywords: dimethyl sulfoxide, antibiotics, electrospray ionization mass spectrometry,
noncovalent complexes, transmembrane transfer facilitation.

JAumeruncyiabdorcus AK (PyHKIiOHAJBHUE ATEHT, IO CIPUAE TOCTABII MOJEKYJ aAHTH-
MiKpOOHUX JiKiB: DOCHigKeHHs MexaHizMiB MeTogoM Mac-cunexkTpomerpii. BA.Jlawuncvra,
M.B.Kocesuu, A.T'omop, JI.JIpaxou

Meton mac-cmekTpomerpil (MC) 3 iomisamiero emexTpoposnuienaam (IEP) sacrocoBano
IS BUBYEHHA 6ioJIOTiuHO 3HAUYIINX MIKMOJEKYIAPHUX B3A€MOJIN MilK MoJeKyJIaMu JuMe-
tuncyiabhorecuny (AMCO, Bimomuil A (QYHKIJIOHANBHUI areHT A CIPUAHHA TPAHCHED-
MaJIbHOMY Ta TpaHCcMeMOpaHHOMY IIepeHocy JiKiB) Ta MoJeKyJIaMUu PALY aHTUMIKPOOGHIX
npenaparie. B xoxi IEP MC pocaimxens MomelbHUX GiHapHUX cucTeM, Imo mictuau JIMCO
Ta antubioTuru neBodsokcaruu (JIE®) abo uuriocepun (IIVIC), BecranoBieHo dhopMyBaHHSI
CcTablIbHUX HEKOBAJIeHTHUX KowmiiekciB moiexyn JMCO 3 wmomexynamu JIED ta IUC B
MOJIAPHOMY POSUYMHHUKY MeTaHoJsi. B Toil :Ke uac, BumipioBanua merogom IEP MC nogi6uux
MogenbHUX cucreM, o micrtunu JMCO Ta anTuMigpoGHUI XiMioTepameBTUUHUI mpemapar
mexameroxcur ([EK), mokasamu, mo orpumani Mac-cueKTpu He MicTATH Oygb-AKUX MiKiB
HexoBareHTHUX KoMmmekcis IMCO s HOEK. Taxi pesyiabTaTy BKasylTh Ha 3aJIeKHICTH
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crupomoykHocTi hopmyBaHHsA crabinbHuxX HekoBaseTHUX Kommiaekci [JMCO-mikapebka mose-
KyJia Big cTpyxTypu monexya Jgikie. Hami, mo orpumano B xozi IEP MC gmocmimxenms
mogenbHol cucrtemu IMCO+punampmiToindochaTninaxonin, MOKa3ywTb, 10 cTabijibHi He-
KoBaseHTHI Kiacrepu Mosekysa IMCO rta mporo membpanuoro docdonininy rakox wme dop-
MYIOTBCA B IOJNAPHOMY cepegoBuini. Pesynbratu mozo dopMyBaHHA cTabiibHUX HEKOBa-
nenTHrX KomMmmiekciB moserys [IMCO rta antmbioruris JIE@ ta ITVC B monapHUX posyuH-
HIUKAaX JO3BOJAITEH 3aIPOIIOHYBATU TaKe KOMIIJIEKCOYTBOPEHHA B AKOCTL OZHOTO 3 MOMKJINBUX
mosekynApHux Mexauismis mil JMCO sk areHTy, 110 CIpPUsSE TPAHCAEPMAJIBLHOMY Ta TPAaHC-
MeMOpaHHOMY IepeHocy JikapiB. [aHe mocmigskemua nizTeBepaKye edeKTHBHICTL 3acTocy-
Bauusa merony IEP MC s BuBuenHs QopMyBaHHSA HEKOBAJIEHTHUX KOMILIEKCIB MK MoJe-
kyaamu [IMCO Ta nigkapepkumy abo 6ioJoriyHUMUN MOJIEKyJaMU 38 METOH) IIPOTHO3YBAHHS
norennianbrol MosgauBocTi Buxkopucranua IMCO y sikocTi areHTy, II[o IOJeriIye TpaHcaep-

MaJbHy Ta TPaHCMeMOpPaHHY JOCTaBKY JiKiB.

1. Introduction

Development and study of functional ma-
terials and substances for drugs delivery
and drugs transport facilitation attract sig-
nificant interest of biomedicine related re-
searchers in recent years. A number of
biomaterials providing the effective drugs
delivery were proposed [1], including sub-
stances employed for transdermal and trans-
membrane drugs transfer facilitation and
more rapid and efficient pass of the medici-
nal molecules within an organism and to
targeting organs and cells. Such substances
assisting, in particular, the antimicrobial
drugs transportation into the cell are exam-
ined to enhance the drug’s usage efficiency
and safety, to decrease the dose and time of
treatment by the applied medications, which
is important for antibiotics.

One of the possible ways to facilitate a
drug molecule admission into the target bio-
logical object is when penetration enhancing
agent molecules can form supramolecular
complexes with the drug molecules to be
delivered [2]. Under this way of admission,
the facilitating agent works as a carrier or
vehicle [1]. Understanding the role of clus-
ters and noncovalent biocomplexes forma-
tion in molecular mechanisms of facilitating
the transdermal and transmembrane drugs
transfer can stimulate the progress in the
modern molecular biophysics, functional
materials science and medicine areas related
to the drug delivery problem.

Basing on our experience in the soft ioni-
zation mass spectrometric techniques appli-
cation to studies of intermolecular interac-
tions of some drugs with target bio-
molecules [3, 4] and modulating drugs
activity agents [5, 6], we propose an idea
that model mass spectrometric experiments
can enlighten molecular mechanisms of ac-
tion of the functional agents facilitating
transmembrane drug delivery. As one of the
potential mechanisms we consider the for-
mation of stable noncovalent complexes
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(formally regarded as clusters) between the
molecules of the facilitating agent and the
drug molecules to be transported through
the cell membrane. In the framework of this
idea we decided to perform the electrospray
ionization mass spectrometry (ESI MS)
study devoted to examining the clusters for-
mation between dimethyl sulfoxide (DMSO)
which is known as a transdermal and trans-
membrane penetration enhancer in drug
transportation [7] and some antimicrobial
drugs with different structures: antibiotic
levofloxacin (LEF), anti-tuberculosis agent
cycloserine  (CYS) and  antimicrobial
chemotherapeutic preparation decamethox-
inum (DEC).

Several assumptions concerning the
mechanisms of DMSO biological action and
in particular, its interaction with cell mem-
brane structures, supported by molecular
dynamics simulations can be found in the
scientific literature [8-17]. It was estab-
lished that the effect of DMSO on phos-
pholipid membranes depends on its concen-
tration. At relatively low concentrations
DMSO replaces water molecules near the hy-
drophilic polar heads of phospholipids caus-
ing their dehydration [13, 14], which re-
sults in destabilization of the membrane na-
tive structure. However, DMSO molecules
do not form stable complexes with the phos-
pholipids headgroups at the membrane-
water interface [8, 13]. DMSO penetrates
into the phospholipid bilayer and diffuses
freely within the hydrophobic interior. The
most pronounced effect significant for
membrane permeability is observed at
higher DMSO concentrations and consists in
creation of pores within the bilayer. Am-
phiphilic DMSO molecules in such pores are
turned by their hydrophobic side to hydro-
phobic hydrocarbon tails of phospholipids,
while hydrophilic parts of DMSO provide
hydrophilic channel accessible to water
molecules [11]. Further increase of DMSO
content in the system may cause destruction
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and disintegration of the lipid bilayer.
DMSO-induced change in permeability of
phospholipid model membranes was investi-
gated by experimental methods as well, in
particular, by means of differential scan-
ning calorimetry [18].

While the DMSO-induced poration of
lipid bilayers is actively studied, modeling
of the transport of any compounds facilitat-
ing by DMSO, to the best of our knowledge,
is limited to monoatomic ions [19] and a
possible role of DMSO as a vehicle for drug
molecules was not paid noticeable attention.

In relation to our subject of biologically-
significant intermolecular interactions
study under the conditions of ESI MS, two
tasks of the current study can be formu-
lated basing on the above information. The
first task is to examine the formation of
stable noncovalent complexes of DMSO with
a number of antimicrobial drug molecules,
that may serve as a proof of suggested mo-
lecular mechanism of the facilitating role of
DMSO in the drug’s transmembrane and
transdermal transport. And the second task
is to study intermolecular interactions of
DMSO molecules with the molecules of
phospholipid component of cell membranes,
dipalmitoylphosphatidylcholine (DPPC),
using ESI MS.

2. Materials and methods

2.1. Objects of investigations

The objects of study are dimethyl sulfox-
ide (DMSO, C,H50S8, MW = 78.13 Da) and
a number of antimicrobial drugs with dif-
ferent structure: antibiotic levofloxacin
anti-tuberculosis drug cycloserine (CYS,
C3HgN,Oy, MW = =102.09 Da), and antimi-
crobial preparation decamethoxinum (DEC,
C38H74N204C|2, MW(average) = 6938.92 Da,
monoisotopic mass 692.50 Da) ( ).

Decamethoxinum was synthesized at the
Institute of Organic Chemistry of the Na-
tional Academy of Sciences of Ukraine
(Ukraine). Levofloxacin and cycloserine
medications were produced by pharmaceuti-
cal company “Lekhim”™ (Ukraine). L-o-di-
palmitoylphosphatidylcholine (DPPC, Mr =
734.04) was provided by "Alexis Biochemi-
cals” (Switzerland). Methanol (MeOH) was
purchased from the Sigma-Aldrich company
(Switzerland).

Stock solutions of investigated sub-
stances (5 mM) are prepared in methanol
(standard for ESI MS polar solvent) and
used for preparation of binary model sys-
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tems. The mixtures are kept at room tem-
perature for at least 10 minutes before the
ESI MS analysis. The spraying procedure
requires dilution of the solutions to the
final 250 mM concentration of the most
concentrated component of the model sys-
tems in each solution. 2.2. ESI mass spec-
trometry

The ESI mass spectra are obtained in the
positive ion mode using a triple quadruple
(QqQ) Micromass Quattro Micro mass spec-
trometer (Waters, Manchester, UK)
equipped with the electrospray ion source.
This source operates in the standard ESI
mode. The ESI source temperature is set to
120°C and the desolvation temperature is
200°C. The spraying capillary is operated at
3.5 kV. The cone voltage (CV) value of 10 V
is used. The analyzed solution (20 mL) is
injected into the mass spectrometer at a
constant flow rate of 0.2 mL/min of the
methanol solvent. ESI spectra are recorded
in the mass/charge range of m/z 100-2000.
Data acquisition and processing are per-
formed using MassLynx 4.1 software (Wa-
ters, Manchester, UK).

3. Results and discussions

With the purpose to examine the idea
stated in the Introduction as to a possibility
of stable supramolecular complexes forma-
tion between the molecules of the studied
antimicrobial drugs and facilitating trans-
membrane transport agent DMSO, we per-
formed the following ESI MS investigations
of the model systems containing the drugs
and DMSO.

At the first stage of our study the ESI
MS probing of model binary systems of
(DMSO+LEF) and (DMSO+CYS) (with 1:3
molar ratio, assuming that the medicinal
antibiotic components prevailed over facili-
tating agent DMSO in the model systems)
were carried out. Formation of stable nonco-
valent clusters of DMSO with the molecules
of antibiotics LEF and CYS in the polar
solvent methanol has been revealed in the
experiments on the basis of recording pro-
tonated DMSO-drug-H* complexes in the ESI
mass spectra obtained (Fig.1 and Fig. 2).
The types of observed clusters depend on
the composition of the systems studied.
Thus, in the (DMSO + CYS) system prefer-
entially protonated clusters are formed
(Fig. 2), including DMSO dimers 2DMSO-H*
(m/z 157), and the clusters of the drug with
one and two DMSO molecules CYS-DMSO-H*
(m/z 181) and CYS-2DMSO-H* (m/z 259) re-
spectively. Presence of residual sodium ions
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Scheme 1. Chemical structures of the medications under study:

acin; c) cycloserine; d) decamethoxinum.

in the (DMSO + LEF) system (Fig. 1) is re-
flected in domination of the Na+ cation-con-
taining DMSO clusters DMSO-Na* and
2DMSO-Na*. LEF clusters with DMSO are
present both in protonated LEF-DMSO-H*

(m/z 440) and cationized LEF-DMSO-Na*
(m/z 462) forms.

Further, the examining of the model sys-
tem (DMSO + DEC) with different molar
ratio of the mixture components was per-
formed. Taking into account that DEC is a
salt and after dilution of the medication in
the polar solvent (methanol in our experi-
ments) its intact organic dications are avail-
able in the solution and have better ability to
form the ions under ESI conditions in com-
parison with DMSO molecules, firstly we
probed the (DMSO + DEC) system with 1:1
molar ratio. In the spectrum obtained (Fig.
3a) the peaks of the individual components of
the mixture were only recorded: DMSO-Na®,
m/z 101, I (relative intensity) = 42 %;
2DMSO-Na*, m/z 179, I = 100 % for DMSO
and the dication DECdic2t, m/z 811, I =5 %
for DEC. Any peaks of the complexes between
DMSO and DEC are not recorded.

The complexation of DMSO with DEC is
not revealed in the model system (DMSO +
DEC) with higher 1:8 molar ratio too (Fig.
3b). The increasing of the DEC concentra-
tion in the model system logically resulted
in the changing of the relative intensity of
the peaks of the individual components of
the mixture (see Fig. 8b): peak of DECdic2t,
m/z 311 became the most intensive with I =
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100 %, comparing with intensity of the
peaks of DMSO — DMSO-Na*, m/z 101, and

2DMSO-Na*, m/z 179, which relative inten-
sity decreased less than 20 %. Moreover
with the increasing of the DEC concentra-
tion in the model system the cluster ion of
the dication with one counterion DEC-
dic-Cl*, m/z 657 [20], appears in the spec-
trum, but DMSO is not attached to this type
of associates as well.

It is known that DEC dication forms sta-
ble complexes with both inorganic and or-
ganic anions at the ESI MS conditions [20,
21]. To explain the results obtained in the
current ESI MS study we consider that par-
tial negative charge at the oxygen atom of
DMSO (regarded as aprotic compound) is
not sufficient for its efficient binding with
the positively charged alkylammonium
groups of DEC and formation of the stable
noncovalent complex between DMSO and
DEC dication, especially in the presence of
CI- counterions of DEC salt in the solution.
At the same time, presence of proton-donor
groups in the LEF and CYS molecules facili-
tate their hydrogen bonding with proton-ac-
ceptor -S=0 group of DMSO, that can pro-
vide the formation of stable clusters of
DMSO with LEF and CYS molecules in solu-
tion reflected in the peaks of these pro-
tonated clusters in the mass spectra (Fig. 1
and Fig. 2).

The crucial difference of the results ob-
tained for the model systems of DMSO with
LEV and CYS (in which the stable clusters
of the DMSO with the drugs were revealed)
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Fig. 1. ESI mass spectrum of the (DMSO +
LEF) system (1:3 molar ratio).

from the results obtained for (DMSO +
DEC) model system (in which the peaks of
the noncovalent complexes between the
molecules of the system components were
not recorded) points to existence of selectiv-
ity in DMSO-drug complexation. Obviously,
such selectivity and the noncovalent com-
plexes formation ability and stability are
related with the structural features of the
molecules of the drugs under study.

To address the second task of our study
we also performed the ESI MS examining of
DMSO intermolecular interaction with
DPPC phospholipid molecules with the pur-
pose of modelling the processes accompany-
ing the DMSO transmembrane and transder-
mal penetration (see Introduction). The
model system of (DMSO + DPPC) (1:3 molar
ratio) has been measured in our current ESI
MS study. In the obtained spectrum (Fig. 4)
the peaks of the individual components of
(DMSO + DPPC) mixture are registered: for
DMSO — DMSO-Na*, m/z 101, I =154 %,
and 2DMSO-Na*, m/z 179, I =100 %; for
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Fig. 2. ESI mass spectrum of the (DMSO +
CYS) system (1:8 molar ratio).

DPPC - DPPCNa*, m/z 756.9, I =16 %
and 2DPPC-Na*, m/z 1491, I =8 %. The
peaks of noncovalent complexes of DMSO
with DPPC are not recorded in the spec-
trum. Such a result is in a good correlation
with the results of other investigations by
other methods, pointing to high speed of
penetration of DMSO molecules through
phospholipid membranes: the penetration of
DMSO into the lipid membrane is not ham-
pered by its adsorption at the membrane
surface, since DMSO does not form stable
complexes with the polar heads of mem-
brane phospholipids [8, 13].

A reason for absence of efficient binding
of DMSO with ammonium group of the
DPPC polar head may be the same, as dis-
cussed above for DMSO-DEC interactions.

4. Conclusions

Formation of stable noncovalent com-
plexes of DMSO with the molecules of anti-
biotics LEF and CYS in the polar solvent

100+ 311|DECdic®

80+

60
1,%

40

20 4 2DMSO-Na"
DMSO~Na'17g DECdic-Cl
101 657
0 I L [ —— " ‘
T T T T T T T
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Fig. 3. ESI mass spectra of the (DMSO + DEC) system with different molar ratio of the components:

a) 1:1 molar ratio; b) 1:3 molar ratio.
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methanol is shown in the current ESI mass
spectrometry study. At the same time the
ESI MS probing of the similar model sys-
tems containing DMSO and antimicrobial
drug DEC with different molar ratio demon-
strates that peaks of stable noncovalent
clusters of DMSO and DEC are not recorded
in the mass spectra. Such results point to
the dependence of DMSO-drug intermolecu-
lar binding peculiarities on the drugs struc-
ture. Hydrogen bonding of available proton-
donor groups of the LEF and CYS molecules
with proton-acceptor group of DMSO can
provide the formation of stable clusters of
DMSO with LEF and CYS molecules in solu-
tion that is confirmed by our ESI MS meas-
urements. At the same time partial negative
charge at the oxygen atom of DMSO is not
sufficient for its efficient binding with the
positively charged alkylammonium groups
of DEC dication in the conditions when CI~
counterions of DEC salt compete with
DMSO for the dication binding in the solu-
tion. The obtained data as to formation of
stable noncovalent complexes of DMSO with
LEF and CYS in the polar media are pro-
posed to be considered as one of the possible
molecular mechanisms of action of DMSO as
transdermal and transmembrane penetration
enhancer for the drug delivery.

The results of the ESI MS examining of
(DMSO + DPPC) model system testify to the
idea that the DMSO molecules do not form
stable noncovalent complexes with the
DPPC in the polar surrounding. Our experi-
mental data are in a good correlation with
the data of other researchers as for fast and
easy penetration of DMSO through mem-
brane structures without stable complexa-
tion with the membrane molecular compo-
nents.

The results obtained confirm the ESI MS
method applicability to study the DMSO
complexation with the drugs molecules and
to revealing the molecular mechanisms of
DMSO action as a functional agent for the
drug?s transdermal and transmembrane
transfer facilitation.
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