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Abstract

We studied the interactions of tetracycline antibiotics, TCs, with phospholipid monolayers with the two-fold aim of
elucidating the mechanism of action of TCs and to provide a first step for the realization of bio-mimetic sensor for such drugs by
means of the Langmuir—Blodgett technique. Preliminary surface tension studies demonstrated that surface activity of tetracycline
is moderate and dependent on the pH of the subphase. We selected three phospholipids having hydrophobic chains of the same
length but differing in the polar head structures, i.e. dipalmitoylphosphatidylcholine, dipalmitoylphosphatidylethanolamine, and
dipalmitoylphosphatidic acid. Surface pressure- and surface potential- area isotherms were employed to investigate the behavior
of the phospholipid monolayers at the water—air interface when tetracycline was added to the aqueous subphase. Analysis of the
results indicated that the electrostatic interaction is the driving force for migration of tetracycline towards the interface where
localized adsorption to the head groups occurs. Nevertheless, such interactions appear to be insufficient to promote penetration of
tetracycline through the hydrophobic layer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Tetracyclines are a subclass of the polyketide
antibiotics that contain an octahydrotetracene-2-car-
boxamide skeleton substituted with numerous hy-
droxyl and other functionalities. These molecules
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are broad-spectrum antibiotics acting on gram-posi-
tive and gram-negative strains, mycoplasms as well
as some protozoa. Tetracyclines, extensively used as
veterinary antibiotics, survive the manufacturing cy-
cle and contaminate animal-derived foods. The pres-
ence of their residues in edible products of animal
origin can pose serious problems to human health
inducing allergic syndrome and, even more impor-
tantly, strain resistance in the population. Since
current international legislations impose a limit con-
centration for tetracyclines in food, much effort is
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Fig. 1. Chemical structures of the tetracyclines and of the selected phospholipids.

devoted to clarify their mechanism of action and to
develop sensors for ultra low concentration of these
compounds.

The mechanism of action of these drugs has been
generally related to their ability to penetrate through
biological membranes [1] but a detailed comprehen-
sion of such process is still in its infancy. Whereas
many works deal with the interactions of drug mole-
cules such antibiotics [2,3], or anaesthetics [4,5] with
phospholipid monolayers, reports on tetracyclines are
scarce. A previous study demonstrated that tetracy-
cline interacts with phospholipids such as phosphati-
dylethanolamine [6], but little is known on the details
of such processes. Therefore, it appears particularly
important to understand the mechanism of interaction
between tetracyclines and Langmuir monolayers of
phospholipids, which are well known to act as simple
although representative models of biomembranes
[7.8].

In this paper, we focused on the study of spreading
monolayer of three typical phospholipid constituents
of natural membranes in the presence of tetracycline in
the subphase. We have selected dipalmitoylphosphati-
dylcholine, DPPC, dipalmitoylphosphatidylethanol-
amine, DPPE and dipalmitoylphosphatidic acid,
DPPA, as native monolayers. The three phospholipids
have hydrophobic chains of the same length but polar
groups differing either in dimensions and protonation

equilibria. Inspection of surface pressure and surface
potential isotherms provided a powerful tool to mon-
itor drug—lipid interactions determining changes in the
distribution and orientation of the phospholipids at
water—air interface induced by the drug. These studies
allowed to specify the mode of interaction and to
estimate the percentage of antibiotic incorporated in
the monolayer.

This paper is part of a systematic work on the study
of the interactions of tetracycline antibiotics with
phospholipid monolayers at water—air interface that
would eventually provide not only further insight in
their mechanism of action but also a key indication for
the realization of mimetic sensor for such drugs.

2. Experimental
2.1. Materials

Tetracycline hydrochloride (TC) and Oxytetrat-
cycline (OxTC) were supplied by Sigma, the purity
is >99%, and the molecular weight is 481 for TC
and 497 for OxTC. Dipalmitoylphosphatidic acid
(DPPA), dipalmitoylphosphatidylcholine (DPPC)
and dipalmitoylphosphatidylethanolamine (DPPE)
were supplied by Sigma; the purity is >99% for
all the three phospholipids. The chemical structures
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of TC, OxTC, DPPA, DPPC and DPPE are
reported in Fig. 1. Chloroform was used as spread-
ing solvent for DPPC and DPPA, whereas chloro-
form/methanol mixtures (10/1 v/v) were used for
DPPE spreading solutions, both solvents were sup-
plied by Aldrich. Phospholipid concentration of
1x107* M was typically used for spreading sol-
utions, unless otherwise stated in the text; solution
volumes in the range 100—200 pl were spread on
the surface using a Hamilton syringe. Water was
obtained from a Milli-RO coupled with a Milli-Q
set-up (Millipore): resistivity 18.2 MQ cm, pH 5.6
at 20 °C.

2.2. Methods

Surface tension, y, measurements were obtained
with the Du Nouy method using a Mettler balance
with a platinum ring (=2 cm) immersed in a
trough containing the solution to be examined at
controlled temperature. Surface tension was mea-
sured as a function of TC in the subphase at 20
and 25 °C; TC concentration was varied by stan-
dard additions of aliquots of a stock solution
([TC]=107% M) and 30 min were allowed for
equilibration before each y measurement. Surface
pressure—surface area, m—A, isotherms were
obtained with a Lauda Filmwaage FW2 (Lauda,
Germany) by discontinuous compression. Spreading
isotherms were obtained at 20 °C using a Haake
thermostat with water circulation bath. The com-
pression rate was 8 A? molecule™" min~!; three 7
values were recorded for each surface area with a
time interval of 30 s between the measurements,
only the last m measurement is reported in the
isotherms. 30 min were allowed for solvent evapo-
ration and tetracycline equilibration at the interface
prior compression. All the spreading isotherms of
DPPA, DPPE, and DPPC shown in this paper are
the average of at least three curves. Surface poten-
tial -surface area, AV—A, measurements were
obtained with the method of the ionizing electrode
by using **'Am electrodes, with an apparatus as-
sembled in the Department of Chemistry (Florence)
and previously described [9,10]. The accuracy of y
was +0.1 mN m~', of © was +0.1 mN m !, of A
was +0.5 A2 molecule™! and of AV was +10 mV.
Semi-empirical calculations (PM3, AMI1) [11,12]
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Fig. 2. Adsorption isotherms at 25° for TC and OxTC.

were run using the software HyperChem 5.1 (Hy-
perCube, USA).

3. Results and discussion

3.1. Tetracycline adsorption isotherms at water/air
interface

At 20 °C adsorption isotherms of TC could be
determined only for concentration lower than 107> M
whereas at 25 °C adsorption isotherms for TC were
recorded only in the concentration range 6x10 °—
2x1072 M. y values at higher TC concentrations are
not reliable because of incipient precipitation and
were discarded. A similar y behavior was found at
both temperatures: a decrease of surface tension was
observed for tetracycline concentrations higher than
5x107° M. Typical adsorption isotherms of TC and
of OxTC at water—air interface, at 25 °C, are reported
in Fig. 2. Comparison between the two curves shows
that the overall drop in surface tension is higher for
TC than for OxTC, indicating that adsorption at the
interface is favoured for TC. This behavior can be
explained with the higher solubility of OxTC in water,
which strongly competes with the adsorption process.
Adsorption isotherm for OxTC shows a continuous
decrease of y as a function of concentration, without
any clear-cut discontinuity, as in the case of poorly
surface-active substances. An initial drop followed by
a linear region characterizes y-log[TC] curve, these
features can be rationalized in terms of differently
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protonated TC species in solution. The behavior of the
tetracycline family in water solution is complex and
involves protonation and pH-dependent conforma-
tional equilibria; most of the existing studies are
focused on TC, whereas little is known on OxTC.
In particular, TC exhibits three main macroscopic
acidity constants, the assignment of which has been
widely accepted [13,14]. The first deprotonation is
ascribed to the OH3 group in the A ring, whereas the
second deprotonation involves the OH12 group on the
B ring and only the third deprotonation is associated
with the dimethylamino group in the A ring (see Fig.
1). The corresponding pKs determined either by
potentiometric or spectroscopic methods are pK;=3—
4, pK>,=7-8, pK;=8.8-9.8 [13-16].

The protonation equilibria of TC molecule induce
also a change of molecular conformation: in acidic to
neutral solution (below pH=8) TC adopts a twisted
conformation in order to relieve the steric crowding
between the protonated nitrogen on the dimethyla-
mino group, NH4, and the OH12. In this conforma-
tion, which is usually referred as folded conformation
[13,14,17], the dimethylamino group lies above the
BCD ring system. Increasing pH the conformational
equilibrium 1is shifted towards the extended confor-
mation, where the dimethylamino group lies below
the plane spanned by the BCD ring system.

We observed a decrease of the experimental pH
with the increase in [TC], the distribution of the
different protonated TC species at each pH was
computed using Eq. (1) considering the activity coef-
ficient as unity:

Bi'[Hﬂi )

> By [HY
Jj=0

g(m- = OSZSH (1 )

where n is the total number of protons available for
each species i, f§ values are the global basicity con-
stants, correlated to the acid constant, K by the
expression:

d 1
=1 pi=]] 2
BO B j=1 (Kn+l—j> ( )

The pK values for TC, used for our calculations,
are pK,=3.3, pK,=7.68 and pK3;=9.69 [18].

Table 1
Experimental pH values, distribution of tetracycline and DPPA
species in the TC concentration range 0—5X107> M

[TC], M PHexp Oy, TC* OH, TC OHDPPA-
0 5.66 0.69
1x107° 5.23 0.01 0.98 0.85
5%107¢ 4.99 0.02 0.98 0.91
5%107° 427 0.10 0.90 0.98
1x10* 4.05 0.15 0.85 0.98
5x1074 3.44 0.42 0.58 0.96
2x1073 3.04 0.65 0.35 0.92
5%1073 2.78 0.77 0.23 0.86

The results reported in Table 1 show that only the
totally protonated form, H,TC", and the neutral form,
H;TC, are present in significant population in the range
of [TC] investigated, whereas the fraction of the
negatively charged molecule, H,TC™, is negligible.
With increasing [TC] the equilibrium among the dif-
ferent species moves towards the protonated form in
the folded conformation. These data were confirmed by
circular dichroism studies [19] indicating that the
totally protonated species is present as 99% in solution
at pH=1 whereas the neutral form is only 1%. These
considerations may explain surface tension behavior
for tetracycline: after the initial y drop, we observe a
discontinuity in the y-log[TC] curve corresponding to
the cross-over to a regime, where basically only H,TC"
is present. At concentrations higher than 1.5x1072 M
precipitation of TC hinders further interpretation of the
results. The change in the slope of y-log[ TC] curve may
indicate that surface activity of tetracycline decreases
with increasing pH. Similar trends in y were observed
also for colistine, dibucaine [3,20] and antimalarial
drugs [21], all these molecules are differently proton-
ated as a function of pH.

The surface excess and the molecular area for
compact monolayers of tetracycline at the interface
were determined from ) measurements applying the
Gibbs adsorption isotherm in the linear portions of the
curve:

Crc dy
e =——-o 3
T U uRT <3CTC ; G)

where n=1 for non-ionic compounds and n=2 [22], for
singly charged substances. The surface area per TC
molecule is inversely proportional to I'rc. Application
of Eq. (3) to the first region of the y-log[TC] curve
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was attempted considering that only the H3TC form
contributes to the adsorption layer (n=1), in this case
we found a surface area of 12 A2 molecule™'. How-
ever, using n=2, we obtain a molecular area of 24 A?
molecule ', Both these unrealistically small values
suffer of a heavy approximation since both H;TC and
H,TC" species are present in this concentration range
(see Table 1). In the second linear portion of the curve,
ie. [TC]>8.5x107° M corresponding to pH<2.1, the
charged species is largely predominant in solution and
application of Eq. (3) gave a molecular area of 158 A2
molecule ™" for tetracycline.

This area value was compared with the molecular
dimensions obtained from geometry optimization of
TC in vacuo using both PM3 and AM1 calculations; the
molecular structure of H,TC", in the folded conforma-
tion after energy minimization is reported in Fig. 3. In
the case depicted in Fig. 3, we computed a cross-
sectional area of 97 A2 from the molecular dimensions
with D—C—B rings of the molecule almost parallel to
the interface. Other possible conformations, with the
long axis of the molecule perpendicular to the interface,
would provide much smaller cross-sectional areas, i.e.
80 and 47 A2 These conformations were disregarded
since we considered a vertical disposition, with most of
the oxygen atoms sticking out of the surface, as highly
unlikely. In any case, area values of 12 A% or 24 A? per
TC molecule are indeed unrealistically small, on the
contrary the value of 158 A? obtained per H,TC"
molecule in the adsorption layer nicely supports the
picture of the horizontal orientation of the molecule; the
difference between the geometrical and the experimen-
tal value may possibly be attributed to electrostatic
repulsion between charged molecules. The invariance
of surface activity for low TC concentrations was
confirmed  also by surface pressure measurements
on subphase containing [TC]<5x 10~*: 7 was recorded
in the absence of any amphiphilic monolayer but no
significant increase of m was recorded even at maxi-
mum compression.

3.2. m—A isotherms at water—air interface

The spreading isotherms of the selected phospho-
lipids on water subphase and on subphases containing
tetracycline in the concentration range 10 °—5x107>
M are reported in Figs. 4—6 for DPPC, DPPE and
DPPA, respectively. m—A4 isotherms for the three
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Fig. 3. Molecular structure and estimated dimensions for HyTC" in
folded conformation.

phospholipids on water (not shown here) are in good
agreement with those previously reported [23-25]. As
reported in Section 3.1, tetracycline is not surface
active in the concentration range studied and any
change in m can be safely ascribed to interactions
between TC and the lipid molecules.

Observation of the experimental results allows to
identify a discontinuity in the behavior of the iso-
therms at a threshold concentration of tetracycline,
[TC]*, whose values are reported in Table 2 for the
three phospholipids. In the same table we also report
the main parameters extracted from the isotherms, i.e.
the limiting molecular area 4, the collapse surface
pressure nc and the maximum surface compressional
modulus Cs' for the two regimes. A, is determined
extrapolating the linear portion in the condensed
region of the isotherm to zero surface pressure, 7c
is taken as the surface pressure corresponding to the
point where the slope of the isotherm abruptly
changes, and Cg ' is defined as [26]:

;' =4 (3—2) ) (4)

It is evident from the figures and from the parame-
ters reported in Table 2 that tetracycline affects to
different extent the isotherms of the three phospholi-
pids. At any rate, changes in 7—4 isotherms cannot be
ascribed to a mere pH effect on the phospholipid
behavior since it is well known that for DPPC and
DPPE only slight condensation of the monolayer
would be expected with decreasing pH, i.e. with
increasing TC concentration. The same holds for DPPA
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Fig. 4. Surface pressure (solid lines) and surface potential (dotted
lines) vs. molecular areas of DPPC at 20 °C on subphases
containing tetracycline in the concentration range 0—5X 1073 M. (a)
1X107% M; (b) 5}107° M; (c) 5%107* M; (d) 5%107° M.

monolayers, for which an abrupt expansion of n—A4
curves is reported to occur only at pH>pK,=6 [27].
DPPC isotherms (see Fig. 4) move toward higher
molecular areas increasing tetracycline concentration
in the subphase, particularly above [TC]*, this shift is
accompanied by an increase in the surface pressure
corresponding to the LC—LE phase transition. The
‘expansion effect” due to tetracycline is more impor-
tant in the liquid expanded phase, as confirmed by the
maximum surface compressional modulus at 7=5 mN
m~'. At higher surface pressure the effect is reduced
and a kink can be observed at m=45-50 mN m';
after this surface pressure the curves almost superim-
pose for all tetracycline concentrations. Moreover, all
the spreading isotherms for DPPC show similar col-
lapse surface pressure; the limiting areas remain
constant up to [TC]* and only beyond this concen-
tration A, increases. This behavior suggests that
tetracycline is ‘forced out’ of the monolayer at close
packing of DPPC monolayer. Accumulation at bound-
aries between fluid and condensed domains of DPPC
monolayer is phenomenon frequently observed [28];
in this specific case tetracycline appears to be effec-
tively excluded from highly condensed DPPC phases.
Surface pressure—area behavior for DPPE spread on
an aqueous subphase containing tetracycline is similar
to what observed on water subphase for [TC]<[TC]* as
reported in Fig. 5. Above [TC]* a phase transition
appears in the 7—4 curves around 7=5 mN m ™' and the
isotherms shift towards larger areas. The expansion of
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Fig. 5. Surface pressure (solid lines) and surface potential (dotted
lines) vs. molecular areas of DPPE at 20 °C on subphases
containing tetracycline in the concentration range 0—5x 10> M. (a)
1X107% M; (b) 5x107> M; (c) 2x1073 M; (d) 5%1073 M.

DPPE monolayer with increasing TC concentration is
confirmed also by the values of the surface compres-
sional modulus (see Table 2). Moreover, the limiting
area value increases and 7., decreases, these features
suggest that tetracycline remains incorporated into the
monolayer or in the electrical surface double layer
upon monolayer compression.

A completely different picture emerges from the
observation of n—4 for DPPA monolayers on sub-
phases containing tetracycline (see Fig. 6). In this case,
the spreading isotherms show a substantial displace-
ment to higher values of surface area already at low
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Fig. 6. Surface pressure (solid lines) and surface potential (dotted
lines) vs. molecular areas of DPPA at 20 °C on subphases
containing tetracycline in the concentration range 0—5x10~> M. (a)
1X107° M; (b) 5x107° M; (¢) 1x10~* M; (d) 5x10° M.



Table 2
Monolayer parameters extracted from 7—4 isotherms
[TC]*, M A, A? molecule ™" e, mN m~! C§l, mNm™!
[TC]=0 [TC]<[TC]* [TCI>[TC]* [TC]=0 [TCI<[TC]* [TC]>[TC]* 7=5mN m ' =35 mN m~"'
[TC]=0 [TCI<[TC]* [TCJ]>[TC]* [TC]=0 [TCI<[TC]* [TCI>[TCI*

DPPC 5x107* 64 64 73 63 62(63)" 64 43 33 (29)* 18 152 132 (110)* 84

DPPE 5x107* 41 45 58 52 52(50)" 42 95 100 (51)* 20 228 224 (241 129

DPPA 1x107* 40 43 (45)" 68 54 57(46)" 46 159 56 (29)* 14 358 270 (238)* 150

[TCI[TCI* (ITCIH[TCT).
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[TC] with a significant increase in the limiting area at
the highest tetracycline concentration. Collapse surface
pressure remains constant for [TC]<[TC]* and then
decreases as a function of TC content. The shape of the
isotherms in the expanded phase changes for TC
concentrations as low as 1x10~* M suggesting the
appearance of a liquid expanded phase at low DPPA
density. Moreover, upon further compression the
monolayer remains more expanded compared to water
subphase as evidenced by the maximum Cs ' reported
in Table 2.

The above findings indicate that tetracycline
strongly affects the behavior of DPPA monolayer,
whereas DPPC and DPPE interact more weakly with
the antibiotic. The threshold tetracycline concentra-
tion value, [TC]*, at which we observe an appreciable
variation in the n—A isotherms is different for the
three phospholipids (see Table 2) and the extent of
such variation depends exclusively on the anchoring
polar group which appear to be directly involved in
the interactions with tetracycline.

This effect is more clearly described in Fig. 7
where we present A4 as a function of tetracycline
concentration. AA=Ay i, tc—ALip is calculated at con-
stant surface pressure as the difference between the
molecular areas of the phospholipid on subphases
containing tetracycline and on water subphase. We
separately examined the expanded phase domain, i.e.
=5 mN m~' (Fig. 7a), and the condensed one, i.e.
=35 mN m~' (Fig. 7b). In this latter region the

variation is considerably smaller than in the former
one, but in both phase domains, we again observe a
discontinuity in the increase of surface area at [TCJ*.

Preferential interactions with the phospholipids
monolayer in the expanded phase were also found
for proteins incorporation by other authors [29,30].

The critical concentration can be related to the
distribution of TC species reported in Table 1: below
[TC]* the neutral form H;TC is predominant in
solution. The small area variation seems to indicate
that this species does not interact significantly with
DPPE, neither in the expanded nor in the condensed
phase; interactions are slightly higher for DPPC
before the LE-LC phase transition.

On the contrary, larger area changes were observed
for DPPA even if a A4 value of 12 A for DPPA
molecule is still too small to be interpreted as a
significant H;TC insertion in the monolayer, the
increase of A4 could simply involve a perturbation
of the hydrogen-bond network induced by adsorption
of tetracycline underneath the polar head groups of the
phospholipid.

Above [TC]*, H;TC is replaced by H,TC" and A4
increases considerably in the case of DPPA, final
values of 60 A% molecule™" and 20 A? molecule ™
are observed at 7=5 mN m ! and 7=35 mN m ',
respectively. Although A4 increases steadily also for
DPPC and DPPE above [TC]*, the maximum AA
values observed are always much smaller than in the
case of DPPA.
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Table 3

109

Phospholipid/TC molar ratio, n, calculated from 7—A4 isotherms, for DPPE, DPPC and DPPA both in the expanded phase (=5 mN m ') and in

the condensed one (7=35 mN m ")

1

[TC], M =5 mN m~ =35 mN m~'
npppc/NiTe npppE/NTe npppa/liTe npppc/NTe npppE/MTe npppA/liTe

1x10°° >100 >100 >100 >100 91 >100
5%x107° 46 >100 48 >100 91 >100
5%107° 10 >100 21 >100 36 37
1x107* 10 >100 8 >100 83 51
5x107% 6 100 2.5 >100 59 35
2x1073 4 12 25 17 23 14
5x1073 2 6 1.5 10 11 5

An estimate of the concentration of antibiotic at the
interface was attempted comparing the A4 values with
the geometrical requirements for tetracycline obtained
from molecular modelling and assuming that the
molecule adopts a flat conformation with the BCD
rings parallel to the interface and the oxygen rich
region interacting with hydrophilic layer, i.e. tetracy-
cline cross-sectional area= 100 A’ . The molar ratio
between the amphiphilic molecules and tetracycline at
the interface was calculated as:

Miipid _ VATC
AA

nrc (5)
and the results are reported in Table 3 for the three
phospholipids and at two surface pressures, i.e. 5 and
35 mN m~'. Above [TC]*, a cross-sectional area of
158 A2 was also considered in analogy with surface
tension results and we found an average increase of
60% in ':;T—"(d

For low TC concentrations, the phospholipids/tet-
racycline ratio is always large for all the phospholipids
examined, especially for DPPE in the expanded phase.
After the threshold concentration 'ET—”C“ decreases but we
observe a significant presence of tetracycline at the
interface only for DPPA in the expanded phase reach-
ing an average of two DPPA molecules for each TC.

Above [TC]*, we have already seen that the
charged species H,TC" is the predominant one in
solution and that the charged form is less surface
active than the neutral one, therefore the decrease in
';';—"s indicates that TC interactions with the phospho-
lipids are strongly enhanced by electrostatic attraction
of the positive charge towards the negative diffuse
charge localized in the region of the phosphorus

atoms. Moreover, DPPA undergoes protonation—
deprotonation equilibria, from the values reported in
Table 1 it can be easily seen that the HDPPA™ species
is always the predominant one and its maximum
concentration occurs at pH=4. On the contrary, zwit-
terionic phospholipids remain unaltered in the pH
range investigated but tetracycline effect is much
smaller for the DPPC and DPPE. Although the
charged H,TC" species interacts more favourably
with either the choline and ethanolamine moieties
compared to H3TC, the increase in AA is small
especially for closed packed monolayers and vanishes
in the case of DPPC above 7=50 mN m™".

These results indicate that tetracycline interacts
with the three phospholipid monolayers but different-
ly in each case. This difference appears to be dictated
by charge density and protonation equilibria at the
interface. From the above data, it seems highly
unlikely that tetracycline may penetrate the hydropho-
bic portion of the monolayer in condensed monolayer
phases. Localized adsorption at the phospholipid head
group appear like a possible mechanism as reported
by other authors for several drugs bearing charged
amino groups [31,32]. In the case of the anaesthetic
chlorpromazine, the authors [33] demonstrated drug
penetration in the lipid layer with relative changes in
molecular areas A4/4 in the range 5—15%. The results
reported in Table 3 for DPPE and DPPC correspond at
most to a relative change always much lower than 5%,
only for DPPC fluid phase we obtain an association of
20% tetracycline. For DPPA we obtain 20-30%
insertion in the expanded phase and 5-10% in the
condensed phase, this confirms that the antibiotic
remains at least loosely associated to the monolayer
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also at high = in the case of DPPA and DPPE but not
for DPPC.

3.3. AV—A measurements at water—air interface

3.3.1. General analysis for tetracycline-free sub-
phases

Experimental AV values obtained for the three
phospholipids on water (not shown here) compare
well with the literature reports on the same com-
pounds [34,35]. Surface potential, AV, provides a
description of the electric dipole density at the wa-
ter—air interface and it is generally described [9] as:

AV = AVdip + ¥y (6)

where the term AV, is due to the permanent dipole
moment of the amphiphilic molecule and Wy, i.e. the
double layer potential, is present only in the case of
ionized or ionisable monolayer.

For what concerns DPPC and DPPE, the term V¥,
in Eq. (6) is null in the entire TC concentration range
considered since the variation of pH induces negligi-
ble changes in ionization of the polar group of
phosphatidylcholine and of phosphatidylethanolamine
[34,36]. For the two zwitterionic phospholipids we
also considered that AV=AVy;, is unaffected by the
variation of pH in the subphase [34,36].

In the case of DPPA monolayers, the W, term
cannot be neglected, and it was computed using the
Gouy—Chapman theory [22,26,37]:

Yy = esinh | — 72— 7
’ e ((8880kTC)1/2> )

where k£ is Boltzmann’s constant, 7' the absolute
temperature, ¢ and ¢ are the local and vacuum relative
permittivity. g, the surface charge density, is equal to
ea/A with e the electronic charge, o the degree of the
dissociation of the head group, A the area per mole-
cule, ¢ the ionic concentration of the subphase (M). «
was calculated using Eq. (1) with literature values for
the average interfacial pKs: pK;=2 and pK,=6 [38].
W, values were obtained neglecting DPPA®~ species
contribution and are reported in Table 4.

The contribution due to DPPA at the interface at
[TC]=0 (pH=5.7) was obtained from the experimental
AV isotherms and W, was calculated as AV;;"“‘ =
(AV — W) from Eq. (6).

The term AVg, in Eq. (6) is correlated to the
vertical component of the dipole moment, y, of the
amphiphile forming the monolayer [9]:

1{cos?)

np pn(cos

AV =——=——"-" 8
dip &&p egpA (®)

where —u> is the intrinsic dipole moment of the
molecule, u, is its vertical component and ¥ is the
angle between the dipole moment vector and the
normal to the interface; A4 is the molecular area, n is
the number of surface dipoles.

The dipole moment, u, of a molecule can be
calculated with respect to the centre of mass of the
molecule using the following equation:

electrons nuclei

n=— Z 7’,‘+ZZA‘RA 9)

i=1

where Z, is the charge of the nuclear core, R, is the
distance between the origin and nucleus 4 and 7; is the
distance between the origin and electron i.
Semi-empirical computatg)ns for DPPC polar
group provided a value of | uP*P¢| = 16.6 D with
AMI parameterization and | tPPPC| = 14.0 D with
PM3 considering the dipole moment directed along
the _P;N+ bond; these values are in good agreement
with ‘ uDPPC‘ =19 D found in the literature [38].
Application of Eq. (8) to DPPC monolayers on water
subphase in the condensed phase provided an angle
$=88° between PPPPC and the normal to the interface,
which indicates that the choline polar group lies
almost parallel to the surface. The same conclusions
were reached by other authors [34,39] that considered
separately the contribution of terminal —CHj, of the
carboxylic group, CO, and of the choline moiety.
Similar deductions can be made for DPPE, in this
case, we computed a dipole moment of ?DPPE‘ =0.
0 Dand | uPPPE| = 12.9 Dwith AM1 and PM3 semi-
empirical calculations, respectively. We determined an
average angle of 87° between the intrinsic dipole
moment of the polar group of DPPE, which is directed
along the "P—N", and the normal to the interface. The
choline and the ethanolamine groups are oriented
similarly at the interface, the main difference being
their steric hindrance: the positive bulky choline
group lies deeper in the aqueous phase than the
positive diethylammonium of DPPE relative to their



Table 4
Tetracycline surface densities (n1¢) and volume/surface partition constants (k) as a function of tetracycline concentration in the subphase
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qjo, mV AVTc, mV nrc, molec. A72 VlepA/I’lTC kripa CIl’17l 0° \Po, mV AVTc, mV nrc, molec. A72 nDppA/VlTC krip> cmfl 0°
1107 =391 4 82x107° >100 7.3x10% 84 396 -2 4.1x107° >100 1.5x10° 92
5107 —378 -5 1.0x107* >100 3.0x10° 91  —384 -7 1.4x107% >100 2.2x10° 94
5x107° =336 -73 1.5x1073 14 2.0x10° 98 346 —53 1.1x1073 23 2.7x10° 120
1x107* =312 —177 3.6x1073 5 1.7x10° 98  —328 —154 3.1x1073 8 1.9x103 124
5x107%  —245 —222 45%1073 3 6.7x10° 95 283 —147 3.0x1073 8 1.0x10* 112
2x1073 =209 251 5.1%10°3 2 2.4x10* 95  —242 —~193 3.9%10°° 6 3.1x10* 102
51073 =171 —309 6.3%x1073 1.5 4.8x10* 95 204 —273 5.6x1073 3 5.4x10* 98
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phosphate group in agreement with previous reports
[39].

AV isotherms for DPPA on water change signifi-
cantly with pH only below pH=3 [37,40,41], even if
the term AV;gnd for DPPA cannot be considered
strictly constant throughout all the pH range investi-
gated (2.8—5.7); we assumed that such change should
be small.

The dipole moment of the predominant HDPPA™
species obtained from semi-empirical calculations
provided an average value of ¥=85° with p'"°""*
directed along the PC bond.

The phosphate group of DPPA is oriented parallel
to the interface analogously with what previously
discussed for DPPC and DPPE: the polar groups of
all three phospholipids almost lie on the plane of the
interface with a steric hindrance increasing in the
order DPPA<DPPE<DPPC.

3.3.2. Tetracycline-induced surface potential changes
for phospholipid monolayers

In Figs. 4—6, the behavior of surface potential AV
as a function of the phospholipid molecular area is
described for some typical tetracycline concentrations.

For DPPC expanded phases, the increase of anti-
biotic concentration in the subphase promotes a shift
of the AV isotherms towards higher surface potential
values. In the gaseous phase, we observe a poorly
reproducible behavior of AV—4 curves which is
probably due to the heterogeneity of the monolayer;
interestingly such heterogeneity vanishes with in-
creasing the TC content. On the contrary, in the
condensed phases, AV is almost unaffected by the
presence of TC in the subphase. In fact, AV is almost
invariant with respect to the TC concentration above
=50 mN m ' . Analysis of m—A4 isotherms already
suggested that above this pressure TC could be
pushed down deeper in the diffuse double layer
explaining AV behavior.

The general features of AV—A4 curves for DPPE are
similar to the ones described for DPPC. Major effects
are observed for DPPA monolayers: the AV curves
reported in Fig. 6 show a variation of surface potential
both in the expanded and in the condensed phases as
compared to pure water subphase, even if the effect is
more evident in the expanded phase of DPPA mono-
layers.

In order to gain a deeper knowledge of the param-
eters ruling the interaction mechanism, we analyzed
the results obtained from A}V measurements. The
three-layer-capacitor model [34,42] subdivides the
term £- in Eq. (8) into three contributions:

TOT H w T
[t :H_J-_A'_M_J-_A'_H_J- (10)
& EH Ew eT

where p!! is the dipole moment of the polar head
group region, u\' is the contribution of oriented water
molecules which constitute the hydration shell of lipid
head groups at the water/air interface and p! is the
dipole moment of the hydrophobic part; ey, €, ew, are
the local dielectric constant for the head group, tails
and interfacial water region, respectively.

According to this model, any variation in AVg;, can
be related either to a change in the orientation of the
polar groups, to the water penetration and/or reorga-
nization at the interface or, in our specific case, to the
effective interfacial contribution of molecules, i.e.
tetracycline, adsorbed or penetrated from the sub-
phase, that is to say:

AV = AVgy +Wo = AV + AVIS +W, (1)

AV4S can be estimated for this equation provided
AV;LP 4 and W, are known.

For DPPC and DPPE W(=0 in Eq. (11) and AVi¢ =
AV — AleLig"d — W ; in the case of DPPA rearrange-
ments of Eq. (11) yields:

AVEE = AV — (AVER 4w —wie

=A(AV) — AV, (12)

We considered the term AV;;pld not affected by the
presence of tetracycline at the mterface for the three
phospholipids. First of all, = and y measurements
showed that the amount of TC in the monolayer is
expected to be small; therefore we considered negli-
gible the term W€ for all the examined systems. This
assumption is further justified considering the single
terms of Eq. (10): although the term pY'/ew might
change as a function of TC content, it is known from
previous work that this contribution is negligible with
respect to the other ones [39]. Secondly, penetration of
TC in the compact hydrophobic layer is unlikely to



FE. Gambinossi et al. / Biophysical Chemistry 110 (2004) 101-117 113

occur, as shown in Section 3.2) from area require-
ments considerations, and the term % in Eq. (10) can
be considered constant.

The head group contribution, p'!/ey, might vary
due to changes either in the carboxylic and phospha-
tidic regions; since penetration of tetracycline in the
monolayer was excluded we considered negligible
any effect on the CO group. Besides, the phosphatidic
group contribution can be considered constant below
2x107> M; below this concentration the neutral
DPPA species contribution is lower than 4%, and
basically only HDPPA™ is present.

W, values obtained from Eq. (12) together with the
corresponding AV at maximum packing are reported
in Table 4 for each tetracycline concentration.

We attempted to isolate the contribution of tetra-
cycline to AV in three different regions of the iso-
therms: gaseous phases (7=0), liquid-expanded
phases (7=5 mN m™") and condensed phases (7=35
mN m ™).

3.3.3. Gaseous phases

Interestingly, we found a prompt increase in sur-
face potential (250 mV) also at very low phospholipid
surface density in the case of high tetracycline con-
tent, i.e. high H,TC" concentration, whereas for
extremely expanded phospholipid monolayers on wa-
ter the surface potential is basically zero. This en-
hancement of AV can be ascribed either to a
perturbation of the network of water molecules at
the interface and/or to the double layer term, Wy, or to
the presence of TC at the interface. In particular many
authors [43,44] ascribe the onset of the surface po-
tential to the formation of a hydrogen-bond network.
Indeed, the increase of the onset area with increasing
tetracycline may indicate that the antibiotic is partic-
ipating in the network between the phospholipid head
groups adsorbing at the interface. Under the crude
assumption that the major effect is due solely to the
presence of tetracycline dipoles, we attempted to
evaluate the contribution of tetracycline to the surface
potential in the expanded region of AV—A4 isotherms
for the highest TC concentration where only the
charged H,TC" species is present.

We used AV values of 200 mV for DPPC, 250 mV
for DPPE and 200 mV for DPPA corresponding to
molecular area values of 220 A2 molecule !, 105 A?
molecule ! and 150 A% molecule ™" for DPPC, DPPE

and DPPA, respectively. Considering that in the ad-
sorption film (see Section 3.1) tetracycline occupies
an area of 100—158 A at most one tetracycline
molecule per phospholipid molecule is present at the
molecular areas listed above. Application of Eq. (8)
with n=1, provided values p'® =1167 mD for
DPPC, p'® =696 mD for DPPE and p'® = 1409
mD for DPPA.

The orientation of the TC molecule with respect to
the interface may be evaluated, provided p is known.
The dipole moment of tetracycline was computed for
both the Hy;TC and the H,TC" forms, we obtained
similar values of 14.8 D but different spatial orienta-
tion, the u'C vectors for H,TC" and H;TC are
depicted in Fig. 3. A positive AV contribution implies
that the TC amino group (see Fig. 3) points towards
the air region. Substitution of 1" value in Eq. (8)
allowed to determine J, the angle between the normal
to the interface and the molecular dipole moment. ¥
falls in the range 85—89° to indicate that the plane of
the BCD rings is almost parallel to the interface plane
in agreement with surface tension results.

3.3.4. Liquid expanded and highly condensed phases

Variations of the surface potential of DPPC and
DPPE as function of TC content in the subphase, at
7=5mN m ' and 7=35 mN m™", are reported in Fig.
8. We distinctly identify a discontinuity in AV behavior
at a threshold concentration [TC]*=5x10"* M as in
the case of A4 data. AV increases sharply at low TC
concentration and reaches a constant value at [TC]*,
then surface potential decreases slowly for DPPE and
more significantly for DPPC. We recall that H;TC is in
excess below [TC]*, whereas above [TC]* the charged
species, H,TC", becomes dominant. The contribution
of H3TC (and H,TC") to the surface potential can be
estimated from Eq. (11), similar models were used also
by other author for cationic drugs [45].

For DPPC and DPPE W¥,=0 in Eq. (I11) and the
increase in AV below [TC]* can be ascribed to the
migration of H3TC, the predominant species in solu-
tion, towards the interface. At any rate, this term A
Vig = AV — AV, (i;p 4 is very small and comparable to
the experimental error in AV measurements suggest-
ing that tetracycline contribution at the interface is
negligible; these findings are in agreement with the
results of the analysis of A4 values.



114 F. Gambinossi et al. / Biophysical Chemistry 110 (2004) 101-117

At concentrations higher than [TC]*, H,TC" pre-
dominates, and presumably its interactions with the
negative charge localized on the readily accessible
P~ atom of the polar groups become more important,
this effect is clearly reflected in the increase in A4
(Fig. 7). Surprisingly, the effect of a further increase
in H4TC" concentration at the interface induces a
reduction of AV values (Fig. 8). The data of Section
3.2 indicate that such reduction cannot be interpreted
in terms of depletion of TC from the interface,
moreover the calculated modulus for H,TC" dipole
moment and its orientation at the interface would
result in a vertical component of the dipole moment
comparable to the one observed for the zwitterionic
H3TC (see Fig. 3). In order to explain the reduction
of AV, we should take into consideration, besides the
negligible W, contribution due to TC at the interface
and a small contribution to the term nY /ew, other
terms such as the reorientation of the polar groups,
which is associated to a decrease of the term p'f /ey
In fact, reorientation of the choline group with the
N(CH3)3 deeper in the water phase would induce a
decrease of the vertical component of the dipole
moment of DPPC and, at the same time, it would
provide more space to allow H4TC" to interact with
the negative phosphorus region of the monolayer.
Similar results were also obtained from NMR and IR
spectroscopy for the interaction of phloretin mole-
cule with DPPC monolayer [5,46]. The role of the
reorientation of the polar group is supported also by
the results obtained for DPPE monolayers for con-
centrations higher than [TC]*. In this case, the
decrease of AV is much lower and it correlates to
the fact that HyTC" can insert more easily at the
interface without inducing major changes in the
orientation of the small phosphatidylethanolamine
group.

The effect of the increase of H,TC™ species at the
air—water interface on monolayer features is strongly
enhanced in the case of DPPA, whose protonation
equilibria changes with the pH of the subphase. The
behavior of AV as a function of TC content in the
subphase is reported in Fig. 9. AV increases to reach a
plateau (350—370 mV) value at [TC]=1x10~* M, after
this concentration the surface potential drastically
decreases to 240 mV. This concentration value marks
a discontinuity in A} behavior and corresponds to the
threshold value previously discussed. It is interesting
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Fig. 8. Surface potentials at constant = of DPPC and DPPE
monolayers vs. tetracycline concentration: DPPC (squares) and
DPPE (circles) at 7=5 mN m ™' (filled symbols) and at 7=35 mN
m~! (open symbols).

to note that, differently from DPPC and DPPE, [TC]*
shifts to lower values, that is 1x10~* M, this feature
suggests that, besides the H;TC—H,TC" transition,
protonation equilibria of DPPA are involved. In fact
pH=4, that is to say [TC]=[TC]*, corresponds to a
maximum for the fraction of HDPPA™, at the same
time the DPPA?~ form is replaced with the neutral
form. After the threshold concentration, AV increases
again indicating that interactions between the couple
H,TC"/DPPA are enhanced compared to H;TC/DPPA,
the minimum of AV is observed for the highest
concentration of HDPPA™ coupled with a large con-
centration of neutral H;TC.

The values of AVdTig from Eq. (11) in closely
packed phases are reported in Table 4. In order to
estimate tetracycline concentration at the interface, we
correlated the surface potential to the dipole surface
density using two different procedures. In the first
one, we assumed that tetracycline adopts a flat-like
orientation at the interface, similar to what reported
above fOL n=0, also in the condensed phase, we
utilized ‘ p| = 14.8 D from HyperChem calculations
considering ¢ values in the range 85-88°. We
obtained ntc values reported in Table 4 together with
the molar ratio between DPPA and tetracycline, a
reasonably good agreement is found with the values
obtained from the behavior of A4 (see Table 3). From
ntc values it is possible to evaluate a volume/surface
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partition constant, k;, defined as the ratio between
surface concentration and bulk concentration

nrc
krip = I’l-l}uclk (13)

kyip values, reported in Table 4, are of the same
order of magnitude of k, determined for interfacial
enzymatic reactions reported in the literature [7].
value increases as a function of TC bulk content to a
saturation limit for [TC]=1x10"* M, whereas after
this concentration we record an almost linear increase
of kp. The partition model does not account for the
experimental data above [TC]* probably because of
simultaneous presence of different TC species. The
results suggest that the H,TC" species, the predomi-
nant form above [TC]*, interacts more strongly then
H5TC with HDPPA™, which in turn remains the
prevalent species at the interface over the entire TC
concentration range studied.

In the second procedure, we calculated p'¢ = ey
AV(;Fig /nrc employing the surface density of TC
computed from the data obtained from the analysis
of m—A isotherms reported in Table 3. In this way no
assumptions were imposed on the magnitude and
direction of tetracycline dipole moment. The angle
between tetracycline dipole moment and the normal to
the interface was also obtained and the corresponding
values are reported in Table 4. We found that although
the orientation of tetracycline remains essentially flat,
the direction of the dipole reverses, implying that the
positive end of the calculated ' localized on the

dimethylamino group, is below the water surface. This
orientation of tetracycline would allow strong inter-
actions to be established with the negatively charged
phosphate group of DPPA.

The previous results converge in identifying elec-
trostatic interactions between the two species of
tetracycline and the phospholipid as the driving force
for tetracycline association at the interface. We there-
fore suggest that tetracycline may be either adsorbed
underneath the polar head group region, or partly
integrated among the polar groups excluding penetra-
tion. Similarly, previous works [47] demonstrated that
the poorly hydrophobic antibiotics are unable to cross
the lipid region and remain adsorbed to the polar head
group through electrostatic interactions. In the present
work, we have confined our approach to a semi-qua-
litative description of the process, a more detailed
study is still in progress where the individual contri-
bution of the different TC species are isolated and
quantified.

4. Conclusions

The results reported and discussed above allow to
draw some general conclusions on the mechanism of
interaction of tetracycline with phospholipid mono-
layers at water—air interface.

Tetracycline was found to have a very small
tendency to accumulate at the interface in the absence
of any amphiphilic monolayer. Migration towards the
interface is promoted in the presence of the phospho-
lipids and it is basically due to electrostatic reasons. In
fact we observed higher interactions in the series
DPPE<DPPC<DPPA. This effect is particularly im-
portant in the expanded phase and for tetracycline
concentrations higher than a critical threshold value.
Such threshold value coincides for DPPC and DPPE
and it corresponds to the pH at which the charged
species Hy;TC" becomes predominant. For DPPA, the
threshold value is lower ([TC]=1x10"* M), because
in this case the change in pH due to the increase of TC
in the subphase promotes also a shift towards the
negatively charged form of DPPA. Large interactions
between HDPPA~ and H,TC" are established as
shown by the increase in surface areas per DPPA
molecule and surface potential behavior.
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This work is an example of how adsorbable sub-
stances can be organized at water—air interface by the
interplay of electrostatic interactions. Such interac-
tions, although strong enough to persist also in the
condensed phase, do not seem sufficient to promote
penetration of TC trough the polar groups up hydro-
phobic layer. For this reason, crossing of the tetracy-
cline trough the cellular membrane appear un-
reasonable in the absence of suitable carrier or protonic
units. This is in agreement with previous studies that
reported that the most abundant resistance mechanism
against tetracyclines in gram-negative bacteria is based
on the active export of TC out of the cytoplasm by the
intrinsic membrane protein TetA [48,49].

Our data suggest that tetracycline migrates at the
interface and is adsorbed underneath, or partly asso-
ciated with, the polar head groups of the phospholi-
pids. From the comparison of experimental data with
semi-empirical calculation we could sketch a distri-
bution of tetracycline below the polar head group of
DPPA in a flat-like orientation, maximum incorpora-
tion is reached in the condensed phase where a molar
ratio 2:1 between the phospholipid and the charged
species of tetracycline is found.

The quantitative interpretation of the results of the
present work is hindered by the change in the distri-
bution of the different protonated species with in-
creasing tetracycline concentration. Further insight on
the details of this mechanism will be presented in a
separate work where pH, and thus protonation of
DPPA, will be kept constant.

Nevertheless, the present study provides an impor-
tant piece of information on tetracycline interactions
with natural membranes since during extracellular
trafficking the antibiotic is likely to encounter milieus
in which pH might vary modulating the interactions
with membrane phospholipids. Moreover, these first
results appear promising in the selection of a candi-
date monolayer for biomimetic sensor for tetracycline.
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