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a b s t r a c t

Gold is a non-essential element extensively used in a variety of applications in medicine. Au(I) com-
pounds have been widely used to treat rheumatoid arthritis, whereas a number of Au(III) derivatives
have been prepared and assessed as potential anticancer agents. Gold compounds are well known for
their nephrotoxic and neurological implications; however, hematologic toxicity is one of the most seri-
ous toxic effects. The lack of information on both neurotoxic and hematotoxic aspects of Au(III) prompted
us to study the structural effects of tetrachloroauric acid (HAuCl4) on cell membranes, particularly that
of human erythrocytes. In order to better understand the molecular mechanisms of its interaction with
cell membranes, a preparation of human red cells and molecular models of the erythrocyte membrane
has been used. The molecular models consisted of bilayers of dimyristoylphosphatidylcholine (DMPC)
and dimyristoylphosphatidylethanolamine (DMPE), representative of phospholipid classes located in the
outer and inner monolayers of the human erythrocyte membrane, respectively. The capacity of HAuCl4
to perturb the bilayer structures of DMPC and DMPE was evaluated by X-ray diffraction, while large
unilamellar vesicles (LUVs) of DMPC were analyzed by fluorescence spectroscopy. The effect of HAuCl4
was also examined on the morphology of intact human erythrocytes by scanning electron microscopy
(SEM), whereas isolated unsealed human erythrocyte membranes (IUM) were studied by fluorescence
spectroscopy. In addition, to better understand gold toxicity in the brain, the effect of a chronic treatment
with HAuCl4 is herein reported with immunohistochemical evaluations.

© 2009 Elsevier B.V. All rights reserved.

Abbreviations: MLV, multilamellar vesicles; LUV, large unilamellar vesicles; r, fluorescence anisotropy; GP, fluorescence generalized polarization; DPH, 1,6-diphenyl-1,3,5-
hexatriene; Laurdan, 6-dodecanoyl-2-dimethylaminonaphthalene; DMPC, dimyristoylphosphatidylcholine; DMPE, dimyristoylphosphatidylethanolamine; SEM, scanning
electron microscopy; MT, metallothioneins; GFAP, glial fibrillary acidic protein.
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. Introduction

Gold, in elemental form, has been employed for centuries as an
ntiprurite to relieve itching palm [1]. In modern medicine, gold
herapy (chrysotherapy) of various salts and derivatives in the oxi-
ation state +1 has been widely used, mostly for the treatment of
heumatoid arthritis. Conversely, a number of Au(III) compounds
ave been prepared and evaluated as potential anticancer agents
2–4]; DNA does not appear to be a primary target for some novel
u(III) compounds even when their cytotoxic effects seem to be
ediated by interactions with protein targets [4]. The majority

f gold preparations are compounds in which gold is attached to
ulfur. The more water-soluble compounds employed in human
herapy contain hydrophilic groups as well as the aurothio group.
he high affinity for sulfur and the inhibitory effect of gold salts on
arious enzymes has suggested that the therapeutic effect of gold
alts might derive from the inhibition of sulfhydryl systems [1].
great deal of information is available on gold’s toxicology. Gold

ompounds are well known for their nephrotoxicity further compli-
ated by proteinuria, nephritic syndrome with glomerulonephritis
5]. Neurological complications include myokymia, peripheral neu-
opathy, Guillain–Barre syndrome, cranial nerve paralysis and
ncephalopathy [6,7]. Several biochemical properties have also
een described, e.g., immunomodulatory effects on the activity
f T-cell protein kinase C [8], inhibition of lipopolysaccharide-
timulated tumor necrosis factor-� through the ceramide pathway
9], suppression of the differentiation of human dendritic cells
rom peripheral blood monocytes [10], and induction of mitochon-
rial permeability transition [11]. Au(III) has been also reported
o oxidize proteins such as insulin and ribonuclease [12]. How-
ver, the scarcity of information on the neurotoxic and hematotoxic
spects of Au(III) prompted the study of tetrachloroauric acid
HAuCl4). Au(III) administered as tetrachloroauric acid accumulates
nly slightly in the brain after a three-month treatment [13]. This
esult may be indicative of limited permeability: first at the level of
he gastrointestinal tract and then at the blood–brain barrier (BBB),
hich appears to be a very efficient protector [14].

In the course of an in vitro systems search for the toxicity screen-
ng of chemicals of biological relevance, different cellular models
ave been applied to examine their adverse effects. The cell mem-
rane is a diffusion barrier that protects the cell interior. Therefore,

ts structure and functions are susceptible to alterations as a con-
equence of interactions with chemical species. In order to better
nderstand the molecular mechanisms of the interaction of Au(III)
ith cell membranes, the effect of HAuCl4 on molecular models

f the erythrocyte membranes has been investigated. Erythrocytes
ere chosen because, although less specialized than many other

ell membranes, they share similar functions with them (such as
ctive and passive transport, and the production of ionic and electric
radients) to be considered representative of the plasma mem-
rane in general. The molecular models consisted of multibilayers
f dimyristoylphosphatidylcholine (DMPC) and dimyristoylphos-
hatidylethanolamine (DMPE), and DMPC large unilamellar
esicles (LUVs). DMPC and DMPE are representative of phospho-
ipid classes located in the outer and inner monolayers of the human
rythrocyte membrane, respectively [15,16]. The capacity of HAuCl4
o perturb the multibilayer structures of DMPC and DMPE was
valuated by X-ray diffraction while DMPC LUV was analyzed by
uorescence spectroscopy. In an attempt to further elucidate the
ffect of HAuCl4 on cell membranes, its influence was also examined
n the morphology of intact human erythrocytes by scanning elec-

ron microscopy (SEM), while isolated unsealed human erythrocyte

embranes (IUM) were also studied by fluorescence spectroscopy.
hese systems and techniques have been previously used to deter-
ine the membrane-perturbing effects of other inorganic com-

ounds [17–20]. Morphological alterations in the brain of experi-
ry Reviews 253 (2009) 1599–1606

mental animals after gold treatment have been reported elsewhere
[13]. The conclusion of this study is that Au accumulates slightly in
the brain and toxic effects may be observed only at high doses.

2. X-ray diffraction studies of phospholipid multilayers

Despite the wide literature available concerning gold toxicity
there are few studies on the interaction between Au(III) and cell
membranes and molecular models. One of the few papers concerns
the use of bilayers built-up of DMPC and DMPE using X-ray diffrac-
tion [13]. Fig. 1A exhibits the results obtained by incubating DMPC
with water and HAuCl4. As expected, water altered the structure
of DMPC, as its bilayer repeat (phospholipid bilayer width plus the
layer of water) increased from about 55 Å in its dry crystalline form
[21] to 64.5 Å when immersed in water. Its low-angle reflections
(indicated as LA), which correspond to DMPC polar terminal groups,
were reduced to only the first two orders of the bilayer repeat. On
the other hand, only one strong reflection of 4.2 Å showed up in
the wide-angle region (indicated as WA), which corresponds to the
average distance between fully extended acyl chains organized with
rotational disorder in hexagonal packing. These results were indica-
tive of the gel state reached by DMPC bilayers. Fig. 1A discloses that
after exposure to 0.01 mM HAuCl4, there was a slight weakening
of DMPC reflection intensities. These considerably decreased with
0.1 mM HAuCl4 and became almost negligible with 3 mM; an effect
observed in both the low- and wide-angle DMPC reflections. It can
be concluded that HAuCl4 produced a significant structural pertur-
bation, affecting both the polar head and acyl chain regions of DMPC
bilayers, and consequently disrupted the in-plane structure and the
bilayer stacking. However, as the HAuCl4 concentration increased
from 5 to 10 mM, the intensity of the reflection corresponding to
the bilayer repeat considerably increased and its observed spacing
decreased from 64.5 to 58.8 Å. These effects imply a reordering of
DMPC molecules together with a closer approach of the lipid bilay-
ers. Results from similar experiments with DMPE are presented in
Fig. 1B. Water significantly affects the bilayer structure of DMPE [21]
after the heating–cooling procedure; in fact, it reached the gel state
as only two reflections were present, one of 56.4 Å in the low-angle
region, and another of 4.2 Å in the wide-angle region. Increasing
concentrations of HAuCl4 gradually reduced DMPE reflection inten-
sities; however, all of them were still present with 10 mM HAuCl4,
an indication than the extent of the perturbing effect of HAuCl4 was
weaker than that induced in the DMPC bilayers.

3. Fluorescence measurements of DMPC LUVs and IUM

The influence of HAuCl4 on the physical properties of DMPC
LUVs and IUM was examined by steady-state and time-resolved
fluorescence spectroscopy techniques [22–27]. Two fluores-
cent probes were used, 1,6-diphenyl-1,3,5-hexatriene (DPH) and
6-dodecanoyl-2-dimethylaminonaphtalene (laurdan). DPH fluo-
rescence anisotropy (r) was calculated according to the definition,
r = (I|| − I⊥)/(I|| − 2I⊥), where I|| and I⊥ are the corresponding parallel
and perpendicular emission fluorescence intensities with respect to
the vertically polarized excitation light [22]. Laurdan fluorescence
spectroscopic shifts were quantitatively evaluated using gener-
alized polarization (GP) concept [23], which is defined by the
expression GP = (Ib − Ir)/(Ib + Ir), where Ib and Ir are the emission
intensities at the blue and red edges of the emission spectrum,
respectively.
3.1. Steady-state fluorescence measurements

The effect of HAuCl4 incorporation on the properties of DMPC
LUV and IUM membranes was studied at 18 and 37 ◦C on the former
and at 37 ◦C on the latter. Laurdan’s emission spectroscopic shifts,
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ig. 1. Microdensitograms from X-ray diffraction diagrams of (A) DMPC and (B) D
ide-angle reflections, respectively.
s a function of the additive concentration and evaluated through
he generalized polarization parameter GP, are depicted in Fig. 2.
n DMPC LUV membranes, a general tendency characterized by a

onotonous increase of GP is observed, being slight at 18 ◦C and

ig. 2. Effect of HAuCl4 on the generalized polarization (GP) of laurdan in DMPC
UV at 18 and 37 ◦C and in IUM at 37 ◦C. Each point represents an average of data in
uplicate and standard error.
n water and aqueous solutions of HAuCl4; (LA) and (WA) correspond to low- and

pronounced at 37 ◦C. In IUM membranes, laurdan GP did not change
monotonically with HAuCl4 addition; instead, a trend is apparent
with an initial slight decrease up to 0.01 mM followed by an increase
up to 0.05 mM, which is then followed by another decrease at the
highest measurable concentration. The effects of HAuCl4 incorpora-
tion on the steady-state fluorescence anisotropy of DPH embedded
in both types of membranes are depicted in Fig. 3. While in DMPC
membranes at 18 ◦C, a slightly steady increase in the anisotropy is
observed; at 37 ◦C, an initial increase with a steep slope occurred up
to 0.01 mM followed by a much more gradual increase up to 0.1 mM.
On the other hand, in IUM membranes, the anisotropy change fol-
lowed a general trend analogous to the laurdan GP variation, i.e.,
an initial decrease, followed by an increase and a further decrease.
Interestingly the minima and maxima of both curves occurred at
the same HAuCl4 concentrations.

3.2. Time-resolved fluorescence measurements

Time-resolved fluorescence intensity decay data of DPH embed-
ded in vesicle bilayers was analyzed using different decay models. In
all cases, a two-component model consisting of one discrete expo-
nential and one Lorentzian lifetime distribution gave the best fit.
A fixed discrete lifetime component of 0.01 ns was used to account
for scattered light, which was <2% in terms of fractional intensity
contribution. The Lorentzian lifetime distribution center obtained
from the analysis is informed as DPH lifetime, and shown in Fig. 4
for DMPC LUVs at 18 and 37 ◦C, IUM at 37 ◦C and for DPH dissolved in
ethyl alcohol at 18 ◦C as a control. DPH lifetimes in DMPC LUV with-
out the additive at 18 and 37 ◦C, 11.14 and 8.72 ns, respectively, are
coincident with the reported values for a single lipid bilayer [28,29].
These values did not change significantly with HAuCl4 additions up

to 0.01 mM. Over this concentration, significant decreases occurred,
although with different trends. At 18 ◦C, the lifetime decreased with
a slight slope up to 0.05 mM, and with a much steeper slope at
higher additions. In contrast, at 37 ◦C, the corresponding decrease
occurred with a steep slope up to 0.07 mM, and with a less steep
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Fig. 3. Effect of HAuCl4 on steady-state fluorescence anisotropy of DPH in DMPC
LUV at 18 and 37 ◦C, and in IUM at 37 ◦C. Each point represents an average of data in
duplicate and standard error.

Fig. 4. Effect of HAuCl4 on DPH fluorescence lifetime in DMPC LUV at 18 and 37 ◦C,
in IUM at 37 ◦C and in ethyl alcohol at 18 ◦C. Lifetime distribution center obtained
from the analysis is depicted as DPH lifetime (see results). The errors represent the
correlated 67% confidence limits of the reduced �2.
Fig. 5. Effect of HAuCl4 on DPH rotational correlation time in DMPC LUV at 18 and
37 ◦C, and in IUM at 37 ◦C. Results were obtained from time-resolved anisotropy
decay data, analyzed with a hindered rotator model. The errors represent the corre-
lated 67% confidence limits of the reduced �2.

slope at higher concentrations. Noticeably, DPH lifetime at both
temperatures was practically coincident at 0.1 mM of HAuCl4. In
IUM, DPH lifetime showed a very slight but significant increase
up to the addition of 0.01 mM followed by a slight decrease up to
0.07 mM, which is the highest concentration that could be mea-
sured. The effect of HAuCl4 addition upon DPH lifetime was also
measured in ethyl alcohol in order to establish its quenching capac-
ity over DPH fluorescence. The results indicate that lifetime changes
of DPH embedded in the membranes due to HAuCl4 addition cannot
be ascribed to its quenching effect.

Time-resolved anisotropy decay data, analyzed with different
models, gave the best fit with a hindered rotator model. Rota-
tional correlation times obtained from the analysis, as a function
of HAuCl4 concentration, are shown in Fig. 5. In the three cases, a
general trend of � increasing after an initial slight decrease became
apparent. The variation tendency was similar for DPH in DMPC LUV
at both temperatures. The calculated values of limiting anisotropy,
r∞, in DMPC LUV at 18 ◦C range from 0.320 (without the additive)
up to 0.336 at 0.07 mM HAuCl4, which is, as expected, close to the
steady-state fluorescence anisotropy value given in Fig. 3.

4. Scanning electron microscope studies of human
erythrocytes

SEM examinations of human erythrocytes incubated with
HAuCl4 in the range of 0.1–10 mM indicated that the Au(III)

compound HAuCl4 induced changes different from the normal mor-
phology of most red blood cells (Fig. 6). Fig. 6B shows that when
incubated with 0.1 mM, numerous cells changed their discoid nor-
mal shape into stomatocytes (a cup-shaped form with evagination
of one surface and a deep invagination of the opposite face) and
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ig. 6. Effects of HAuCl4 on the morphology of human erythrocytes. Scanning electr
mM (E) and 10 mM HAuCl4 (F).

ome into echinocytes (altered condition in which the erythrocytes
how a spiny configuration, exhibiting blebs or protuberances in
heir surfaces); Fig. 6C shows that in 1 mM HAuCl4, most of the
ells are spherostomatocytes (cells with a visible change towards
pheroid morphology with lightly or minor cupped profiles); 3 mM
Fig. 6D) induced the formation of elliptocytes in most of the cells
cells with an elliptical shape), although some echinocytes did
emain; Fig. 6E shows many elliptocytes and some echinocytes
hen incubated with 5 mM HAuCl4; while with 10 mM (Fig. 6F),
ost of the cells are elliptocytes, although some knizocytes (red

lood cells with two or three concavities due to indentations in the
ell membrane) are also observed.

. Animal toxicity in mice brain after chronic treatment
ith tetrachloroauric acid
The scarcity of information on gold toxicity prompted the study
f its potential effects on brain. In this connection, mice chroni-
ally treated with tetrachloroauric acid in drinking water for three
onths [13] showed a marked alteration in the metallothioneins
croscope images of control (A), and incubated with 0.1 mM (B), 1 mM (C), 3 mM (D),

I–II (MT I–II) and the glial fibrillary acidic protein (GFAP) content
with respect to the controls. MTs are a family of low molecular
weight proteins which are involved in the detoxification of heavy
metals and in the distribution of essential metals. The binding con-
stant of MTs for gold is very high and the metal is able to displace
other metal ions such as copper and zinc [30]. In treated animals, a
pronounced reduction of MT I–II expression was found in all areas
of the brain (Fig. 7). A weak reactivity was found in parts of the
cerebellum while other areas, such as the dentate gyrus of the hip-
pocampus, were almost negative. Concomitantly, GFAP expression
was reduced in the corpus callosum, fornix and ventral tegmentum
of the mesencephalon (Fig. 8) compared to controls. In other areas,
immunoreactivity was negligible compared to controls.

6. Concluding remarks
In order to understand the structural effects induced by Au(III)
on cell membranes, HAuCl4 was incubated with intact human ery-
throcytes, their isolated unsealed membranes and bilayers built-up
of DMPC and DMPE, which are phospholipid classes present in the
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ig. 7. Immunostaining reactivity to MT I–II in different brain areas; MT I–II posit
erebellar cortex of controls (c) and after treatment HAuCl4 (d) ([13], with permissi
uter and inner monolayers of the erythrocyte membrane, respec-
ively. Analysis by X-ray diffraction showed that concentrations of
.1 mM and higher HAuCl4 induced structural perturbations of the
olar head group and in the hydrophobic acyl regions of DMPC,

ig. 8. Immunostaining reactivity to GFAP in different brain areas; GFAP-positive astrocy
entate gyrus of controls (c) and after treatment with HAuCl4 (d) ([13], with permission o
trocytes in dentate gyrus of controls (a) and after treatment with HAuCl4 (b), and
lsevier).
whose bilayer structure almost completely collapsed with 1 mM
HAuCl4. However, concentrations of 3 mM and higher HAuCl4 pro-
duced an increase of the first-order reflection intensity together
with a decrease of its spacing. The most likely explanation for these

tes in cerebellar medulla of controls (a) and after treatment with HAuCl4 (b) and in
f Elsevier).
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ffects lie in the fact that in the gel state DMPC molecules pack form-
ng the typical bilayer structure with the polar headgroups lying
erpendicular to the extended hydrocarbon chains. This arrange-
ent is stabilized through hydrophobic interactions among the acyl

hains and electrostatic interactions between the opposite charged
O4

− and N(CH3)+ of neighboring headgroups. Water fills the highly
olar interbilayer spaces, a condition that promotes the entry of the
uCl4− ions. At low concentrations, the relatively scanty AuCl4−

ons bind electrostatically to a few N(CH3)+ groups breaking off
he stabilizing PO4

−· · ·N(CH3)+ interactions inducing a structural
erturbation to DMPC. However, at higher HAuCl4 concentrations,
uCl4− ions would link to more N(CH3)+

3 groups of neighboring
ilayers. As a result, DMPC bilayers pack closer each other. Simi-

ar disorder-order effects have been previously reported for several
l3+, Cu2+, and Fe2+ salts [31–33]. When these experiments were
epeated with DMPE, only a gradual structural perturbation was
bserved, and it was much milder than that observed with DMPC.
hese results can be explained on the basis of the different nature
f DMPC and DMPE. Chemically, the two lipids only differ in their
erminal amino groups, which are +N(CH3)3 in DMPC and +NH3 in
MPE. Moreover, both molecular conformations are very similar in

heir dry crystalline phases: their acyl chains are mostly parallel
nd extended with the polar groups lying perpendicularly to them;
owever, DMPE molecules pack tighter than those of DMPC. This
ffect, due to the DMPE smaller polar group and higher effective
harge, makes for a very stable multilayer arrangement that was
ot highly perturbed by AuCl4− ions.

Results indicate that fluorescence spectroscopy techniques were
uitable for studying the effect of HAuCl4, at low concentrations, on
he structural and dynamic properties of lipid membranes. Laurdan
nd DPH have been selected as probes since they present a num-
er of favorable structural and spectroscopic properties and quite
ifferent locations in the bilayer: the hydrophilic–hydrophobic

nterface near to the polar heads and the deep hydrocarbon region,
espectively. The study was performed up to a HAuCl4 concentra-
ion of 0.1 mM, and in some cases only up to 0.07 mM due to a
onsiderable decrease of the fluorescence intensity of both probes
t these concentrations. In this context, the fluorescence intensity
nd DPH lifetime were measured in ethyl alcohol as a function of
AuCl4 concentration. Only a slight decrease occurred in DPH life-

ime as in its fluorescence intensity, as seen in Fig. 4 for lifetime
ecrease (intensity data not shown). Thus, HAuCl4 quenching can be
uled out as being responsible for the effects discussed below. The
nformation afforded by laurdan spectroscopic shifts is based on the
olvent dipolar relaxation around its fluorophore moiety. Its extent
epends both on the solvent’s polarity and molecular dynamics,
hich are quantitatively evaluated using the GP parameter. In a lipid

ilayer, the molecules in the probe surroundings responsible for the
ipolar relaxation have been determined to be water molecules
resent at the hydrophobic–hydrophilic interface of the bilayer,
ear laurdan’s fluorescent naphthalene moiety, at the level of the
lycerol backbone. Also their concentration is reduced in the gel
hase with respect to the liquid crystalline [34]. In this context, the
verall GP tendency to increase in DMPC LUV at both temperatures,
epicted in Fig. 2, can be ascribed to a reduction in the water content
f the hydrophobic–hydrophilic interface and/or in the dynamics of
hese water molecules due to the interaction of phospholipids polar
ead groups with AuCl4− ions. This effect was larger in the liquid
rystalline, at 37 ◦C, than in the gel state, at 18 ◦C. In erythrocyte
embranes (IUM), a non-monotonical pattern with a minimum at

.01 mM HAuCl4 and a maximum at 0.07 mM is observed, indicat-

ng interactions different from those found in DMPC membranes
see below). Interestingly, the laurdan GP variation patterns in
he above-mentioned systems are analogous to their correspond-
ng variation patterns of DPH steady-state fluorescence anisotropy
epicted in Fig. 3. Although fluorescence anisotropy is related to
ry Reviews 253 (2009) 1599–1606 1605

fluorophore rotational diffusion, a dynamic event, when it takes
place in ordered systems, such as a lipid bilayer, hindered rotations
occur due to the orientational constraint imposed by neighboring
molecules. In these systems, steady-state fluorescence anisotropy
of a fluorophore, such as DPH, is mainly related to the lipid acyl chain
packing order, a structural property. The DPH anisotropy variation
pattern in DMPC LUV indicates that HAuCl4 addition, at both tem-
peratures, produced an increase in the phospholipids acyl chain
packing order, and is larger in the liquid crystalline state, where
a substantial increase occurred at low HAuCl4 concentrations, up
to 0.01 mM. The resemblance of the DPH fluorescence anisotropy
variation trend with the corresponding laurdan GP variation ten-
dency is even greater in IUM: both curves showing minima and
maxima at the same HAuCl4 concentrations. Noticeably, both curves
showed a decreasing tendency at the highest HAuCl4 concentration
attained.

Unexpectedly concomitant DPH lifetimes decreases were found
in these systems as shown in Fig. 4. Since DPH lifetime is extremely
sensitive to the environment dielectric constant [28], the general
tendency of DPH lifetime to decrease with HAuCl4 content is inter-
preted as an increase in interchain hydration. Interestingly, the DPH
lifetime variation trend holds at both temperatures: although they
started at different values, both ended at practically the same life-
time value. The difference in DPH lifetimes at 18 and 37 ◦C, without
the additive, is consistent with the difference in membrane water
content in the gel and liquid crystalline states [34]. These results
indicate that HAuCl4 tends to induce a similar degree of interchain
hydration at both temperatures. In IUM, DPH lifetime changes were
milder, indicating only slight water content changes. On the other
hand, the changes depicted in Fig. 5 for DPH rotational correla-
tion time indicate that a decrease in the fluorophore rotational
motion also occurred in the three systems; IUM shows the slightest
variation in this parameter. The steady-state and time-resolved flu-
orescence results are consistent with an effect produced by HAuCl4
in a concentration range up to 0.1 mM. It implies an overall lipid
ordering, both at the acyl chain and at polar heads levels; a con-
comitant increase in the interchain hydration at the hydrophobic
core; and a corresponding decrease at the polar head groups level.
It also slowed down the molecular rotational diffusion at the phos-
pholipids acyl chain level. A difference in the extent of the HAuCl4
effect induced in DMPC LUV and in IUM is conspicuously appar-
ent in time-resolved measurements. In biological membranes, an
important fact to be taken into account is that they have a hetero-
geneous structure and a complex biochemical composition, which
includes different kinds of phospholipids, neutral lipids such as
cholesterol, glycolipids and proteins that modify the bilayer prop-
erties and interactions.

The fluorescence spectroscopy results on DMPC LUV at 18 ◦C
differ from those obtained by X-ray diffraction, where a disorder
effect was attained in the 0.01–1 mM range. The explanation for
this discrepancy might lie in that the two systems are different.
In fact, the X-ray experiments were carried out in DMPC multi-
bilayers which are relatively more ordered than the unilamellar
vesicles used in the fluorescence. In the latter case, AuCl4− ions
might become inserted in the hydrophilic–hydrophobic interface,
inducing a moderate ordering of the polar heads and the deep
hydrocarbon regions.

The scanning electron microscopy observations of human ery-
throcytes incubated with HAuCl4 indicated that they underwent
morphological alterations with increasing HAuCl4 concentrations
since they changed their normal discoid shape to stomatocytes,

echinocytes, elliptocytes and knizocytes. According to the bilayer-
couple hypothesis [35], shape changes are induced in red cells
due to the insertion of foreign species in either the inner or the
outer monolayer of the erythrocyte membrane. Thus, cup-shaped
stomatocytes are produced in the first case, while speculated
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hapes (echinocytes) are observed in the second due to the dif-
erential expansion of the corresponding monolayer. Given the
xtent of the interaction of HAuCl4 with DMPC and that the
ipid class is preferentially located in the outer monolayer of
he erythrocyte membrane echinocytes were expected from the
rythrocytes incubated with HAuCl4. Although echinocytes were
ndeed observed, stomatocytes and elliptocytes were more numer-
us at low and high HAuCl4 concentrations, respectively. The
orphological change in stomatocytes might be due to the inter-

ction of HAuCl4 molecules with lipids and/or proteins located
n the inner monolayer of the erythrocyte membrane; at higher
oncentrations, the molecules located in both monolayers produce
lliptocytes.

In the brain, gold seems to accumulate prevalently in astrocytes
nd in a lesser extent in neurons [14]. Nevertheless, the BBB appears
o be an efficient protection from gold neurotoxicity since toxic
ffects may occur only at high gold doses. Histopathological staining
f the brain tissue revealed the existence of a population of spe-
ialized iron-containing glia, distributed in the hypothalamus area
ostrema, most sensitive to gold thioglucose [36]. Further studies
n this issue will definitely lead to a wider understanding of gold
eurotoxicology and pharmacology in relation also to the chemical
tate and nature of the used gold compounds.

. Summary

Despite the widespread use of Au in a variety of medical appli-
ations there is scant information regarding its interaction with
ell membranes. Our results indicate that the interaction of HAuCl4
ith lipid bilayers perturbs their molecular structures. Since the

ipid bilayer is the membrane’s main permeability barrier, the struc-
ural perturbation induced by HAuCl4 will affect its permeability.
t might also affect the functions of ion channels, receptors and
nzymes immersed in the membrane lipid moiety. These observa-
ions may provide a new insight into the possible mechanism for
u(III) toxicity at the cell membrane level, particularly for human
rythrocytes. This is of particular interest since one of the most seri-
us toxic effects of parenteral gold compounds is haematological
oxicity [37].
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