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a  b  s  t  r  a  c  t

Differential  scanning  calorimetry  (DSC),  mixed  monomolecular  layers  and  fluorescence  spectroscopy
techniques  were  applied  to investigate  the  effect  of  thyroid  hormones  (THs)  on the  biophysical  properties
of  model  membranes.  We  found  that  both  3,3′,5-triiodo-l-thyronine  (T3)  and  3,5,3′,5′-tetraiodo-l-
thyronine  (T4)  induce  a broadening  of  the calorimetric  main  phase  transition  profile  and  reduce  the
transition  enthalpy  in liquid-crystalline  state  of  dipalmitoylphosphatylcholine  (DPPC)  multilamellar  vesi-
cles. Tm changes  from  41 ◦C to  40 ◦C  compared  to pure  DPPC.  When  the  experiments  were  done  by  adding
THs  to preformed  multilamellar  vesicles  a second  broader  component  in the  DSC  scan  also  appears  at
20 min  of incubation  and  becomes  gradually  more  prominent  with  time,  indicating  a progressive  alter-
ation  of  lipid  phase  induced  by THs.  Analysis  of surface  pressure-molecular  area  isotherms  in mixed
monolayers  of  THs  with  either  DPPC  or  1-palmitoyl-2-oleoylphosphatidylcholine  (POPC)  at air–water
interface  indicated  a  reduction  in  molecular  area  for THs/lipid  mixtures  at all  surface  pressures.  A  substan-
luorescence tial decrease  in  surface  potential  in  mixed  lipid/THs  monolayers  at all surface  pressures  were observed  for
both phospholipids  without  affecting  the  mixed  monolayer  integrity.  The  data  of  mixed  lipid/THs  behav-
ior  support  the establishment  of  lateral  miscibility.  Alterations  of bidimensional  liquid expanded  →  liquid
condensed  phase  transition  observed  for DPPC/THs  mixed  monolayers  are  compatible  with  the  changes
observed  in  DSC.  The  transverse  movement  of  THs  and  the  decrease  of  dipole  potential  were  also  observed
in single  unilamellar  vesicles  by  using  appropriate  fluorescent  probes.
. Introduction

There is evidence that thyroid hormones (THs), mainly the pro-
ormone T4, are normal constituents of biological membranes in
ertebrates, as previously reviewed (Hulbert, 2000). The genomic

ctions of THs begin with T3 binding to nuclear thyroid hormone
eceptor. The effects of THs are mediated by a direct modula-
ion of nuclear gene activity and by nongenomic mechanisms

Abbreviations: T3, 3,3′ ,5-triiodo-l-thyronine; T4, 3,5,3′ ,5′-
etraiodo-l-thyronine; DPPC, dipalmitoylphosphatylcholine; DOPC, 1-palmitoyl-
-oleoyl-sn-glycero-3-phosphocholine; THs, thyroid hormones; DSC, differential
canning calorimetry.
∗ Corresponding author. Tel.: +54 351 4334171x3465;

ax: +54 351 4334168x3406.
E-mail addresses: gfidelio@dqb.fcq.edu.ar,

fidelio@mail.fcq.unc.edu.ar (G.D. Fidelio).

009-3084/$ – see front matter ©  2013 Elsevier Ireland Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.chemphyslip.2013.08.007
© 2013 Elsevier Ireland Ltd. All rights reserved.

(Barreiro Arcos et al., 2011; Davis and Davis, 2002) that can be
membrane mediated (Zamoner et al., 2011). THs were able to inter-
act with plasma membranes modifying the membrane fluidity and
the cooperative behavior of associated membrane enzymes, used
as a probe of the capability of the hormone molecule to modify
the physicochemical membrane microenvironment (Farias, 1980).
The interaction of THs with membrane lipids and the consequent
modulation of membrane fluidity can be considered as the first
nongenomic effect of THs found in our group (de Mendoza et al.,
1978; Farias, 1980; Farias et al., 2006). The studies on membrane
fluidity and the possible role of hormones in the modulation of
membrane fluidity were reported by using liposome as membrane
model systems (Chehin et al., 1999, 1995; Farias et al., 1995).

THs also can penetrate phospholipid monolayers and modify the
transmembrane dipolar organization; where a larger effect on the
phospholipid interface is correlated with a larger number of iodine
atoms in the hormone molecule (Isse et al., 2003). It was postulated
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hat this effect could explain, in part, the non-genomic action of THs
t the cellular level (Isse et al., 2003). We  now extend our previous
iophysical studies by investigating the thermodynamic features
n the phase transition of multilamellar DPPC as a sensitive system
o prove the transmembrane movement of THs by using differential
canning calorimetry. We  also explore the miscibility properties of
ixed THs/lipid systems by visualizing the effects of these hor-
ones brought about by intermolecular packing, surface pressure

nd dipolar changes of phospholipids in mixed monolayer studies.
The ability of THs to translocate inside unilamellar phospholipid

ipid vesicles and how the interaction affects the transmem-
rane potential were also studied by using appropriate fluorescent
robes. These findings correlate well with those found either in DSC
or multilamellar DPPC or in THs/phospholipid mixed monolayers.

. Materials and methods

.1. Chemicals

Dipalmitoylphosphatidylcholine (DPPC), 1-palmitoyl-2-oleoyl-
n-glycero-3-phosphocholine (POPC) were purchased from Avanti
olar Lipids, Inc. (Alabaster, AL, USA); 3,5,3′,5′-tetraiodo-l-
hyronine (T4), 3,3′,5-triiodo-l-thyronine (T3) and Valinomicin
ere purchased from Sigma Chemical Co. (St. Louis, MO,  USA) and
ere used without further purification. Oxonol VI (bis(3-propil-5-

xoisooxazol-4-il)pentamethin oxonol) and octadecil rhodamine
 chloride were purchased from Molecular Probes (Eugene, OR,
SA). Phospholipid stock solutions were prepared in chloroform-
ethanol (2:1, v/v) under nitrogen and stored at −20 ◦C.

.2. DSC measurement

DPPC multilamellar vesicles were prepared from lipid stock
olution by drying under N2 stream. Organic solvent residuals were
emoved exposing the lipid film in high vacuum overnight. Lipid
lms was suspended in 50 mM sodium phosphate buffer (pH 7.4)
nd the temperature was maintained 10 ◦C above the main phase
ransition temperature (41 ◦C) and the dispersion was extensively
ortexed to obtain multilamellar DPPC vesicles or after the addi-
ion of THs to obtained DPPC/T4 or DPPC/T3 vesicles before loading
o the calorimetric sample cell. To mimic  in vivo condition the THs
ere added to preformed DPPC multilamellar vesicles maintained

t 60 ◦C (above the gel → liquid-crystalline phase transition tem-
erature) and incubated at different time (0, 30, 60 and 120 min)
efore scanning. A 15:1 mole ratio phospholipid:hormone was used

n the mixtures in order to maximize the observable effects of THs
n phospholipid thermotropic phase behavior. Calorimetric mea-
urements were taken in a Microcal MC-2D differential scanning
alorimeter. A heating rate of 45 ◦C h−1 within a temperature range
rom 25 ◦C to 60 ◦C was used. After loading the sample and refer-
nce calorimeter cells, both were equilibrated for at least 30 min
t 25 ◦C before the first heating thermogram was recorded. A pure
uffer–buffer scan was used as reference. Crude scans were nor-
alized to lipid concentration after subtracting the reference trace.
ata were analyzed with the Origin® program provided by Micro-
al.

.3. Mixed monolayers

We  used the Wilhelmy film balance to determine the interac-
ions on mixed monolayers, a validated technique to explore lipid
nteraction with soluble and membrane proteins, amphipathic pep-

ides and amphiphiles in general (Ambroggio et al., 2004; Fidelio
t al., 1986; Seelig, 1999). Compression isotherms were carried
ut with either in homemade Langmuir balance equipped with
ilhelmy plate method via platinized-wire for surface pressure
pids 175– 176 (2013) 131– 137

measurements and air-ionizing 241Am plate and calomel electrode
pair (via millivoltmeter) for surface potential (Fidelio et al., 1986);
or a KSV-Minitrough (Biolin Scientific) equipped with Teflon barri-
ers and a vibrating plate for surface potential measurement (trough
width: 7.5 cm,  compression rate: 7.5 cm2/min, 5.1 Å2/mol/min,
subphase: 185 mL  NaH2PO4/Na2HPO4 50 mM pH = 7.4). Lipids were
dissolved in chloroform:methanol 2:1 (v/v) using HPLC grade sol-
vents (Merck) at 1 mM and stored at −20 ◦C until use in pyrex glass
tubes (Corning) sealed with Teflon coated caps. THs were dissolved
firstly in DMSO:Methanol 1:1 (v/v) up to 10 mM.  1 mM Aliquots
were prepared by dilution in C:M 2:1 (v/v). Just before spreading,
the THs/lipid mixtures were prepared by taking aliquots from the
corresponding lipid and hormone solutions with Hamilton syringes
into in a small 0.5 ml  V-vial with Teflon cap glass immersed in an
ice bath.

As pure molecules, THs failed to form stable monolayers by
themselves, the molecular area corresponding to thyroid hormone
in the mixed film were calculated according to the additive rule (cf.
ref. Fidelio et al., 1991) according to the expression:

[A12]� = [AL]�XL + [ATH]�XTH (1)

where A12 is the mean molecular area at the surface pressure �
of the experimental mixed monolayer, AL is the molecular area of
pure lipid at the same surface pressure �, XL and XTH are the mole
fraction of lipid and thyroid hormone in the mixed film, respec-
tively. The mean molecular area is calculated from the number
of molecules (lipid plus hormone) spread at the interface divided
by the area available for each point of the surface pressure upon
compression (cf. ref. Fidelio et al., 1991). Eq. (1) gives an estima-
tion of the expected individual THs molecular areas at the mixed
interface assuming that the individual lipid molecular area remains
unchanged (would not the case if some lipid–hormone interactions
occur), and that hormone desorption is negligible. For penetration
studies of THs into lipid monolayers, a special compartmentalized
homemade Teflon trough was  used with a reaction surface area of
16 cm2 equipped with an automatic parallel double barrier system
for transference (Bianco et al., 1992).

2.4. Fluorescence assays

2.4.1. Membrane potential measurements
Membrane potential measurements in small unilamellar vesi-

cles (SUVs) were done using the gradient sensitive fluorescence
probe Oxonol VI (Apell and Bersch, 1987).

SUVs of POPC were prepared in low K+ content buffer (Tris-HCl
50 mM pH 7.4 plus 130 mM NaCl and 10 mM KCl). For measure-
ments, SUVs suspension were dilute 100 times with high K+ content
buffer (Tris-HCl 50 mM pH 7.4 plus NaCl 10 mM and KCl 130 mM),
final lipid concentration of 100 �M.  For membrane potential mea-
surement Oxonol VI was added (final concentration 20 nM)  into a
thermostated fluorescent cuvette a 25 ◦C with gently stirring into
high K+ content buffer. After constant emission fluorescence out-
put the liposome suspension was  added. The K+ current induced
by the ionophore valinomycin (10 nM)  was recorded in presence or
absence of THs. The Oxonol VI working diluted solution dissolved in
ethanol:water mixture (1:5, v/v) was freshly prepared just before
use from a 3.16 mM stock solution in pure ethanol. The final con-
centration working solutions of Oxonol VI were prepared in order
to add no more than 5 �l to the reaction medium. The excitation and
emission wavelength was  590 nm and 634 nm,  respectively. Fluo-
rescence was  corrected by the dilution factor (final volume/initial

volume). In separated experiments were checked that neither THs
nor valinomicin had any direct effect on Oxonol VI fluorescence
properties. To further verify if Oxonol VI were sensitive only to
membrane potential generated by K+ gradient, control experiments
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Fig. 1. Influence of T4 on the thermotropic behavior of DPPC multilayer liposomes.
DSC first thermogram of: (A) Pure DPPC ( , right scan) and DPPC/T4 (----, left scan);
(B) DPPC/T4 incubated for 20 min ( experimental trace and ---- deconvolution
into two populations); (C) DPPC/T4 incubated for 60 min. Samples were incubated
at  60 ◦C for the mentioned time and further equilibrated by 30 min  at 25 ◦C before
the first scan is run. Samples were incubated at 60 ◦C for the indicated times and
further equilibrated at 25 ◦C for an additional 30 min before the first scan is run.
A  15:1 mole ratio phospholipid:hormone was  used in each mixture. Crude scans
were normalized by total lipid concentration and the reference scan was subtracted.
Heating rate: 45 ◦C h−1.
B.A. Issé et al. / Chemistry and Physic

ere performed in which the concentration of K+ in SUVs prepara-
ion buffer was  equal to the valinomycin solution.

.4.2. Transference assays
For transference assays based on the property of THs to quench

he fluorescence of R18 probe, two types of SUVs (prepared accord-
ng to Voglino et al., 1998) were used: (i) vesicles loaded with
Hs (donor vesicles) were prepared by incubating a 500 �M POPC
UVs with 50 �M of THs during 60 min  at 25 ◦C sodium phosphate
0 mM,  pH 7.4 buffer. The unbound hormones were immedi-
tely separated before the experiments were done by using ion
xchange chromatography (Dowex 1 × 8 CL 200–400 mesh) as
escribe before (Farias et al., 1995); (ii) R18 loaded SUVs (accep-
or vesicles) were prepared by adding R18 probe into phospholipid
olution dissolved in chloroform:methanol (2:1, v/v) to give a final
ipid concentration of 50 �M in the hydrated buffer (sodium phos-
hate 50 mM,  pH 7.4) with a 3 mol% of probe. Mixed lipid/probe
amples in solvent were dried off under N2 stream. After hydration
he vesicles solution was sonicated and left for 30 min  at 25 ◦C for a
omplete resealing. Non loaded R18 was separated with gel filtra-
ion chromatography with Sephadex G-75 column (1 cm × 15 cm)
quilibrated with the same hydration buffer. To measure the extent
f THs translocation into R18 loaded liposomes, acceptor and donor
esicles were mixed in a total volume of 1.5 ml  and the decrease
n fluorescence intensity was immediately followed as function of
ime. Appropriate control experiments were done to discard either
on-desired R18 transfer or dilution or fusion process of both vesi-
les pools non attributable to the effect of THs quenching (Hoekstra
t al., 1984). The excitation and emission fluorescence wavelength
ere 575 nm and 660 nm,  respectively (slit 5 nm). All fluorescence

xperiments were done in a SLM spectrofluorometer (SLM Aminco,
rbana, IL) equipped with thermostated cuvette holder and mag-
etic stirrer.

. Results

.1. Differential scanning calorimetry and hormone transference
etween lipid lamellas

Differential scanning calorimetry (DSC) is a sensitive and non-
erturbing thermodynamic technique which has been extensively
sed to study lipid thermotropic phase transitions in model and
iological membranes (Lin et al., 1991; McMullen and McElhaney,
995). As illustrated in Fig. 1(A), the steepness and the enthalpy
f the main transition of DPPC/T4 multilayer liposomes are sig-
ificantly affected. The �Cpmax of the main transition decreases
o more than half of the original value, and the Tm changes from
1 ◦C to 40 ◦C compared to pure DPPC peak. The effects on the
hermotropic behavior of the lipid multilayer matrix, was changed
onsiderably when THs are added to preformed multilamellar vesi-
les at 60 ◦C (above the main lipid phase transition). A second
roader component of the DSC also appears at 20 min  of incu-
ation (Fig. 1B) and becomes progressively more prominent at
0 min  (not shown). The overall transition peak can be deconvo-

uted into two well differentiated components. One, corresponding
o lower temperature, can be attributed to membrane-associated
ormones into hormones-rich mixed component in the more exter-
al layer affecting the thermotropic behavior of DPPC and the other
o the hormone-poor inner layers (Bradrick et al., 1989; Carrer and

aggio, 1999), suggesting that hormone molecules is gradually
iffusing from one lamella to another of the multilamellar DPPC

esicles. At 60 min  of incubation time, or higher, at an incubation
emperate above that of the pure lipid phase transition, only the
econd component was found (Fig. 1C). This is indicative of a more
omplete homogenization of the mixed sample due to diffusion of
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Fig. 2. Transference of T4 between two  SUVs populations. R18 loaded SUVs emission
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uorescence of: (�) plus T4 loaded SUVs; (♦) plus T4 loaded SUVs with 1 �M of serum
lbumin; (•) plus T4 loaded SUVs with 1 �M gamma-globulin. See the text for more
etails.

Hs throughout the entire multilamellar vesicles. We  have obtained
imilar tendency for DPPC/T3 mixtures but the magnitude of the
ffect is less (see Fig. S1 in the Supplementary data).

To further corroborate the capability of THs to flux through-
ut the lipid bilayer via membrane translocation, we designed
xperiments using the ability of iodine in T3 and T4 molecules to
uench the fluorescence of Rhodamine B (R18) previously loaded

nto unilamellar POPC SUVs. The translocation was  studied by mix-
ng donor SUVs loaded with T4 with the acceptor SUVs loaded with
18. Diminution of the intensity R18 fluorescence as function of
ime was observed when R18 loaded POPC and POPC/T4 liposomes
ere mixed (Fig. 2). To probe that transfer process occur via the

queous media, serum bovine albumin that bound THs and the
amma-globulin that does not have this capacity were added to
ssay media. Only the trapping hormone bovine albumin inter-
eres significantly in the process of transference (Fig. 2). Neither
f these proteins directly affects the fluorescence of the R18-PC per
e (not shown). When R18 containing vesicles (R18-POPC) were
ixed with pure POPC vesicles, no significant fluorescence varia-

ion was observed (not shown). The kinetics of T4 movement has a
inear adjustment with time (t½ = 12–14 min). Similar results were
ound using POPC/T3 systems.

.2. Mixed thyroid hormone-phospholipids monolayer and dipole
otential changes

The THs behavior in mixed films has been studied with two
witterionic phospholipids, POPC and DPPC. THs are not able to
orm stable Langmuir monolayers when they are directly spread
t a lipid free air-water interface as pure components (Isse et al.,
003). However, T4 or T3 in mixed lipid–hormone systems acquire

ateral stability at the mixed surface and become a film-forming
omponent that support compression-decompression cycles. Rep-
esentative isotherms of POPC and DPPC and POPC/T3 and DPPC/T3
onolayers are shown in Fig. 3 (Also, more data are shown in the

upplementary data). The liquid-expanded state of POPC mono-
ayer (Dynarowicz-Latka et al., 2001; Maget-Dana, 1999) was  not
ltered by the presence of T3 (Fig. 3A and B). It is known that upon

ompression a DPPC monolayer goes through three states: a liq-
id expanded phase at low surface pressures; a mixture of liquid
xpanded and liquid condensed phases in the plateau region of
he isotherm (at around 5 mN  m−1, see Fig. 3B), and pure liquid
pids 175– 176 (2013) 131– 137

condensed phase at high surface pressures values (Chapman and
Benga, 1984; Hollars and Dunn, 1998). The effect of T3 on pressure-
area of DPPC/T3 mixed isotherms was  characterized by gradually
altering the bidimensional phase transition from a liquid-expanded
to liquid-condensed phase (Fig. 3C and D; see also Fig. S2 and S3
in the Supplementary data). Similar behavior was also obtained
for T4, with a more marked effect on bidimensional phase transi-
tion profile (see also Fig. S2 and S3 in the Supplementary data) in
agreement with the DSC data. At all surface pressures, the surface
potential of mixed films decrease by the presence of THs compared
with pure phospholipids (Fig. 3 and Figs. S2 to S4 in the Supplemen-
tary data). At high lateral pressures, the mean molecular area and
surface potential values decrease significantly compare with those
values obtained for pure films of either DOPC or DPPC; whereas the
maximum film stability measured by the collapse pressure values
are practically not affected by the presence of THs.

During compression, no abrupt discontinuities were noted
either in POPC/T3 or DPPC/T4 monolayer isotherms and a marked
decrease in surface potential is still observed at high lateral pres-
sure of mixed THs/lipid films, indicating that even when some
desorption is probably occurring upon compression, a significant
fraction of THs remains at the mixed surface. These evidences are
indicating that: (a) THs were not substantially squeezed out into
the sub-phase during the compression time (∼5–7 min), (b) that
THs remaining in close association with the lipids whatever the
lipid phase is: either liquid-condensed or liquid-expanded for the
case of DPPC or completely liquid-expanded for POPC monolayers,
(c) the change on bidimensional transition observed for both THs
(see Figs. S2 and S3 in the Supplementary data) are compatible
with the findings. Even when the molecular area of THs cannot be
accurately calculated, since they do not form stable monolayer by
themselves and the proper individual surface area cannot be mea-
sured. However, the interfacial stability of both THs is acquired in
presence of lipids so that an estimation of their contribution to
the mean molecular area may  be estimated by using equation 1
(as indicated in Section 2.3). At medium lateral pressures, the cor-
responding contribution of THs molecules to the mean molecular
area is estimated to be 30–35 Å2/molecule, similar to cholesterol,
(Kwong et al., 1971). However, the equivalent molecular area of THs
at the surface may be underestimated if lipid–hormone interaction
is taking place or if some amount of spread hormone is gradually
squeezed out into the subphase upon compression.

Nevertheless, the directly spread monolayer should be con-
sidered as a non-equilibrium system with respect to the
subphase and allows reproducible isotherms in the time scale of
compression–decompression cycle. As it was mention before THs
fail to form insoluble monolayer films by themselves, but become
incorporate at the interface if a lipid phase covers the air/water
surface. As THs are amphiphiles with limited solubility in water
(usual final aqueous experimental concentration in bulk is about
1 �M;  Zamoner et al., 2008), compared with rather insoluble natu-
ral phospholipids forming biomembranes, it is to be expected that
THs can be transferred reversibly into the membrane lipids from
the aqueous phase and vice versa. This behavior was proved by the
spontaneous adsorption-desorption of T3 into POPC monolayers.
If T3 is injected beneath of a POPC monolayer set at 20 mN  m−1,
a spontaneous incorporation of the hormone takes place with an
increase in surface pressure parallel to a decrease in surface poten-
tial (see Fig. 4, first part “penetration” step), in agreement with
the effect of the hormones on lipid phase behavior observed in DSC
and with mixed films experiments. If the T3-penetrated monolayer
is now transferred at constant lateral pressure to a hormone free

subphase, a gradual reduction of the pressure and a recovery of
the surface potential are observed with time (see Fig. 4, second
part after transference “desorption” step) due to hormone desorp-
tion from the interface to the subphase. These facts are clearly
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ig. 3. Influence of T3 in the surface properties of phospholipids. Surface pressure 

OPC  (A) and DPPC (B) or mixed spread monolayer POPC/T3 (C, hormone mole frac

ndicating the reversibility of the THs-phospholipid interaction
nd that the hormone is not irreversible absorbed. Nevertheless
he time-course of T3 incorporation into the lipid phase is simi-
ar to desorption, the kinetics should not be necessary completely
quivalent between adsorption and desorption and some hystere-
is seems to occur (Fig. 4). In this connection, it should be mentioned

hat the initial values are not completely recovered indicating that
ome lipid–hormone mixed interaction is reaching a stable equi-
ibrium interface → subphase after transfer compatible with the
verall data reported in this work.

ig. 4. Reversible adsorption–desorption of T3 in preformed lipid monolayers. Surface pr
ndicates the injection of 30 �M of T3 in the subphase beneath of a POPC monolayer set at a
he  second arrow indicates the transference of POPC/T3 penetrated monolayer at constan
−1) [ ] and surface potential (mV) [- - - -] as a function of molecular area for pure
.26) and DPPC/T3 (D, hormone mole fraction 0.23). See the text for more details.

To further verify if, the effect of THs on dipole potential changes
detected with Langmuir monolayer technique is also present in
vesicles (SUVs), we use Oxonol VI fluorescent probe known to be
sensitive to transmembrane potential changes (Apell and Bersch,
1987). Oxonol VI shows different emission spectra in the presence
of POPC liposomes, POPC liposomes plus valinomycin and POPC

liposomes plus valinomycin in presence of T3 (Fig. 5A). The addition
of either T3 or T4 produces a diminution of the emission fluores-
cence at 660 nm indicating a decrease in the membrane potential
generated by valinomycin ionophore (Fig. 5B).

essure ( ) and surface potential (- - -) changes as function of time. The first arrow
n initial surface pressure of 20 mN m−1 (penetration step) with continuous stirring.
t lateral pressure to a T3 free subphase (desorption step).
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Fig. 5. Influence of thyroid hormones on SUVs transmembrane potential. (A) The
emission of fluorescence spectra of 20 nM Oxonol VI in: (a) high K+ content buffer
alone; (b) plus 100 �M POPC-SUVs; (c) 100 �M POPC-SUVs plus 10 nM valinomycin;
(d) 100 �M POPC-SUVs +10 nM valinomycin plus 10 �M of T3. (B) Effect of THs on
�  �.  Arrows indicate consecutive additions to the reaction medium of: (a) Oxonol VI
20  nM;  (b) plus POPC-SUVs 100 �M; (c) 100 �M POPC-SUVs plus 10 nM valinomicin;
(d)  100 �M POPC-SUVs +10 nM valinomicin plus 10 �M of T3 (�) or T4 (�). The
changes in fluorescence emission output were taken at 660 nm at the indicated
time. POPC-SUVs were formed in low K+ buffer content and dilute in high K+ buffer
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strong interaction of THs with lipid interfaces regardless of mem-
ontent (see Section 2 for more details). DPPC + T4 after 60 min  of incubation. T4
nteracts with lipids diffusing throughout DPPC multilamellar vesicles.

. Discussion

Although plasma membrane binding sites for iodothyronines
ave been described in the past for human and rat erythrocytes
Angel et al., 1989; Botta and Farias, 1985) and rat hepatocytes
Gharbi and Torresani, 1979; Hennemann et al., 2001; Pliam and
oldfine, 1977) it has not been clear that these sites are linked

o intracellular events and therefore function as receptors. Details
f the mechanism by which mammalian cells take up thyroid
ormones remain poorly understood (Chehin et al., 1999). Fur-
hermore, some actions of THs can be membrane-initiated events
Zamoner et al., 2011). To gain insight into the mechanisms by
hich T3 and T4 reach the intracellular compartment, several

xperiments with model phospholipid membrane systems in the
ifferent phase state were performed in our laboratory. We  showed
hat T3 regulate membrane fluidity, similarly to cholesterol, caus-
ng an increase of the fluidity in the gel phase and a decrease in the
iquid-crystalline state, while T4 decrease the fluidity in the liquid
rystalline state, but did not modified the gel state (Farias et al.,

995).

The effect of T3 and T4 on the release of the liposomal con-
ent also depends on the physico-chemical state of the liposomal
pids 175– 176 (2013) 131– 137

membrane (Farias et al., 1995). Previous results obtained with T3
indicated that the hormone can permeate phospholipid bilayers
and the diffusion time increases in the gel and liquid-ordered phase
(eggPC liposomes containing up to 30 mol% of cholesterol Chehin
et al., 1999). On the contrary, the transverse diffusion of T4 is
more restricted in lipid gel phase or in more the liquid-ordered
phase (Chehin et al., 1999, 1995). These facts correlated with a
lower incorporation of T4, compared with that observed for T3
in liposomes in gel state and liquid-ordered state. The differential
incorporation of THs was also observed at physiological concentra-
tion with mammalian cell membranes having more than 25 mol%
of cholesterol (Chehin et al., 1995). In this regard, previous stud-
ies using Raman vibrational spectroscopy and density functional
theory (DFT) calculations allowed us to detect spectral changes
observed for T4 and T3 upon binding to phospholipids and to pos-
tulate that they are likely due to specific conformational changes
adopted by the hormones after inserting into the lipid bilayer,
according to their specific steric requirements (Alvarez et al., 2004).

In this work, we  show that THs can reversible interact with
organized membrane models either using lipid monolayers, small
sonicated vesicles or multilayered liposomes. Both, T3 and T4 do
not form stable insoluble films at an air-water interface by them-
selves but they can form miscible systems with phospholipids at
rather low mole fraction of hormone in the mixture. So, the asym-
metric lipid environment offers an adequate amphiphilic phase for
THs reservoir depending on the physical state of the lipids regard-
less of model membrane system employed (lipid monolayers or
vesicles). When DPPC lipid is used the main bulk phase transi-
tion is modified and the bidimensional liquid expanded → liquid
condensed is also altered in lipid/hormone mixed systems. The
molecular area contribution of the thyroid hormone into mixed
films is similar to that obtained with cholesterol. The progressive
time-dependent changes observed in the thermotropic behavior
of multilayer DPPC liposomes clearly indicate that both hormones
T3 and T4 have the ability to interact by fluxing throughout lipid
bilayer barriers by only their concentration gradient. The interac-
tion with lipids is reversible as assessed by adsorption/desorption
experiments in pre-formed phospholipid monolayers. The trans-
ference also takes place between vesicles via aqueous medium. The
interaction occurs with a decrease in the surface dipole potential
with a negative contribution to the hydrocarbon region of the lipid
monolayers (contrary to the positive contribution of the hydrocar-
bon portion of phospholipids toward the air end). This singularity
was also checked in vesicles by using the Oxonol VI dye, known to
be sensitive to K+ current, probing the influence of T3 and T4 on the
dipolar organization in membrane model systems.

It should be emphasized that THs-lipid interaction (partition)
takes place independently of the membrane curvature of model
system assayed (lipid monolayers, multilayered DPPC-LUVs or
POPC-SUVs) when they are in liquid disordered phase. Indeed, an
approximate comparative estimation of t½ in any of the observed
effects gives: (i) about 20–30 min  in DSC experiments (THs dif-
fusion in multilayered LUVs, Fig. 1), (ii) 12–14 min for transverse
movement of THs in POPC-SUVs loaded with R 18 fluorescent
probe (Fig. 2), (iii) 10–15 min  for penetration of THs into POPC
monolayers (Fig. 4) and, (vi) 6–8 min  for halving the signal of the
transmembrane potential in presence of THs previously induced
by valinomycin ionophore (sensed by Oxonol VI fluorescent probe
in POPC-SUVs under K+ gradient, Fig. 5). Despite of the different
expected rates for the several biophysical parameters measured in
the distinctive experimental systems assayed, which may  be influ-
enced by membrane curvature, our results clearly demonstrate a
brane model employed (Table 1).
The possible physiological actions resulting from the property of

THs to reversible transverse lipid membranes still remain elusive,
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Table  1
Surface parameters of mixed lipids-T3 thyroid hormone.

Parameters/lipid POPC POPC/T3a DPPC DPPC/T3a

Collapse pressure (mN/m) 45–47 45–47 60–62 58–60
Collapse area (Å2/molecule) 55 50 39 36
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Pessoa-Pureur, R., 2008. Nongenomic actions of thyroxine modulate interme-
Surface  potential (mV) 410–430 

a Mole fraction of POPC/T3 and DPPC/T3 were 0.74/0.26 and 0.77/0.23 respective

ut this peculiar property of THs is certainly giving the biophysical
asis to explain the observed non-genomic effects.

. Conclusion

The present results suggest: (a) THs strongly interact with lipids
n a spontaneous and reversible mode; (b) THs are freely to diffuse
n the lateral plane of the lipid phase and transversally between
amellas thermodynamically governed by concentration gradient;
nd (c) the spontaneous partition into lipid phase affect the phys-
cal properties of the membrane. Then, the modulation of the THs
n several physical parameters, such as lateral phase, fluidity and
he polarity of membranes could play a role in regulation of sev-
ral membrane activities (enzymes, transport, receptor, etc.) due
o the requirement of such activities for a specific lipid microenvi-
onment.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.chemphyslip.
013.08.007.

eferences

lvarez, R.M., Farias, R.N., Hildebrandt, P., 2004. Comparative vibrational analysis
of thyronine hormones using infrared and Raman spectroscopy and density
functional theory calculations. J. Raman Spectrosc. 35, 947–955.

mbroggio, E.E., Separovic, F., Bowie, J., Fidelio, G.D., 2004. Surface behaviour and
peptide-lipid interactions of the antibiotic peptides, Maculatin and Citropin.
Biochim. Biophys. Acta 1664, 31–37.

ngel, R.C., Botta, J.A., Farias, R.N., 1989. High affinity l-triiodothyronine binding to
right-side-out and inside-out vesicles from rat and human erythrocyte mem-
brane. J. Biol. Chem. 264, 19143–19146.

pell, H.J., Bersch, B., 1987. Oxonol VI as an optical indicator for membrane potentials
in lipid vesicles. Biochim. Biophys. Acta 903, 480–494.

arreiro Arcos, M.,  Sterle, H., Paulazo, M.,  Valli, E., Klecha, A., Isse, B., Pellizas, C., Farias,
R., Cremaschi, G., 2011. Cooperative nongenomic and genomic actions on thyroid
hormone mediated-modulation of T cell proliferation involve up-regulation of
thyroid hormone receptor and inducible nitric oxide synthase expression. J. Cell.
Physiol..

ianco, I.D., Fidelio, G.D., Yu, R.K., Maggio, B., 1992. Concerted modulation by myelin
basic protein and sulfatide of the activity of phospholipase A2 against phospho-
lipid monolayers. Biochemistry 31, 2636–2642.

otta, J.A., Farias, R.N., 1985. Solubilization of l-triiodothyronine binding site from
human erythrocyte membrane. Biochem. Biophys. Res. Commun. 133, 442–448.

radrick, T.D., Freire, E., Georghiou, S., 1989. A high-sensitivity differential scanning
calorimetric study of the interaction of melittin with dipalmitoylphosphatidyl-
choline fused unilamellar vesicles. Biochim. Biophys. Acta 982, 94–102.

arrer, D.C., Maggio, B., 1999. Phase behavior and molecular interactions in mixtures
of  ceramide with dipalmitoylphosphatidylcholine. J. Lipid Res. 40, 1978–1989.

hapman, D., Benga, G., 1984. Biomembrane fluidity – studies of model and natu-

ral  membranes. In: Chapman, D. (Ed.), Biololgical Membranes, Vol. 5. Academic
Press, London.

hehin, R.N., Isse, B.G., Rintoul, M.R., Farias, R.N., 1999. Differential transmembrane
diffusion of triiodothyronine and thyroxine in liposomes: regulation by lipid
composition. J. Membr. Biol. 167, 251–256.
360–370 550–660 420–440

Chehin, R.N., Rintoul, M.R., Morero, R.D., Farias, R.N., 1995. Differential effect of tri-
iodothyronine and thyroxine on liposomes containing cholesterol: physiological
speculations. J. Membr. Biol. 147, 217–221.

Davis, P.J., Davis, F.B., 2002. Nongenomic actions of thyroid hormone on the heart.
Thyroid 12, 459–466.

de Mendoza, D., Moreno, H., Farias, R.N., 1978. Membrane cooperative enzymes, high
molecular specificity for blocking action of thyroxine on triiodothyronine effect
in rat erythrocyte and Escherichia coli systems. J. Biol. Chem. 253, 6255–6259.

Dynarowicz-Latka, P., Dhanabalan, A., Oliveira Jr., O.N., 2001. Modern physicochem-
ical research on Langmuir monolayers. Adv. Colloid Interface Sci. 91, 221–293.

Farias, R.N., 1980. Membrane cooperative enzymes as a tool for the investigation of
membrane structure and related phenomena. Adv. Lipid Res. 17, 251–282.

Farias, R.N., Chehin, R.N., Rintoul, M.R., Morero, R.D., 1995. Differential effect of tri-
iodothyronine and thyroxine on the liposomal membrane in liquid-crystalline
and gel state. J. Membr. Biol. 143, 135–141.

Farias, R.N., Fiore, A.M., Pedersen, J.Z., Incerpi, S., 2006. Nongenomic actions of
thyroid hormones: focus on membrane transport systems. Immunol. Endocr.
Metab. Agents Med. Chem. 6, 497–504.

Fidelio, G.D., Ariga, T., Maggio, B., 1991. Molecular parameters of gangliosides
in  monolayers: comparative evaluation of suitable purification procedures. J.
Biochem. 110, 12–16.

Fidelio, G.D., Austen, B.M., Chapman, D., Lucy, J.A., 1986. Properties of signal-
sequence peptides at an air–water interface. Biochem. J. 238, 301–304.

Gharbi, J., Torresani, J., 1979. High affinity thyroxine binding to purified rat liver
plasma membranes. Biochem. Biophys. Res. Commun. 88, 170–177.

Hennemann, G., Docter, R., Friesema, E.C., de Jong, M.,  Krenning, E.P., Visser, T.J.,
2001. Plasma membrane transport of thyroid hormones and its role in thyroid
hormone metabolism and bioavailability. Endocr. Rev. 22, 451–476.

Hoekstra, D., de Boer, T., Klappe, K., Wilschut, J., 1984. Fluorescence method for
measuring the kinetics of fusion between biological membranes. Biochemistry
23,  5675–5681.

Hollars, C.W., Dunn, R.C., 1998. Submicron structure in l-alpha-
dipalmitoylphosphatidylcholine monolayers and bilayers probed with
confocal, atomic force, and near-field microscopy. Biophys. J. 75, 342–353.

Hulbert, A.J., 2000. Thyroid hormones and their effects: a new perspective. Biol. Rev.
Camb. Philos. Soc. 75, 519–631.

Isse, B., Fidelio, G., Farias, R.N., 2003. Thyroid hormones affect the membrane dipolar
organization. Is it a general event in their non-genomic action? J. Membr. Biol.
191, 209–213.

Kwong, C.N., Heikkila, R.E., Cornwell, D.G., 1971. Properties of cholesteryl esters in
pure and mixed monolayers. J. Lipid Res. 12, 31–35.

Lin, H.N., Wang, Z.Q., Huang, C.H., 1991. The influence of acyl chain-length asym-
metry on the phase transition parameters of phosphatidylcholine dispersions.
Biochim. Biophys. Acta 1067, 17–28.

Maget-Dana, R., 1999. The monolayer technique: a potent tool for studying the
interfacial properties of antimicrobial and membrane-lytic peptides and their
interactions with lipid membranes. Biochim. Biophys. Acta 1462, 109–140.

McMullen, T.P., McElhaney, R.N., 1995. New aspects of the interaction of cholesterol
with dipalmitoylphosphatidylcholine bilayers as revealed by high-sensitivity
differential scanning calorimetry. Biochim. Biophys. Acta 1234, 90–98.

Pliam, N.B., Goldfine, I.D., 1977. High affinity thyroid hormone binding sites on puri-
fied rat liver plasma membranes. Biochem. Biophys. Res. Commun. 79, 166–172.

Seelig, A., 1999. The use of monolayers for simple and quantitative analysis of
lipid–drug interactions exemplified with dibucaine and substance P. Cell Biol.
Int.  Rep. 14, 369–380.

Voglino, L., McIntosh, T.J., Simon, S.A., 1998. Modulation of the binding of signal
peptides to lipid bilayers by dipoles near the hydrocarbon–water interface. Bio-
chemistry 37, 12241–12252.

Zamoner, A., Heimfarth, L., Oliveira Loureiro, S., Royer, C., Mena Barreto Silva, F.R.,
diate filament phosphorylation in cerebral cortex of rats. Neuroscience 156,
640–652.

Zamoner, A., Pessoa-Pureur, R., Silva, F.R., 2011. Membrane-initiated actions of thy-
roid hormones on the male reproductive system. Life Sci. 89, 507–514.

http://dx.doi.org/10.1016/j.chemphyslip.2013.08.007
http://dx.doi.org/10.1016/j.chemphyslip.2013.08.007
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0005
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0010
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0015
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0020
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0025
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0030
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0035
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0040
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0045
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0050
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0055
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0060
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0065
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0070
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0075
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0080
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0085
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0090
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0095
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0100
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0105
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0110
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0115
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0120
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0125
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0130
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0135
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0140
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0145
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0150
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0155
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0160
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0165
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0170
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175
http://refhub.elsevier.com/S0009-3084(13)00120-5/sbref0175

	Thyroid hormones-membrane interaction: Reversible association of hormones with organized phospholipids with changes in flu...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 DSC measurement
	2.3 Mixed monolayers
	2.4 Fluorescence assays
	2.4.1 Membrane potential measurements
	2.4.2 Transference assays


	3 Results
	3.1 Differential scanning calorimetry and hormone transference between lipid lamellas
	3.2 Mixed thyroid hormone-phospholipids monolayer and dipole potential changes

	4 Discussion
	5 Conclusion
	Appendix A Supplementary data
	Appendix A Supplementary data


