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Abstract

The location of isoniazid and rifampicin, two tuberculostatics commonly used for the treatment of Mycobacterium tuberculosis and

Mycobacterium avium complex infectious diseases, in bilayers of dimyristoyl-L-a-phosphatidylcholine (DMPC) and dimyristoyl-L-a-

phosphatidylglycerol (DMPG) have been studied by 1H NMR and fluorimetric methods. Steady-state fluorescence intensity and fluorescence

energy transfer studies between rifampicin and a set of functionalized probes {n-(9-anthroyloxy)stearic acids, n = 2, 12} reveal that, in both

systems, isoniazid is located at the membrane surface whereas rifampicin is deeply buried inside the lipid bilayers. Steady-state fluorescence

anisotropy studies performed with the probes 1,6-diphenyl-1,3,5-hexatriene (DPH) and trimethylammonium-diphenylhexa-triene (TMA-

DPH), not only corroborate the above results, but also show that no changes in membrane fluidity were detected in either liposome. The 1H

NMR results, in DMPC liposomes, confirm the location of rifampicin near the methylene group of the acyl chains of the lipid bilayers.
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1. Introduction

Most of the available tuberculostatics have toxic side

effects, inducing hepatoxixity; consequently, attempts are

being made either to develop alternative drugs or to reduce

toxicity of already existing drugs. The prospect of finding

newer and more effective drugs similar to the existing ones

is small; therefore, tuberculostatics are being used as a

liposomal form for the therapeutic treatment of Mycobacte-

rium tuberculosis and Mycobacterium avium complex infec-

tious diseases [1,2].

Liposomes, since their discovery, have not only been

recognized as useful models of biological membranes but

also as a unique biocompatible vehicle for drug delivery

[3,4]. However, liposomes suffer certain limitations, mostly

of a technical nature, such as the lack of reproducibility of

the preparations, the limited stability of the drug–carrier

complex during storage and potential changes in the struc-

tural organization of the lipid bilayer induced by certain

drug molecules [5]. Studies performed with liposomal forms

of tuberculostatics show that the bilayer composition is

critical for targeting liposomes and for obtaining drug–

liposome stable formulations [1,2,5–7].

The understanding of drug– liposome interactions at

molecular level is not an easy task because, depending on

their hydrolipophilic characteristics, drugs can interact with

either the polar headgroups, the hydrophobic hydrocarbon

chains of the lipid bilayer constituents or both parts of the

membrane and specific changes in liposomes morphology or

drug conformation can occur [5,8,9]. Moreover, the targeting

of drugs by lipid vesicles requires a complete understanding

of the physicochemical characteristics of the drug–liposome

system in order to predict their behavior and stability in vivo

[5,10–12].

In this work the location of isoniazid and rifampicin in two

types of lipid bilayers with different hydrophobic/electro-

static characteristics, those of dimyristoyl-L-a-phosphatidyl-

choline (DMPC) and dimyristoyl-L-a-phosphatidylglycerol

(DMPG), has been studied by nuclear magnetic resonance

(1H NMR) and fluorescence spectroscopy.

The determination of the partition coefficients of isonia-

zid and rifampicin in DMPC and DMPG liposomes have
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been reported in previous work [13,14]. By combining the

values of the partition values with the results of the location

studies, it became possible to estimate the extent of inter-

actions of isoniazid and rifampicin with the liposomes, and

to stress the role that electrostatic/hydrophobic properties of

liposomes play on the incorporation and location of drugs in

liposomal formulations.

2. Materials and methods

2.1. Reagents and sample preparation

Rifampicin, isoniazid, praseodymium chloride, N-(2-

hydroxyethyl)piperazine-NV-ethane-sulfonic acid (HEPES),

1,6-diphenyl-1,3,5-hexatriene (DPH) and trimethylammo-

nium-diphenylhexa-triene (TMA-DPH) were from Sigma;

L-a-dimyristoylphos-phatidylcholine (DMPC) and L-a-di-

myristoylphosphatidylglycerol (DMPG) were from Avanti

Polar Lipids; and all other chemicals from Merck (grade:

pro analysis). The n-(9-anthroyloxy)stearic acids probes

(n-AS) (n = 2 and 12) were obtained from Molecular

Probes.

All lipid suspensions were prepared with aqueous 10 mM

HEPES buffer solution (I = 0.1 M NaCl; pH 7.4) and

extruded on a Lipex Biomembranes extruder attached to a

circulating water bath.

2.2. Physical measurements

Absorption spectra were recorded with a UNICAM UV-

300 spectrophotometer equipped with a constant-temper-

ature cell holder. All spectra were recorded at 37F 0.1 jC in

1-cm cuvettes, using a slit width of 2 nm and a spectral

window from 225 to 600 nm. Fluorescence measurements

were carried out at 37F 0.1 jC in 1-cm cuvettes using a

Perkin Elmer LS 50B equipped with a thermostated cell

holder. 1H NMR spectra were record at 37.0F 0.1 jC in a

Bruker AC 200, spectrometer. Size distribution of extruded

DMPC and DMPG liposomes, with and without added drug,

were determined by quasi-elastic light scattering analysis

using a Malvern Instruments Zeta Sizer 5000, and the mean

particle sizes were found to be 103F 4 nm for DMPC and

98F 2 nm for DMPG.

Lipid concentration in vesicle suspensions was deter-

mined by phosphate analysis, using a modified version of

the Fiske and Subbarow method [15].

2.3. Liposome and drug–liposome preparation

Liposomes were prepared by evaporation to dryness,

with a stream of argon, of a lipid solution in chloroform

(DMPC) or in chloroform/methanol (1:1) (DMPG). The

films were left under vacuum overnight to remove all traces

of the organic solvent. The resulting dried lipid films were

dispersed with 10 mM HEPES buffer (0.1 M NaCl, pH 7.4)

and the mixture was vortexed above the phase transition

temperature (37F 0.1 jC) to produce multilamellar lip-

osomes (MLVs). Frozen and thawed MLVs were obtained

by repeating five times the following cycle: freezing the

vesicles in liquid nitrogen and thawing the sample in a water

bath at 37F 0.1 jC. Suspensions of MLVs were then

equilibrated at 37F 0.1 jC for 30 min and extruded 10

times through polycarbonate filters (100 nm) to produce

large unilamellar vesicles (LUVs).

Drug samples were prepared by mixing a known volume

of drug and a suitable aliquot of vesicle suspension in

HEPES, whereas the correspondent reference solutions were

prepared identically, but without drug. All suspensions were

then vortexed for 5 min and incubated at 37F 0.1 jC for 30

min, and typically two sets of 10 vials (1.5 ml) were used in

each experiment.

2.4. 1H NMR experiments

The dried lipid films, prepared as mentioned above,

were dispersed with 3.5 ml of deuterium oxide (D2O

99,8%). Stock solutions of rifampicin, isoniazid and

praseodymium chloride (0.2 M) were also prepared in

D2O. Solutions were obtained by addition of different

aliquots of each drugs or praseodymium chloride to

DMPC suspensions (14 mM). All the spectra were record

at 37.0F 0.1 jC and the HDO band was used as internal

reference.

2.5. Location studies with 2-AS and 12-AS probes

LUVs prepared as above, the n-AS probes were added

from a stock solution in ethanol and after an incubation time

of 1 h, the solution was divided into aliquots to which

different concentrations of drugs were added. The probe/

phospholipid ratio was always 1:100 and the concentrations

of ethanol was always less than 2% v/v, to ensure that no

alteration in the bilayer structure takes place [16,17]. Fluo-

rescence measurements were performed 2 h after addition of

drugs. Excitation wavelength was set to 390 nm and the

emission wavelengths were 452 and 446 nm, respectively,

for 2-AS and 12-AS probes. The quantum yields of the 2-

AS and 12-AS in DMPC and DMPG vesicles were taken as

0.15 and 0.55, respectively [17]. Isoniazid concentrations

were in the range 0–1200 AM and those of rifampicin in the

range 0–80 AM. Five different concentration of lipids were

used for DMPC and DMPG (100, 250, 350, 500 and 700

AM) and for each lipid concentration at least two independ-

ent experiments were performed. For DMPG, experiments

were also performed with the probes co-solubilised with the

lipid (500 AM DMPG). DMPG was dissolved in chloro-

form/methanol (1:1) and mixed with stock solutions of 2-AS

and 12-AS in the same solvent and the corresponding LUVs

were prepared by the method described above. Rifampicin

solutions, in the range 0–80 AM (in HEPES buffer), were

then added to the LUVs.

C. Rodrigues et al. / Biochimica et Biophysica Acta 1620 (2003) 151–159152



As the drugs partition in liposomes, their effective con-

centration in the LUVs, [Q]m, must be determined. The

effective concentration is given by [18]:

½Q�m ¼ ½Q�t 1� KpcLL
1� cLLþ KpcLL

� �
Kp

1� cLL
ð1Þ

where [Q]T is total drug concentration, Kp the partition

coefficient of the drug, gL the molar volume of the lipid and

L the lipid concentration.

The fluorescence intensities observed in the presence of

rifampicin had to be corrected, as this drug absorbs at the

wavelengths used for excitation and emission. The effect of

rifampicin absorption at the excitation wavelength was

corrected using the following expression:

Icorr ¼ Iexp
AT

Aex

ð1� 10�AexÞ
ð1� 10�ATÞ ð2Þ

where Iexp is the experimental fluorescence intensity, Aex is

the absorbance of the acceptor (rifampicin) and AT is the

absorbance of the donor and acceptor solution (rifampicin

and n-AS probes) [19]. The correction for the absorption of

rifampicin at the emission wavelength (trivial process or

reabsorption) was carried out by:

Icorr ¼ Iexp
2:303Aem

1� 10�Aem
ð3Þ

where Aem is the absorption of rifampicin at the emission

wavelength [20].

2.6. Steady-state anisotropy experiments

Lipids were dissolved in chloroform or chloroform/meth-

anol (1:1) and mixed with stock solutions of DPH or TMA-

DPH in the same solvent. The molar ratio DPH/lipid and

TMA-DPH/lipid was 1:300 and LUVs were obtained as

described before. Drug solutions (in HEPES buffer) were

added to liposome suspensions to obtain a final concentration

of 264 AM for isoniazid and 15 AM for rifampicin. Reference

solutions were prepared identically but without drugs.

The anisotropy was recorded between 15 and 40 jC, with
an accuracy of F 0.1 jC. The excitation wavelength for

DPH was set at 360 nm and the emission wavelength at 427

nm, whereas for TMA-DPH the corresponding values were

365 and 427 nm.

3. Results

3.1. 1H NMR measurements

The 1H-RMN spectra of DMPG did not exhibit any

observable changes upon addition of isoniazid or rifampicin

and, on the other hand, addition of praseodymium (III) led

to precipitation of the negatively charged liposomes, thus

precluding any 1H-RMN solution study.

For DMPC systems, no changes in the 1H-RMN spectra

could also be observed after addition of drugs, but addition

of Pr3 + causes the initial single peak of N+(CH3)3 to split

into resolved downfield and upfield components. The down-

field signal comes from the extra-vesicular (E) and the

upfield resonance from intra-vesicular (I) choline head-

groups (Fig. 1) [21]. The displacements of the external

and internal peaks and their splitting (Dppm), vary linearly

with the Pr3 + concentration, as expected [22,23].

Addition of rifampicin and isoniazid to Pr3 +-bound lip-

osomes causes shifts in the E and I peaks andDppm decreases

as drug concentration increases. A single peak is again

obtained when the concentration of rifampicin reaches 210

AM, a situation that is also observed for isoniazid but only for

concentrations higher than 290 mM. A slight downfield shift

of the methylene group signal of the acyl chains of DMPC

was also observed in the presence of rifampicin.

3.2. Location measurements with n-AS probes

Insights about location of isoniazid and rifampicin could

be gathered from the quenching of the membrane soluble

probes 2-AS and 12-AS. Rifampicin was found to induce

quenching of the probe’s fluorescence in both liposomes,

whereas isoniazid does not affect the fluorescence of the

probes.

As the Kp values of rifampicin are known, the effective

concentrations of rifampicin in the two liposomes systems

were determined and in Fig. 2 are depicted the fluorescence

intensities of the liposomes suspension vs. quencher con-

centration (rifampicin), both for total rifampicin concentra-

tion (A) and for membrane concentration of rifampicin (B).

These results show that the quenching is higher for the 12-

AS probe in both systems.

As the emission spectra of the n-AS probes and the

absorption spectrum of rifampicin overlap (Fig. 3), the

quenching observed for both probes must be a consequence

of a fluorescence resonance energy transfer (RET), between

the n-AS excited donors and rifampicin. The rate of energy

transfer depends upon the extent of spectral overlap, the

quantum yield of the donor, the relative orientation of the

donor and acceptor dipoles, and the distance between the

donor and acceptor molecules [24].

To obtain useful structural information from fluorescence

energy transfer data the theory developed by Föster for a

two-dimension system was used. Briefly, the efficiency of

energy transfer (E) is related to de rate of energy transfer,

which is defined as:

kT ¼ ð1=sDÞðR0=RÞ6 ð4Þ

The lifetime of the donor is sD, and R0, the critical

transfer radius (Föster radius), is the characteristic distance

for the donor–acceptor pair, which corresponds to the radius

at which energy transfer and spontaneous decay of excited
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Fig. 1. 1H-RMN spectra of (a) DMPC liposomes (14 mM); (b) DMPC liposomes (14 mM) and Pr3 + (10 mM) and rifampicin (i) 16 AM, (ii) 60 AM, (iii) 120 AM
and (iv) 210 AM.

Fig. 2. Fluorescence intensities vs. quencher concentration (rifampicin) in DMPC and DMPG liposomes for total rifampicin concentration, jQjT (A) and for the
membrane concentration of rifampicin, jQjM (B): (x) 2-AS in DMPG; (E) 12-AS in DMPG; (.) 2-AS in DMPG; and (n) 12-AS in DMPC.
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Fig. 3. Overlap between the emission spectra of the n-AS probes and the absorption spectrum of rifampicin.

Fig. 4. (A) Theoretical energy transfer efficiency (5) and experimental (.) between 2-AS and 12-AS probes and rifampicin in DMPC; (B) theoretical energy

transfer efficiency (5) and experimental (.) between 2-AS and 12-AS probes and rifampicin in DMPG.
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state are equally probable. The values of R0 (in nm) are

given by

R0 ¼ 0:0108 k2/Dn
�4

Z l

0

IðkÞeðkÞk4dk
� �1=6

ð5Þ

where k2 is the orientation factor, /D the donor quantum

yield in the absence of the acceptor, n the refractive index of

the medium, I(E) is the normalized fluorescence spectrum,

e(k) the molar absorption coefficient (M� 1 cm� 1); the

wavelength of the radiation must be expressed in nano-

meters. The efficiency of energy transfer can thus be

calculated by [25–28]

E ¼ R6
0

R6
0 þ R6

ð6Þ

For evaluation of the critical transfer radius (Eq. (5)), the

following assumptions were made: (i) k2 = 2/3 which corre-

sponds to a dynamic isotropic (or pseudo-isotropic) regime

of transfer, and (ii) the refractive index of the bilayer interior

was 1.4 [29,30].

To obtain the theoretical expectation for energy transfer

efficiency, the acceptor surface concentration was determined

assuming (i) an area of 62.2 Å2 for the phospholipid head-

group, (ii) that half of the phospholipid molecules are in the

external membrane of the vesicles, and (iii) that there are no

drug molecules in the high curvature inner surface of the

vesicles, with the energy transfer being restricted to the outer

leaflet [30]. With the above assumptions the critical transfer

radius, R0, was calculated from Eq. (5), for a random array of

donors and acceptors [25], and was found to be 31.2F 0.2 Å

for 2-AS and 38.7F 0.1 Å for 12-AS for DMPC and DMPG.

Experimental values for energy transfer efficiency were

determined from the following relationship:

E ¼ 1� I=I0 ð7Þ
where I0 and I are the fluorescence intensity of the probes in

the absence and presence of rifampicin, respectively.

Fig. 5. Temperature dependence of the anisotropy of DPH and TMA-DPH in DMPG liposomes in absence (n) and presence (.) of rifampicin (20 AM).
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The broad agreement between the experimental values of

energy transfer and theoretical values, obtained from the

Föster model, corroborates the fact that the observed

quenching is a consequence of RET between n-AS probes

and rifampicin (Fig. 4). The larger efficiency observed for

the DMPC system results from the larger fraction of the

drug that is incorporated in this system, as the Kp values of

rifampicin are much larger in DMPC than DMPG.

It is important to stress that to obtain reliable results in

DMPG liposomes it was necessary to co-solubilised the

probes with the lipid (see Section 2 for details). The n-AS

probes are negatively charged at physiological pH as DMPG

is a negatively charged lipid, and the electrostatic repulsions

that occur when the probes are added to already prepared

liposomes led to the segregation of probe aggregates in the

aqueous phase. These aggregates act as donors for the

rifampicin in this phase, thus deceiving the real efficiency

of energy transfer between donors and acceptors in the

bilayer.

3.3. Steady state anisotropy measurements

The degree of fluorescence anisotropy (r) is defined by

the following equation

r ¼ IVV � IVHG

IVV þ 2IVHG
ð8Þ

where IVV and IVH are the intensities measured in directions

parallel and perpendicular to the excitation beam. The

correction factor G is the ratio of the detection system

sensitivity for vertically and horizontally polarized light,

which is given by the ratio of vertical to horizontal compo-

nents when the excitation light is polarized in the horizontal

direction, G = IHV/IHH [28].

Changes in anisotropy of the two fluorescent probes,

DPH and TMA-DPH, were used to assess membrane fluid-

ity and drug location in DMPC and DMPG liposomes

[31,32]. Temperature dependence of DPH and TMA-DPH

anisotropy in negatively charged liposomes is shown in Fig.

5 in the absence and presence of rifampicin.

The anisotropy values for DPH and TMA-DPH, in both

liposomes, were insensitive to the presence of isoniazid. For

rifampicin it was not possible to obtain results in DMPC,

since a complete quenching of the probes fluorescence

occurred, even for very small concentrations of rifampicin

(8 AM), but in DMPG the anisotropy values for DPH

changed slightly.

4. Discussion

Rifampicin and isoniazid, drugs commonly used as

tuberculostatics, have very different physiochemical char-

acteristics: isoniazid is neutral at the physiological pH

(7.4), whereas rifampicin is partially ionized at this pH,

being c 40% in the anionic form [14]. Furthermore, their

partition coefficients in the two liposomes, used in this

work, are also very different: in DMPC the Kp values are

5.09F 0.52	 104 for rifampicin and 0.84F 0.12	 104 for

isoniazid; in DMPG the values are 0.544F 0.25	 104 for

rifampicin and 0.59F 0.12	 104 for isoniazid [13,14].

These results are very important to know whether or

how these drugs interact electrostatically with bilayers. It

could be concluded that electrostatic/hydrophobic interac-

tions were very important, especially when drugs exist in

ionized forms at physiological pH.

In this work we have studied the location and interaction

of rifampicin and isoniazid when incorporated into zwitter-

ionic and negatively charged liposomes by 1H NMR and

fluorescence techniques.
1NMR data studies corroborate the results already deter-

mined for the partition coefficient: rifampicin interacts more

strongly than isoniazid with DMPC liposomes. Further-

more, the slight downfield shift of the methylene group

signal of the DMPC acyl chains in the presence of rifampi-

cin is indicative that this drug penetrates the liposome

bilayers [21,23].

Further information on drug location was obtained from

the quenching studies with the n-AS probes. The fluoro-

phore group of 2-AS probe is located near the polar region

of the bilayer (16.8 Å from the bilayer center) and that of

12-AS probe is deeply buried in the bilayer (7.5 Å from the

bilayer center) [32,33]. For rifampicin, as the quenching

efficiency of the 12-AS is higher than those of 2-AS, in both

liposomes, this drug must be located deeply buried in the

bilayer. For isoniazid the quenching data with n-AS probes

show conclusively that this drug must be located in a very

hydrophilic region, at the membrane surface, incapable to

interact with any of the probes in both.

Furthermore, the results obtained from the efficiency of

resonance energy transfer corroborates the results obtained

for rifampicin. Location of rifampicin in the two systems

can be inferred from the comparison between theoretical and

experimental data: for the DMPC liposomes rifampicin is

located halfway between the two probes, since theoretical

and experimental data are in good agreement for both

probes; for the DMPG liposomes rifampicin must also be

located halfway between the two probes, but as there is a

small divergence between the data obtained for 12-AS

probe, it is likely that rifampicin prefers a more superficial

region more near the membrane interface. The last result can

be explained by the electrostatic repulsion that is expected

between the negatively charged headgroup of DMPG and

the ionized form of rifampicin [14].

Further information was gathered by the fluorescence

anisotropy studies performed to determined the influence of

drugs incorporation on membrane fluidity of DMPC and

DMPG liposomes. As DPH is deeply buried (7.8 Å from the

bilayer center), as expected from its hydrophobic nature,

and pack well with fatty acyl chains than TMA-DPH (10.9

Å from the bilayer center), with a cationic group attached to

DPH phenyl ring, which is located more shallowly than free
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DPH, TMA-DPH is expected to monitor lipid order changes

closer to the water/membrane interface than DPH [31–33].

For rifampicin, the complete quenching of both probe

fluorescence in DMPC and the nondependence on the aniso-

tropy of TMA-DPH and slight dependence on the anisotropy

of DPH in the presence of drug in DMPG make it clear that

rifampicin must be located deeper in the membrane as already

predicted by RET studies. For isoniazid the anisotropy of

DPH and TMA-DPH in both liposomes is insensitive to its

presence; consequently, these results once more confirm that

this drug must be located, in both systems, at the membrane

surface completely inaccessible to both probes.

In summary, the results obtained for isoniazid clearly

show that this drug is located at the membrane surface and

the extent of its interaction is independent of the electro-

static/hydrophobic characteristics of the liposomes. In con-

trast, rifampicin, which also interacts with both liposome

systems, is deeply buried in the membrane and has a degree

of incorporation that depends on the electrostatic/hydro-

phobic characteristics of the liposomes.

From these results it is possible to conclude that an

effective interaction between isoniazid and rifampicin and

the lipid bilayer is observed and that this interaction does not

induce significant changes in the structure of the membrane.

Consequently, the physicochemical data suggest that it is

possible to obtain stable preparation of liposomes containing

isoniazid and rifampicin for use in tuberculosis therapy.
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