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Abstract: Bile acids (BA) are naturally-occurring detergents that solubilize dietary lipids in the 
intestinal tract. However, they are involved in the triggering of diseases like colon cancer and other 
liver problems. This study has the purpose of investigating how these acids interact with cell 
membranes and their effects on them. We studied the effects of two bile acids, a cytotoxic (DCA) and 
other cytoprotective (UDCA) and the equimolar mixture of the two bile acids on biomembranare 
models. 

The lipid composition was chosen with the purpose of mimicking lipid rafts, which are cell 
membrane domains involved in several cell events. This way, an equimolar mixture of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), sphingomyelin (SM), and cholesterol (Chol) was used as 
a model for lipid raft. In order to perceive the influence of cholesterol in bile acid – lipid interactions a 
1:1 POPC/SM mixture was also utilized. The experimental techniques used were: Langmuir trough 
(lipid monolayer); Quartz Crystal Microbalance with Dissipation (QCM-D) (supported liposomes); 
Differential Scanning Calorimetry (DSC) and Phosphorus Nuclear Magnetic Resonance (31P-NMR) 
(liposomes in suspension). 

With this work we concluded that DCA causes fluidization of the membrane models studied, 
promoting the rupture of POPC/SM liposomes, for a 1000 µM concentration. UDCA has little influence 
on the systems studied, and might provide a stabilization of membranes by interaction with 
phospholipid headgroups. The equimolar mixture DCA/UDCA shows that, in general, there is a 
cooperation between the two acids: the fluidizing effect of DCA promotes incorporation of UDCA. 
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1. Introduction 
 

Bile acids (BA) are natural detergents, produced 
in the liver, that act as solubilizing agents in the 
lumen of small intestine [1];[2];[3];[4].  All BA have a 
similar structure, consisting of a steroid nucleus with 
an acidic side chain and one or more hydroxyl 
substituents in the steroid nucleus [5]. Although 
similar, these molecules differ in three aspects: side 
chain structure; stereochemistry in the steroid ring 
fusion (cis gives rise to a curved molecule, while 
trans fusion results in a flat molecule), and the 
distribution and number of hydroxyl groups in the 
steroid nucleus [6]. The configuration of the hydroxyl 
groups give rise to hydrophobicity of the BA which is 
related to their cytotoxicity [7]; [8]. 

Previous studies on the location of cytotoxic and 
cytoprotective BAs in membranes have not come to 
a consensus. Some authors suggest that BA’s adopt 
a similar position to Cholesterol in membranes, 
intercalating with the lipid acyl-chains [9], a while 
others propose that they are adsorbed to the 
membrane surface [1]. 

In this work we studied the interaction of two bile 
acids: Deoxycholic Acid (DCA) and Ursodeoxycholic 
Acid (UDCA) with biomembrane models. While DCA 
is a known hydrophobic bile acid, with fluidizing 
effects on cell membranes [10];[11] and is involved 
in the mechanism of colon cancer development 

[12];[13], UDCA is hydrophilic, known to protect cells 
from DCA citotoxity [3] and is used in the treatment 
of various liver deceases [14],[15],[16]. 

In order to assess DCA and UDCA influence on 
lipid membrane, as well as the response to an 
equimolar mixture of the two BA’s, two lipid mixtures 
were adopted: an equimolar mixture of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC), 
sphingomyelin (SM), and cholesterol (Chol) was 
used as a model for lipid rafts, while a 1:1 POPC/SM 
mixture was also utilized, in order to investigate the 
effect of cholesterol. Lipid rafts are cell membrane 
microdomains, rich in cholesterol and sphingolipids 
[17]. At physiological temperatures these domains 
are in a liquid ordered phase (Lo) in coexistence 
with a cholesterol-poor liquid-disordered phase (Ld) 
[17].  

The effect of the BAs in phospholipid monolayers 
was investigated through surface pressure–area 
measurements using Langmuir trough. Liposomes, 
adsorbed on oxidized gold-coated quartz crystals, 
were used to detect changes in adsorbed mass and 
viscoelastic properties using a Quartz Crystal 
Microbalance with Dissipation (QCM-D). Differential 
Scanning Calorimetry (DSC) and Phosphorus 
Nuclear Magnetic Resonance (31P-NMR) give 
information on phase transition and headgroup 
mobility of phospholipids, of the liposomes in 
suspension. 
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2. Experimental Procedures 
 
2.1 Materials 
 

Sphingomyelin (brain SM, porcine) and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) were purchased from Avanti Polar Lipids, 
Inc. 

Cholesterol (CHOL), Deoxycholic Acid (DCA), 
Ursodeoxycholic Acid (UDCA), the buffer N-(2-
Hydroxyethyl)piperazine-N-(2-ethanesulfonic acid) 
(HEPES), chloroform and Sodium dodecyl sulfate 
(SDS) were supplied by Sigma–Aldrich. Methanol 
was acquired from Fisher Chemical. 

Sodium chloride, ammonia and hydrogen 
peroxide were obtained from Panreac, while Extran 
® was obtained from Merck.  

Milli-Q water was used in all experiments. 
 
2.2 Preparation  of  the  liposomes 
 

Large unilamellar vesicles (LUV) were prepared 
using the protocol supplied by Avanti Polar Lipids 
[18]. Appropriate amounts of the lipids are dissolved 
with chloroform to form equimolar mixtures of 
POPC/SM or POPC/SM/Chol. Chloroform is 
afterwards dried under a nitrogen gas stream. To 
completely evaporate any residual solvent, the lipid 
film is incubated in a vacuum oven for at least 3 
hours.  

The resulting film is hydrated with HEPES buffer 
and put inside a thermostated bath at 65ºC for an 
hour. Interchanging manual and vortex agitation are 
made during that hour. The suspension is then 
submitted to freeze-thaw cycles, in liquid nitrogen 
and in a thermostated water bath. The multilamellar 
vesicles (MLV) formed are then extruded in a 
homemade extruder to obtain LUVs. The MLV were 
passed between 5 and 10 times through filters of 
decreasing pore size (600 nm, 200 nm and 100 nm). 
The final LUVs were stored at 4ºC for a week.  

Polycarbonate filters for extrusion of the 
liposomes were from Nuclepore, Whatman (600 nm, 
200 nm) and from Marine Manufacturing LLC (100 
nm). 
 
2.3 Surface pressure–area (π−A) 
measurements 
 

All assays were carried out in a trough (total area 
of 5600 cm2) made of Teflon. The barriers used for 
compression were also made of teflon. The 
Wilhelmy plate used was a platinum one, and was 
preserved in ethanol. 

The measurements were performed with 
symmetric compression (10 mm/min in total). 

Chloroform:methanol (4: 1) solutions were used 
to dissolve lipids (POPOC, SM, and cholesterol) 
separately at concentrations of about 1 mM. The 
same procedure was used for solutions of UDCA 

and DCA to assess the interaction with the lipids. 
For the remaining trials the acids were dissolved in 
HEPES buffer. 

In order to start the test, the trough is filled with 
the subphase (10 mM HEPES, 100 mM NaCl; 
pH=7). Then, the lipids are placed on the subphase 
with a syringe. Compression is performed after 10 
minutes from spreading. A thermostated bath, at 
25°C, was used in order to keep the temperature 
constant. Washing is performed with acetone, 
ethanol, and hot milli-Q water (about 50°C) and, 
finally, milli-Q water at room temperature. 

For reproducibility purposes, at least three π-A 
isotherms for each lipid and lipid mixture. 
 
2.4 Quartz crystal microbalance (QCM-D) 
measurements 
 

The equipment used was a Q-Sense E4 (Q-
Sense AB, Gothenburg, Sweden) with four 
chambers for sensors and a pump (Ismatec IPC-N 
4). The sensors are quartz crystals coated with gold 
(AT cut (35º25 'angle relative to the z-axis of the 
crystal, 4.95 MHz, 14 mm diameter) purchased from 
Q-Sense AB (Göteborg, Sweden). 

The experiments were monitored and recorded at 
401 QSoft software, registering the data up to the 
9th overtone. The tests were all conducted at 37°C. 
A suspension of liposomes with a concentration of 
1.12 mM, and concentrations between 500 µM and 
1000 µM for bile acids were used. 

Cleaning of the balance is made first with a SDS 
solution, then a Hellmanex solution is employed, and 
finally milli-Q water is used. The sensors are 
sonicated in cycles of 5 minutes each in SDS 
solution and Mili-Q water, being dried afterunder a 
gentle stream of nitrogen order. Before use sensors 
are submitted to two cycles of UV-Ozone treatment, 
15 minutes each. After each cycle the crystals are 
washed with Milli-Q water and dried with a nitrogen 
stream. 

For viscoelastic modeling, Qtools3 software was 
used, using data from the 3rd to the 9th overtone. 
The Voigt model was used to estimate the 
parameters. Viscosity and density of the fluid were 
assumed to be identical to water (0.001 Pa.s and 
1000 kg/m3) and the density of the film was 
considered to be 1060 kg/m3 as reported by Viitala 
et al. [19]. The estimated values represent the 
averages obtained in, at least, three trials and are 
presented with their standard deviations. 
 
2.5 Differential scanning calorimetry (DSC) 
 

The experiments were performed on a VP-DSC 
Micro-Calorimeter from MicroCal. Heating/cooling 
cycles were performed between temperatures of 
10ºC and 50°C with a heating rate of 60°C/hour. 

The samples were prepared immediately before 
injection in the equipment, with a final lipid 
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concentration of 1.12 mM and acids between 500 
and 900 uM. Samples containing liposomes were 
not subject to outgassing, however all other 
solutions such as buffer solution and bile acids were 
degassed immediately prior to mixing with the 
liposomes.  

Thermograms were analyzed using Origin 7.0 
software (OriginLab Corporation, Northampton, WA). 
 
2.6 Nuclear magnetic resonance (31P-NMR) 
 

31P spectra were obtained using a Bruker Avance 
500 MHz spectrometer (UltraShield Plus Magnet) 
with a magnetic field of 11.746 T and 202.457 MHz 
frequency resonance of 31P. A 5 mm BBO probe 
was used. All spectra were acquired with proton 
decoupling. The spectra have a spectral region of 
200 ppm, pulse time of 1.5 s and a radiofrequency 
pulse every 7 µs (for decoupling). The acquisition 
time of each experiment was 1 hour with 4000 
scans. All spectra were performed with a lipid 
concentration of 12.5 mM and 1.5 mM of bile acids. 
Data were acquired at 12ºC, 25ºC and 37ºC. 

Spectra were subjected to Fourier transform prior 
to analysis. MestReNova © software was used in 
order to analyze the results.  
 
3. Results and Discussion 
3.1 Effect of Cholesterol 
 
π-A isotherms for the equimolar lipid mixtures 
studied (POPC/SM and POPC/SM/Chol) are 
presented in figure 1, as well as the calculated 
theoretical isotherms which would arise if mixing of 
the components adopted an ideal like behavior. 
 

 
Figure 1 – π-A Isotherms, obtained at 25ºC, in HEPES buffer. 
POPC/SM experimental (1), theoretical (2); POPC/SM/Chol 
experimental (3) and theoretical (4).  

Analysis of the π-A isotherms (figure 1) shows that 
for the equimolar binary POPC/SM mixture the 
experimental curve (1) is coincident with the 
theoretical curve (2) until π>20 mN/m. From this 
point onwards there is a slight deviation of curve 1 to 
higher molecular areas. The difference observed 

between the two isotherms is due to a phase 
transition observed in pure SM monolayers. Since 
mixing with POPC abolishes phase transition, we 
can say that POPC might induce a disordering effect 
on the SM domains, upon mixing. 
For the ternary mixture, POPC/SM/Chol, it is noted 
that a condensing effect occurs, since the 
experimental isotherm (curve 3) is shifted to lower 
molecular areas in comparison with isotherm 4. This 
phenomenon is due to cholesterol incorporation, 
which is known to interact with the polar headgroups 
of phospholipids, promoting compaction of the 
monolayer [20];[21]. 
A QCM-D experiment consists in the following 
sequence: (1) contact of the gold-coated quartz 
crystals with the liposome suspensions; (2) rinsing 
with HEPES buffer; (3) injection of the BA solution; 
(4) final rinsing with HEPES. The values of the 
change in frequency, Δf, and dissipation, ΔD, are 
recorded up to the 9th overtone as shown in example 
in figure 6. 
QCM-D experiments show a large shift in frequency 
and dissipation upon introduction of the liposome 
suspension. In table 1 are shown the mean values 
registered, as well as the viscosity and thickness 
obtained from modeling the data with Qtools3 
software. The shifts observed in frequency and in 
dissipation are consistent with a layer of adsorbed 
liposomes onto the crystal surface which have 
viscoelastic properties [22]. 
Ternary mixture liposomes have a higher frequency 
shift, than POPC/SM liposomes. The binary 
liposomes are in a liquid disordered (Ld) phase at 
the temperature of the assay (37ºC), so when then 
adsorb to the surface of the crystal, they flatten 
occupying a larger area than the POPC/SM/Chol 
liposomes, which have Ld and liquid ordered (Lo) 
domains in coexistence [23].  
 
Table 1 – Frequency and dissipation shifts for the 3rd overtone of 
POPC/SM and POPC/SM/Chol liposomes at 37ºC. Viscosity and 
thickness were obtained by modeling data with Qtools3. 

Parameters POPC/SM POPC/SM/Chol 

Δf3 -196 ±9 -286 ±10 

ΔD3 37 ±1 41±1 

η (mPa.s) 1,9 ± 0,2 2,5 ± 0,3 

δ (nm) 106 ± 9 109 ± 10 

 
In figure 2, thermograms for both liposomes are 
presented. A phase transition is observed for the 
POPC/SM liposomes, with a transition temperature 
(Tm) of 23,2ºC, which ends at 38ºC. The broad peak 
is a result of co-existence of two phases as 
proposed by [24], one Ld consisting mainly of 
POPC, which has a lower Tm [25] and a solid 
ordered (So) consisting mainly of SM, which has 
higher Tm [26]. 
Thermotropical behavior of the liposomes is altered 
upon addition of cholesterol, making the phase 
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transition disappear. POPC/SM/Chol liposomes are 
mainly in a Lo phase at 10ºC, and with temperature 
rise the % of Ld domains is increased, as reported 
by [27],. However the heat involved in the transition 
is not detected by DSC. 
 

 
Figure 2 – Thermograms for the POPC/SM liposomes (grey) and 
POPC/SM/Chol (black). 

 
31P-NMR spectra are presented in figure 3. For both 
liposomes, at 12ºC the spectra are similar to that of 
a typical membrane bilayer like structure [28]. At this 
temperature both liposomes have phase co-
existence, for POPC/SM SM enriched domains are 
in a So phase, while POPC rich domains are in a Ld 
phase. POPC/SM/Chol liposomes are mainly in Lo 
phase. At 25ºC the spectrum of POPC/SM 
liposomes shows a low field peak, which indicates 
that there is higher contribution of the Ld phase, 
denoted by this peak which denotes isotropic 
motion. At 37ºC these liposomes are in a Ld phase, 
showing full isotropic motion. For the 
POPC/SM/Chol liposomes it is observed a 
broadening of the signal with the increase of 
temperature, corresponding to an increase of a Ld 
domains in these liposomes [24]. 
 

 
Figure 3– 31P-NMR spectra for POPC/SM liposomes (black) and 
POPC/SM/Chol (grey). 

3.2 Effect of DCA 

 
Two types of Langmuir trough experiments were 

made. In one we tested the effect of dissolving DCA 
in the subphase (figure 4), and in the other we 
tested the effect upon mixing DCA with the lipids in 
the spreading solution (figure 5). In figure 4 the 
mean area variation registered is plotted in function 
of the concentration of DCA in the subphase. In 
figure 5 instead of the concentration, the fraction of 
DCA in the spreading solution is considered. We 
opted to represent the overall effect of the DCA by 
calculating the mean molecular area deviation, at 
π=15 mN/m, for all the isotherms. 

The results show that, overall, the higher the 
concentration or fraction of DCA the higher is the 
area deviation. When DCA is dissolved in the 
subphase, cholesterol seems to make difficult the 
insertion of the acid in the monolayer; however, 
when the BA is spread on the surface, cholesterol 
might promote the interdigitation of DCA into the 
monolayer. 

 In the presence of cholesterol, results show that, 
incorporation of DCA into the monolayer is more 
pronounced when this BA is dissolved in the buffer 
than when it is co-spread with the lipid solution on 
the subphase (figures 4 and 5). However the shift 
observed in the isotherms reveal that DCA inserts 
itself more on the ternary mixture of lipids when co-
spread with the lipid than what is observed from the 
dissolution on the subphase. This might be an 
indication that when this acid is presented to the 
membranes cholesterol does offer protection against 
DCA, however, once it is installed, the membrane 
becomes more disordered, as a result of its 
interdigitation. 

 

 
Figure 4 – Variation of mean molecular area, at π=15 mN/m, with 
increasing concentration of DCA dissolved in the subphase 
(HEPES buffer, pH=7, 25ºC). 

 
Figure 5 – Variation of mean molecular area, at π=15 mN/m, with 
increasing DCA fraction in the spreading solution. 
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Data from QCM-D measurements and modeling with 
Qtools3 software reveal that, for the lower 
concentrations analyzed, for the binary liposomes 
there is a swelling effect (in appendix). At 1000 µM 
DCA concentration there might be partial rupture of 
some liposomes, denoted by an accentuated shift in 
the frequency for higher values (fig. 6, top), and 
thickness decrease (table 2). For the ternary mixture 
liposomes the decrease in frequency and dissipation 
(fig. 6, bottom) values is accompanied by a 
decrease in viscosity and shear modulus of said 
liposomes, although no thickness changes are 
observed (table 3). The decrease observed 
suggests that DCA might promote fluidization of the 
liposomes, leading to loss of interstitial water, 
without leading to their disruption. 
 

 

Figure 6 – Example of a QCM-D assay, of POPC/SM liposomes 
(top) and POPC/SM/Chol liposomes (bottom) interacting with 
1000 µM of DCA. 3rd (dark grey), 5th (medium grey), 7th (grey), 9th 
(light grey) overtones. 

Table 2 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM liposomes interacting with 1000µM DCA, at 37ºC. 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 2,0 ± 0,2 1,93 ± 0,2 1,8 ± 0,2 1,8 ± 0,2 

G (kPa) - - - - 

δ (nm) 106 ± 8 107 ± 9 85 ± 7 85 ± 8 

 
Table 3 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM/Chol liposomes interacting with 1000µM DCA, at 37ºC. 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 2,4 ± 0,3 2,4 ± 0,2 1,5 ± 0,2 1,5 ± 0,2 

G (kPa) 4,7 ± 0,7 3,5 ± 0,2 2 ± 1 2 ± 1 

δ (nm) 108 ± 10 108 ± 10 100 ± 10 105 ± 11 

 

In figure 7 the thermograms of POPC/SM liposomes 
interacting with different concentrations of DCA are 
presented. Increasing DCA concentration leads to 
lower transition temperatures, which is in accord to 

the results obtained with the other two techniques, 
and is in par with known destabilizing effect of this 
acid. 

 

 
Figure 7 – Thermograms for the POPC/SM liposomes interacting 
with 500 (dashed), 700 (medium grey) and 900 (light grey) µM of 
UDCA. 

In figure 8 the 31P-NMR spectra obtained for both 
liposomes interacting with a 1.5 mM DCA solution 
are shown. 
At 12ºC, for the POPC/SM liposomes we can see 
that a peak at lower fields appears. This peak might 
be indicative of partial solubilization of some 
liposomes and thus an isotropic peak appears at this 
temperature. At 25ºC the spectra have similar 
shapes, which indicates that solubilization might not 
occur, instead DCA might be incorporated into the 
liposomes, only promoting their destabilization by 
fluidizing said liposomes. 
For the POPC/SM/Chol liposomes, one can 
conclude that there is fluidization of the lipid bilayer, 
even at lower temperatures, since the spectra show 
an isotropic peak at all temperatures. 
 

 
Figure 8 – 31P-NMR spectra for POPC/SM liposomes (left; black) 
and POPC/SM/Chol (right, black) interacting with DCA (grey). 
Spectra obtained at 12ºC (top), 25ºC (middle) and 37ºC (bottom).  
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3.3 Effect of UDCA 

 
When UDCA is dissolved in the subphase has 
almost no effect on the packing of the monolayer 
(figure 9), presenting a similar effect for the two lipid 
mixtures, although, in general, for the 
POPC/SM/Chol mixture the influence is a little lower. 
The low incorporation of UDCA when mixed with the 
subphase may be explained by the fact that this acid 
is more hydrophilic and therefore, in solution, it does 
not disrupt the monolayer, only interacting with the 
polar heads of the phospholipids. 
However, when UDCA is spread on the interface 
(figure 10) with the lipid mixtures we notice, for the 
higher fractions of UDCA on ternary mixture 
incorporation of this acid, larger than when dissolved 
on the subphase. Also notice that the effect, in this 
case, is larger for the ternary mixture. This might be 
due to preferential lateral interaction with 
cholesterol. 
 

 
Figure 9 – Variation of mean molecular area, at π=15 mN/m, with 
increasing concentration of UDCA dissolved in the subphase 
(HEPES buffer, pH=7, 25ºC). 

 
Figure 10 – Variation of mean molecular area, at π=15 mN/m, 
with increasing UDCA fraction in the spreading solution. 

From QCM-D data (figure 11) we assessed the 
effect that UDCA has on the two types of liposomes 
studied. We observed that for both mixtures there is 
adsorption of this acid, more significant for the 
binary mixture, noted by a slight deviation of the 
frequency to lower values. However this effect 
seems to be reversible, and that indicates that the 
interaction with the liposomes is at their surface. 
This result is in accordance with what is observed on 
the monolayers, since UDCA dissolved in the 
subphase had almost no effect in the packing of the 
lipids forming it. 
Slight swelling of the liposomes and higher shear 
modulus indicate that the interaction of this BA with 
the liposomes rigidifies them. After rinsing the values 
tend to revert to those similar to the liposome layer 
(table 4). For POPC/SM/Chol liposomes very low 

changes on the parameters are detected for all 
experimented concentrations, indicating adsoption of 
the acid (table 5). 

 
Figure 11– Example of a QCM-D assay, of POPC/SM liposomes 
(top) and POPC/SM/Chol liposomes (bottom) interacting with 
1000 µM of uDCA. 3rd (dark grey), 5th (medium grey), 7th (grey), 
9th (light grey) overtones. 

Table 4 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM liposomes interacting with 1000µM UDCA, at 37ºC. 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 1,9 ± 0,2 1,9 ± 0,2 1,9 ± 0,3 1,8 ± 0,2 

G (kPa) 2,4 ± 0,7 2,7 ± 0,4 4 ± 1 3 ± 1 

δ (nm) 110 ± 5 110 ± 4 116 ± 8 114 ± 6 

 
Table 5 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM/Chol liposomes interacting with 1000µM UDCA, at 
37ºC. 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 2,5 ± 0,9 2,5 ± 0,9 2,5 ± 0,9 2,5 ± 0,9 

G (kPa) 2 ± 1 3 ± 2 - - 

δ (nm) 111 ± 2 112 ± 3 114 ± 3 112 ± 3 

 
DSC data (figure 12) indicate that there is a 
stabilizing effect of this acid on the binary liposomes, 
as higher transition temperatures are observed. 
Some authors [29] defend that UDCA is capable of 
penetrating in the liposomes, thus promoting 
packing of said structures, similar to cholesterol.   
 

 
Figure 12 – Thermograms for the POPC/SM liposomes 
interacting with 500 (dashed), 700 (medium grey) and 900 (light 
grey) µM of UDCA. 
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31P-NMR spectra (figure 13) show a broader 
lineshape for the spectra obtained with UDCA 
present, for which we have no explanation. Overall, 
for the POPC/SM/Chol liposomes no difference is 
observed. However, for POPC/SM liposomes, at 
25ºC, a larger peak width is observed, which might 
be due to the cohesive effect of UDCA. This result is 
in accordance with data from DSC from which 
stabilization of the liposomes is assumed. 
 

 
Figure 13 – 31P-NMR spectra for POPC/SM liposomes (left; black) 
and POPC/SM/Chol (right, black) interacting with UDCA (grey). 
Spectra obtained at 12ºC (top), 25ºC (middle) and 37ºC (bottom). 

3.4 Effect of the 1:1 DCA/UDCA Mixture 
 
For a mixture consisting of 50% of each acid the 
results (Fig 14) from adding it to the subphase were 
very similar to those observed for the DCA only. 
From which we can conclude that DCA has a 
destabilizing effect on the monolayer, and promote 
the interdigitation of the UDCA as well. 
For the co-spreading what we can conclude (Fig 15) 
is that the ternary mixture is more affected by the BA 
as was observed when the acids were separated. 
 

 
Figure 14 – Variation of mean molecular area, at π=15 mN/m, 
with increasing concentration of DCA/UDCA dissolved in the 
subphase (HEPES buffer, pH=7, 25ºC). 

 
Figure 15 – Variation of mean molecular area, at π=15 mN/m, 
with increasing DCA/UDCA fraction in the spreading solution. 

QCM-D results (fig. 16) show that there is a more 
pronounced adsorption of the BA mixture when 
compared to UDCA effect. For the POPC/SM 
liposomes we notice a shift in the frequency to lower 
values, however these effects seem similar to the 
effect of UDCA alone, since with rinsing the values 
return to those pre-rinsing. Modeled data (table 6) 
also corroborate with this analysis since there is an 
increase of the thickness, which reverts to a value 
similar to the adsorbed liposomes, when rinsing 
occurs. 
In the POPC/SM/Chol liposomes the effect upon BA 
solution injection is the same registered for 
POPC/SM mixture (fig. 16), but with rinsing the 
values after the injection of the 1:1 DCA/UDCA 
mixture remain lower than before adding them. 
For these liposomes the mixture of the two bile acids 
promotes swelling (table 7), and the effect might not 
be only superficial as with rinsing the increase in 
thickness is maintained. This way, we can say that 
while DCA promotes interdigitation of itself along 
with UDCA, this last BA balances the fluidizing effect 
of the former with its rigidifying effect, similar to 
cholesterol. This may explain why no difference is 
observed on the viscosity (table 7).   
 

 
Figure 16 – Example of a QCM-D assay, of POPC/SM liposomes 
(top) and POPC/SM/Chol liposomes (bottom) interacting with 
1000 µM of 1:1 DCA/UDCA mixture. 3rd (dark grey), 5th (medium 
grey), 7th (grey), 9th (light grey) overtones. 
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Table 6 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM liposomes interacting with 1000µM 1:1 DCA/UDCA 
mixture, at 37ºC. 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 1,87 ± 0,09 1,85 ± 0,08 1,9 ± 0,1 1,82 ± 0,09 

G (kPa) - - - - 

δ (nm) 108 ± 6 109 ± 7 124 ± 13 113 ± 14 

 
Table 7 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM/Chol liposomes interacting with 1000µM 1:1 
DCA/UDCA mixture, at 37ºC. 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 2,6 ± 0,5 2,6 ± 0,5 2,6 ± 0,5 2,6 ± 0,5 

G (kPa) 8 ± 4 8 ± 5 7 ± 6 10 ± 6 

δ (nm) 111 ± 4 112 ± 4 126 ± 4 121 ± 5 

 
DSC experiments (figure 17), for POPC/SM 

liposomes, also show an intermediate effect. There 
is a slight increase of the transition temperature, 
which indicates that UDCA protects the liposomes 
from de DCA solubilizing effect. 
 

 
Figure 17 – Thermograms for the POPC/SM liposomes 
interacting with 500 (dashed), 700 (medium grey) and 900 (light 
grey) µM of the 1:1 mixture of BA. 

 

Data from 31P-NMR (figure 18) show that for the 
binary mixture there is a slight solubilizing effect at 
12ºC which might be due to DCA interacting with 
liposomes. For 25ºC and 37ºC the effect is similar to 
the one verified for UDCA.  
On the other hand for the ternary liposomes, we can 
see a different effect, slightly similar to the one 
observed when DCA is mixed with these liposomes. 
At 12ºC no changes are noticed in the spectra, 
however for 25ºC and 37ºC the peak seems to be 
narrower when compared to the POPC/SM/Chol 
spectra, which suggests fluidization of the lipid 
membrane. 

 

 
Figure 18 – 31P-NMR spectra for POPC/SM liposomes (left; black) 
and POPC/SM/Chol (right, black) interacting with the 1:1 mixture 
of BA (grey). Spectra obtained at 12ºC (top), 25ºC (middle) and 
37ºC (bottom). 

4. Conclusions  
 

The overall conclusion of this work is that DCA 
has a disorganizing effect on both compositions 
studied, and UDCA shows an organizing effect 
mainly on the POPC/SM mixture.  

DCA cytotoxicity is concentration dependent and, 
for the highest concentration tested, there was 
solubilization of some POPC/SM liposomes. This 
effect is in accordance with the Langmuir trough 
results, which show high disturbance in the packing 
of the monolayer, especially when DCA is dissolved 
in the subphase. For the POPC/SM/Chol liposomes 
this acid promotes fluidization, as denoted by the 
decrease in viscosity, which is in par with 31P-NMR 
spectra that show a narrower peak, in comparison 
with the spectra when no DCA is present in the 
solution. 

Although UDCA has a very low effect on the lipid 
mixtures, it tends to promote their organization, 
having a more pronounced effect on POPC/SM 
liposomes. 

The 1:1 mixture of DCA/UDCA seems to show a 
cooperative effect between the two BAs. Langmuir 
trough results show that there is insertion of the 
acids in the monolayer, which is in accord to the 
results obtained by QCM-D. Viscoelastic modeled 
data, show a thickness increase with no viscosity 
alterations. This might indicate that while DCA 
promotes disordering of the liposome membrane, 
UDCA might add to structure of the liposomes.  

Further work using microscopy techniques such 
as Atomic Force Microscopy (AFM) and Brewster 
Angle Microscopy would be important to visualize 
the effect of the acids, on the liposomes and on the 
monolayer, respectively. 
 
 

-3,00E-04

-2,50E-04

-2,00E-04

-1,50E-04

-1,00E-04

-5,00E-05

0,00E+00

10 20 30 40 50

C
p

 (
ca

l/
m

o
l.°

C
)

T (°C)



9 

 

REFERENCES 
 
[1] a Ben Mouaz, M. Lindheimer, J. . Montet, J. Zajac, and 
S. Lagerge, “A study of the adsorption of bile salts onto model 
lecithin membranes,” Colloids Surfaces B Biointerfaces, vol. 20, 
no. 2, pp. 119–127, Feb. 2001. 
[2] J. Mello-Vieira, T. Sousa, A. Coutinho, A. Fedorov, S. 
D. Lucas, R. Moreira, R. E. Castro, C. M. P. Rodrigues, M. Prieto, 
and F. Fernandes, “Cytotoxic bile acids, but not cytoprotective 
species, inhibit the ordering effect of cholesterol in model 
membranes at physiologically active concentrations.,” Biochim. 
Biophys. Acta, vol. 1828, no. 9, pp. 2152–63, Sep. 2013. 
[3] J. Ignacio Barrasa, N. Olmo, P. Pérez-Ramos, A. 
Santiago-Gómez, E. Lecona, J. Turnay, and M. Antonia Lizarbe, 
“Deoxycholic and chenodeoxycholic bile acids induce apoptosis 
via oxidative stress in human colon adenocarcinoma cells.,” 
Apoptosis, vol. 16, no. 10, pp. 1054–67, Oct. 2011. 
[4] a F. Hofmann and L. R. Hagey, “Bile acids: chemistry, 
pathochemistry, biology, pathobiology, and therapeutics.,” Cell. 
Mol. Life Sci., vol. 65, no. 16, pp. 2461–83, Aug. 2008. 
[5] A. Fini, A. Roda, R. Fugazza, and B. Grigolo, “Chemical 
Properties of Bile Acids : III . Bile Acid Structure and Solubility in 
Water,” vol. 14, no. 8, pp. 595–603, 1985. 
[6] P. V Messina, M. D. Fernández-Leyes, G. Prieto, J. M. 
Ruso, F. Sarmiento, and P. C. Schulz, “Spread mixed monolayers 
of deoxycholic and dehydrocholic acids at the air-water interface, 
effect of subphase pH. Characterization by axisymmetric drop 
shape analysis.,” Biophys. Chem., vol. 132, no. 1, pp. 39–46, Jan. 
2008. 
[7] Y. Zhou, R. Doyen, and L. M. Lichtenberger, “The role 
of membrane cholesterol in determining bile acid cytotoxicity and 
cytoprotection of ursodeoxycholic acid,” Biochim. Biophys. Acta - 
Biomembr., vol. 1788, no. 2, pp. 507–513, Feb. 2009. 
[8] H. Clouzeau-Girard, C. Guyot, C. Combe, V. 
Moronvalle-Halley, C. Housset, T. Lamireau, J. Rosenbaum, and 
A. Desmoulière, “Effects of bile acids on biliary epithelial cell 
proliferation and portal fibroblast activation using rat liver slices.,” 
Lab. Invest., vol. 86, no. 3, pp. 275–85, Mar. 2006. 
[9] S. Güldütuna, B. Deisinger, A. Weiss, H.-J. Freisleben, 
G. Zimmer, P. Sipos, and U. Leuschner, “Ursodeoxycholate 
stabilizes phospholipid-rich membranes and mimics the effect of 
cholesterol: investigations on large unilamellar vesicles,” Biochim. 
Biophys. Acta - Biomembr., vol. 1326, no. 2, pp. 265–274, Jun. 
1997. 
[10] M. Lalić-Popović, V. Vasović, B. Milijašević, S. 
Goločorbin-Kon, H. Al-Salami, and M. Mikov, “Deoxycholic Acid 
as a Modifier of the Permeation of Gliclazide through the Blood 
Brain Barrier of a Rat.,” J. Diabetes Res., vol. 2013, p. 598603, 
Jan. 2013. 
[11] R. a Forsgård, R. Korpela, L. K. Stenman, P. Osterlund, 
and R. Holma, “Deoxycholic acid induced changes in 
electrophysiological parameters and macromolecular permeability 
in murine small intestine with and without functional enteric 
nervous system plexuses.,” Neurogastroenterol. Motil., vol. 26, 
no. 8, pp. 1179–87, Aug. 2014. 
[12] E. Im and J. D. Martinez, “Ursodeoxycholic Acid 
(UDCA) Can Inhibit Deoxycholic Acid (DCA)-induced Apoptosis 
via Modulation of EGFR/Raf-1/ERK Signaling in Human Colon 
Cancer Cells,” J. Nutr., pp. 483–486, 2004. 
[13] H. Ajouz, D. Mukherji, and A. Shamseddine, 
“Secondary bile acids: an underrecognized cause of colon 
cancer.,” World J. Surg. Oncol., vol. 12, no. 1, p. 164, Jan. 2014. 
[14] A. Liver Organization, “Non-Alcoholic Fatty Liver 
Disease.” [Online]. Available: 
http://www.liverfoundation.org/abouttheliver/info/nafld/. 
[15] Merk, “Cholestasis.” [Online]. Available: 
http://www.merckmanuals.com/home/liver_and_gallbladder_disor
ders/manifestations_of_liver_disease/cholestasis.html. 
[16] G. Paumgartner and U. Beuers, “Ursodeoxycholic acid 
in cholestatic liver disease: mechanisms of action and therapeutic 
use revisited.,” Hepatology, vol. 36, no. 3, pp. 525–31, Sep. 2002. 
[17] K. Simons and W. L. C. Vaz, “Model systems, lipid rafts, 
and cell membranes.,” Annu. Rev. Biophys. Biomol. Struct., vol. 
33, pp. 269–95, Jan. 2004. 

[18] Avanti, “Preparation of Liposomes.” [Online]. Available: 
http://avantilipids.com/index.php?option=com_content&view=articl
e&id=1384&Itemid=372. 
[19] T. Viitala, J. T. Hautala, J. Vuorinen, and S. K. 
Wiedmer, “Structure of Anionic Phospholipid Coatings on Silica 
by Dissipative Quartz Crystal Microbalance,” no. 22, pp. 609–618, 
2007. 
[20] B. L. Stottrup, D. S. Stevens, and S. L. Keller, 
“Miscibility of ternary mixtures of phospholipids and cholesterol in 
monolayers, and application to bilayer systems.,” Biophys. J., vol. 
88, no. 1, pp. 269–76, Jan. 2005. 
[21] D. Chapman, N. F. Owens, M. C. Phillips, and D. A. 
Walker, “Mixed monolayers of phospholipids and cholesterol,” 
Biochim. Biophys. Acta - Biomembr., vol. 183, no. 3, pp. 458–465, 
Aug. 1969. 
[22] M. V. Voinova, M. Rodahl, M. Jonson, and B. Kasemo, 
“Viscoelastic acoustic response of layered polymer films at fluid-
solid interfaces: Continuum mechanics approach,” pp. 1–22, May 
1998. 
[23] C. F. M. Bandeiras, “Interactions between anesthetics 
and lipid rafts,” Instituto Superior Técnico, 2011. 
[24] A. Pokorny, L. E. Yandek, A. I. Elegbede, A. Hinderliter, 
and P. F. F. Almeida, “Temperature and composition dependence 
of the interaction of delta-lysin with ternary mixtures of 
sphingomyelin/cholesterol/POPC.,” Biophys. J., vol. 91, no. 6, pp. 
2184–97, Sep. 2006. 
[25] W. Curatolo, “The interactions of 1-palmitoyl-2-
oleylphosphatidylcholine and bovine brain cerebroside,” Biochim. 
Biophys. Acta - Biomembr., vol. 861, pp. 373–376, Jan. 1986. 
[26] H. W. Meyer, H. Bunjes, A. S. Ulrich, and D. Jena, 
“Morphological transitions of brain sphingomyelin are determined 
by the hydration protocol : ripples re-arrange in plane , and 
sponge-like networks disintegrate into small vesicles,” vol. 99, pp. 
111–123, 1999. 
[27] P. L. Yeagle, “Cholesterol and the cell membrane,” 
Biochim. Biophys. Acta - Rev. Biomembr., vol. 822, no. 3–4, pp. 
267–287, Dec. 1985. 
[28] S. Villasmil-Sánchez, A. M. Rabasco, and M. L. 
González-Rodríguez, “Thermal and 31P-NMR studies to elucidate 
sumatriptan succinate entrapment behavior in 
phosphatidylcholine/cholesterol liposomes. Comparative 31P-
NMR analysis on negatively and positively-charged liposomes.,” 
Colloids Surf. B. Biointerfaces, vol. 105, pp. 14–23, May 2013. 
[29] M. Tomoaia-cotisel and I. W. Levin, “Thermodynamic 
Study of the Effects of Ursodeoxycholic Acid and 
Ursodeoxycholate on Aqueous Dipalmitoyl Phosphatidylcholine 
Bilayer Dispersions †,” vol. 5647, no. 97, pp. 8477–8485, 1997.  

 
  



10 

 

APPENDIX 
 
Table 8 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM liposomes interacting with 500µM DCA, at 37ºC. 

 
Table 9 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM/Chol liposomes interacting with 500µM DCA, at 37ºC. 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 2,4 ± 0,2 2,3 ± 0,2 2,1 ± 0,2 2,1 ± 0,2 

G (kPa) 5 ± 2 5 ± 2 6,5 ± 0,6 5 ± 3 

δ (nm) 116 ± 7 116 ± 7 114 ± 10 111 ± 9 

 
Table 10 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM liposomes interacting with 750µM DCA, at 37ºC. 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 1,9 ± 0,1 1,91 ± 0,05 1,76 ± 0,03 1,67 ± 0,05 

G (kPa) - - - - 

δ (nm) 108 ± 8 104 ± 4 118 ± 4 104 ± 3 

 
Table 11 – Mean ± S.D.  values of the viscoelastic  properties  of  
POPC/SM/Chol liposomes interacting with 750µM DCA, at 37ºC. 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 2,33 ± 0,04 2,28 ± 0,03 1,98 ± 0,07 1,94 ± 0,09 

G (kPa) - - - - 

δ (nm) 106 ± 5 103 ± 6 101 ± 8 108 ± 8 

 

 

 
 
 

Parameter Liposomes HEPES BA HEPES 

η (mPa.s) 1,86 ± 0,09 1,8 ± 0,1 1,9 ± 0,2 1,8 ± 0,2 

G (kPa) 2 ± 1 2 ± 1 - 2 ± 1 

δ (nm) 105 ± 6 106 ± 6 115 ± 7 109 ± 6 


