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The interaction between bile acids and surfactants at interfaces plays an important role in fat digestion. In
this paper, we study the competitive adsorption of cholic acid (CA) at the sodium dodecyl sulfate (SDS)-
laden liquid crystal (LC)/aqueous interface formed with cyanobiphenyl (nCB, n = 5-8) and the mixture of
5CB with 4-(4-pentylcyclohexyl)benzonitrile (SPCH). We find that the critical concentration of CA
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concentration from 0 wt% to 19 wt% in the 5SPCH-5CB binary mixture. Our results clearly demonstrate
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1. Introduction

Bile acids are important biological surfactants synthesized by
the liver from the enzymatic catabolism of cholesterol.* Unlike
some traditional surfactants, which typically have a hydrophilic
head group bonded to a linear, flexible, hydrocarbon tail, bile
acids have a large, rigid, quasi-planar steroid ring system with a
hydrophilic a face and a hydrophobic B face. The facial
amphiphilic nature and unique structure of bile acids make
them extremely surface active in lipid digestion.” It is known
that lipid digestion involves complex interfacial processes, in
which bile acids displace conventional surfactants from an
emulsified lipid interface to promote the adsorption of lipase to
the interface. The adsorbed lipase hydrolyses triglycerides to
release fatty acids from the interface. The released fatty acids
are then solubilized by bile acid micelles for body adsorption.

Several experimental methods including surface tension,**
zeta potential,® atomic force microscopy,® and sum frequency
generation vibrational spectroscopy’ have been used to study
the interaction of bile acids with conventional surfactants at the
oil-water and air-water interfaces to verify the interaction
mechanism between bile acids and surfactants in the interfacial
process of lipid digestion. Furthermore, the detailed under-
standing of the interaction of bile acids with surfactants at
interfaces can also provide insight into how to control lipid
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aqueous interface can be increased by one order of magnitude, compared to 5CB.

digestion,*® which is critical to prevent the development of
obesity and associated diseases.

Liquid crystals (LCs) are an anisotropic fluid, which has a
long-range orientational order.' The orientation of LCs is
extraordinarily sensitive to the change of the surface which they
are in contact with. The surface-induced local order can be
amplified over several tens of micrometers in the LC bulk due to
the long-range interaction of LCs. The optical amplification of
LCs makes them a unique optical probe for imaging the
molecular ordering™'* and chemical patterns*** of organic
surfaces and sensing the chemical reactions such as enzymatic
reactions,'®” DNA hybridization,'®" ligand-receptor bind-
ings,***' and peptide-lipid interactions®>** at the LC/aqueous
interface.

Cholic acid (CA) is a primary bile acid, which comprises 31%
of the total bile acids produced in liver. In a previous publica-
tion,* we used the optical amplification of 4-cyano-4’-pentylbi-
phenyl (5CB) for studying the competitive adsorption of CA at the
surfactant-laden 5CB/aqueous interface. The competitive
adsorption of CA can displace the surfactants from the 5CB/
aqueous interface and consequently triggers a homeotropic-to-
planar anchoring transition of 5CB at the interface, which allows
the interaction of CA with the surfactants at the interface to be
monitored by a polarizing optical microscope. The concentration
of CA required to displace the surfactants from the 5CB/aqueous
interface is found to be affected by the nature of surfactants, pH
values and ionic strengths. However, the displacement of
surfactants from the LC/aqueous interface by the competitive
adsorption of CA might be also associated with their interactions
with LCs at the interface. To gain insights into the influence of
the interaction on the displacement of surfactants from a LC/
aqueous interface by the competitive adsorption of CA, we
have formed a sodium dodecyl sulfate (SDS)-laden LC/aqueous
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interface with a series of cyanobiphenyl (nCB, n = 5-8) and the
mixture of 5CB with 4-(4-pentylcyclohexyl)benzonitrile (5PCH) or
4-(4-pentylcyclohexyl)cyclohexylcarbonitrile (5CCH) to alter the
interaction of SDS and LCs at the interface. We find that the
critical concentration of CA required to displace the SDS from the
LC/aqueous interface can be linearly tuned by varying the alkyl
chain length of nCB or the 5PCH concentration in the 5CB host.
Significantly, we show that the critical concentration of CA can be
reduced by one order of magnitude when the 5PCH concentra-
tion increases from 0 wt% to 19 wt% due to the decreased SDS
and LC interactions at the interface.

2. Experimental
2.1. Materials

Liquid crystals (LCs) used in our experiments are 4-cyano-4'-
pentylbiphenyl (5CB), 4-cyano-4’-hexylbiphenyl (6CB), 4’-heptyl-
4-biphenylcarbonitrile (7CB), 4-octyl-4’-cyanobiphenyl (8CB), 4-
(4-pentylcyclohexyl)benzonitrile (5PCH), and 4-(4-pentylcyclo-
hexyl)cyclohexylcarbonitrile (5CCH). 5CB (98% purity) and
5PCH (99% purity) were obtained from Sigma-Aldrich (St. Louis,
MO). 6CB (98% purity) and 7CB (98% purity) were from BDH
Merck Ltd (Poole Dorset, United Kingdom). 5CCH (99% purity)
was from EM Industries Inc. (Hawthorne, NY). Sodium dodecyl
sulfate (SDS, =99% purity) and cholic acid (CA, =98% purity)
were obtained from Sigma-Aldrich (St. Louis, MO). Cholyl-lysyl-
fluorescein (CLF) was purchased from BD Biosciences (Woburn,
MA). All chemicals were used without further purification.
Water used in our experiments was purified using an Easypure
II system (18.2 MU cm and pH 5.7). Phosphate buffered saline
solution (PBS) was from Fisher Scientific (Fair Lawn, NJ). Poly-
imide coated glass substrates used for inducing homeotropic
anchoring of liquid crystals were purchased from AWAT PPW
(Warsaw, Poland). Glass microscopy slides were from Fisher
Scientific. Copper TEM grids (18 um thickness, 285 pm grid
spacing, and 55 um bar width) were obtained from Electron
Microscopy Sciences.

2.2. Preparation of liquid crystal films

Copper TEM grids were cleaned with ethanol and then heated at
110 °C for 24 h. The cleaned TEM grids were placed on a poly-
imide-coated glass substrate. One microliter of LCs was filled in
the pores of the TEM grids supported by the polyimide-coated
glass substrate. The excess LC was removed by using a capillary
tube, leading to the formation of LC films in the pores of the
grids. The LC films were then immersed in PBS solution con-
taining 50 uM SDS. The adsorption of SDS leads to the forma-
tion of a SDS-laden LC/aqueous interface.

2.3. Optical observation

The optical texture of the LC films filled in the pores of the TEM
grids was examined by using a polarizing optical microscope
(BX 40, Olympus) with a hot stage in transmission mode. All
optical microscopy images were taken with a digital camera
(C2020 Zoom, Olympus) mounted on the polarizing optical
microscope. Fluorescence microscopy images were acquired
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with a confocal fluorescence microscope (Zeiss TCS SP5MP)
with 488 nm excitation from an Ar" laser.

3. Results and discussion

The chemical structures of CA, SDS, nCB (n = 5-8), 5PCH, and
5CCH are shown in Fig. 1. SDS is a surfactant with a hydrophilic
head group and a long hydrophobic tail. CA is a facial amphi-
phile molecule with a quasi-planar steroid ring system bearing
four hydrogen atoms at the convex face and three hydroxyl
groups at the concave face. The phase transition temperatures
of nCB, 5PCH, and 5CCH are listed in Table 1.

Fig. 2a shows a polarizing optical microscopy image of a 5CB
film filled in the square pores of a TEM grid supported by a
polyimide-coated glass substrate after being immersed in
phosphate buffered saline (PBS) solution with 50 pM SDS. The
adsorption of SDS at the 5CB/aqueous interface leads to the
formation of the SDS-laden 5CB/aqueous interface and induces
homeotropic surface anchoring, giving a dark appearance. The
edges of the square pores are lighted up due to the disorder of
5CB near the edges. However, it is clear from Fig. 2a that the
edge effect can only extend over a short distance. CA was added
into the aqueous phase side of the SDS-laden 5CB/aqueous
interface one hour after the system reached equilibrium. The
optical appearance of the 5CB film changes from the dark to
four-brush textures emanating from a sing line defect (Fig. 2b
and c). The appearance of the bright domains reflects a
continuous change in the orientation of the 5CB from

(a) SDS (¢)nCB

o]
o// ~o Han+1Cn CN

\/\/\/\/\/\/O\S// Na*

(d) SPCH

(e) 5CCH

Coft 1@—QCN

Fig. 1 Chemical structures of SDS (a), CA (b), nCB (c), 5PCH (d) and
5CCH (e).

(b) CA 5

Ho™"

Table 1 Phase transition temperatures of nCB, 5SPCH and 5CCH. Cr
denotes the crystalline phase; S denotes the smectic phase; N denotes
the nematic phase; and | denotes the isotropic phase. The phase
transition data are obtained from a liquid crystal database Liq46 (LCI
Publisher GmbH)

Liquid crystals Phase transition temperatures (°C)

5CB Cr23.5N351

6CB Cr145N 291

7CB Cr30N42.81

8CB Cr21.5S33.5N40.51
5PCH Cr31N551

5CCH Cr60N 851

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Polarizing optical microscopy images of a SDS-laden 5CB/
aqueous interface after being exposed to 80 uM CA in PBS solution at
pH 7.4 and 25 °C. These images were taken at different times. Scale
bar: 97 um.

homeotropic anchoring at the polyimide-coated glass substrate
to planar anchoring at the SDS-laden 5CB/aqueous interface.*
The homeotropic-to-planar anchoring transition of the 5CB at
the interface is a result of the competitive adsorption of CA,
which displaces the SDS from the interface. Fig. 3a shows a
confocal fluorescent microscopy image of the SDS-laden 5CB/
aqueous interface after the addition of choly-lysyl-fluorescein
(CLF, a fluorescein-labeled CA) into the aqueous phase side of
the interface. The strong fluorescence from the interface
confirms the competitive adsorption of CLF at the SDS-laden
5CB/aqueous interface. The corresponding polarizing micros-
copy image shows the bright domain appearance of the 5CB
film after the adsorption of CLF at the interface (Fig. 3b). Thus,
we conclude that the competitive adsorption of CLF displaces
the SDS from the 5CB/aqueous interface, consequently trig-
gering the anchoring transition of the 5CB at the interface. The
critical concentration of CLF required to trigger the homeo-
tropic-to-planar surface anchoring transition of the 5CB at the
interface is ~0.25 uM, which is lower than that of CA (~16 pM)
(Fig. 4). This result suggests that the fluorescent-labeling affects
the interaction of CA and SDS at the 5CB/aqueous interface.
We find that the displacement of the SDS at the LC/aqueous
interface by the competitive adsorption of CA is strongly
affected by the nature of LCs. In our experiments, the SDS-laden
LC/aqueous interface was formed with nCB, (n = 5-8) and the
mixture of 5CB with 5PCH or 5CCH. Since the temperature of
the nematic phase of nCB varies as a function of n (Table 1), we
carried out the experiments at different temperatures to ensure
that nCB is in their nematic phases. The nCB film filled in the

Fig. 3 Fluorescence (a) and polarizing (b) microscopy images of a
SDS-laden 5CB/aqueous interface after being exposed to 0.25 uM CLF
solution at 25 °C. Scale bar: 97 um.
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Fig. 4 Critical concentration of CA required for displacing the SDS
from the nCB/aqueous interface as a function of n. The experiment
was conducted at 25 °C for 5CB, 22 °C for 6CB, 32 °C for 7CB, and
36 °C for 8CB, respectively. The data points were obtained from three
samples. The error bars represent the standard error.

pores of a TEM grid supported by a polyimide-coated glass
substrate was immersed in PBS solution with 50 pM SDS. After
the homeotropic anchoring of the nCB at the interface was
achieved by the adsorption of SDS at the interface, CA was
added to the aqueous phase side of the SDS-laden nCB/aqueous
interface. The critical concentration of CA required to displace
the SDS at the nCB/aqueous interface is found to linearly
decrease from 160 uM to 16 uM as n decreases from 8 to 5
(Fig. 4). Thus, we estimate that the critical concentration
decreases by ~51 pM per one additional carbon atom in the
alkyl chain of nCB. Since the competitive adsorption of CA at the
SDS-laden nCB/aqueous interface was carried out at different
temperatures, we study the possible influence of temperatures
on the critical concentration by performing the competitive
adsorption at different temperatures in the nematic phase of
6CB and 5CB, respectively. 5CB shows a nematic phase from
23.5 °C to 35 °C. 6CB shows a nematic phase from 14.5 °C to
29 °C. Due to the odd-even effect, the melting and clearing
temperatures of 6CB are lower than that 5CB. We find that there
is no significant change in the critical concentration observed
when temperatures vary from 15 °C to 26 °C for 6CB and 24 °C to
33 °C for 5CB, respectively (Fig. 5). The orientation of LCs is
known to be determined by the balance between the elasticity
and the surface anchoring. Thus, the changes in the elastic
constant of nCB and/or the interaction of SDS with nCB at the
interface are potentially factors that affect the critical concen-
tration. It has been shown that the elastic constant of nCB (n =
5-8) alternately changes with the increase of n.>* The odd-even
effect of the elastic constant cannot explain the linear increase
of the critical concentration with the increase of n. In the past,
orientational wetting studies of nCB (n = 5-9) on a surfactant-
coated glass substrate showed that the partial-to-complete
wetting transition of nCB occurred with the increase of n,
indicating that the interaction of nCB with the surfactant
increased with the increase of n.2°?” Thus, we conclude that the
decreased interaction between SDS and nCB with the decrease
of n makes the SDS more easily displaced from the interface by
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Fig. 5 Critical concentration of CA required for displacing the SDS
from the 5CB/aqueous interface and the 6CB/aqueous interface at
different temperatures. The data points were obtained from three
samples.

the competitive adsorption of CA, leading to the decrease of the
critical concentration of CA.

The response time of the SDS-laden nCB/aqueous interface
for the competitive adsorption of CA varies as a function of n.
The 5CB undergoes a transition from the dark to four-brush
texture within 3 min after addition of 80 pM CA (Fig. 2). While
the 6CB transits from the dark to domain textures within 5 min
after addition of 80 pM CA. The initially formed domain
textures then gradually fuse into the brush textures after 5 hours
(Fig. 6), suggesting that the competitive adsorption of CA at the
SDS-laden 6CB/aqueous interface follows a nucleation and
growth mechanism. For the 7CB and 8CB, the transition from
the dark to four-brush texture takes even longer time.

As can be seen in Fig. 4, the critical concentration is 16 uM
for 5CB and 130 uM for 7CB, respectively. The critical concen-
tration in this range can be tuned by mixing 7CB and 5CB. The
clearing temperature is 35 °C for 5CB and 42.8 °C for 7CB,
respectively. Thus, we prepared 7CB-5CB mixtures with
different mixed ratios at ~60 °C. The mixtures were then cooled
down to ~24 °C, at which the mixtures show a nematic phase.
The adsorption of SDS at the 7CB-5CB mixture/aqueous inter-
face induces homeotropic anchoring of the 7CB-5CB mixture at
the interface. The displacement of the SDS from the interface by
the competitive adsorption of CA leads to the homeotropic-to-
planar anchoring transition of the mixture at the interface. The
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critical concentration of CA is found to linearly decrease from
130 uM to 16 uM when the 7CB-5CB mixed ratio increases
(Fig. 7).

5PCH is another widely used cyano-containing LC (Fig. 1). As
compared to 5CB, 5PCH has a flexible and bulky core contain-
ing one phenyl ring and one cyclohexane ring. We find that the
adsorption of SDS at the 5PCH/aqueous interface is unable to
induce a homeotropic anchoring of the 5PCH at the interface.
As can be seen in Fig. 8a, a tilted anchoring of the 5PCH at the
SDS-laden interface is achieved. It has been shown that the tilt
angle of the 5CB at the 5CB/aqueous interface can be deter-
mined from the interference color of 5CB films filled in the
pores of the TEM grids.”® The thickness of 5PCH films filled in
the pores of the TEM grids is ~18 pm. At 25 °C, the extraordi-
nary and ordinary refractive index of 5PCH is 1.60751 and
1.49018, respectively. The effective birefringence of the 5PCH
films is estimated to be 0.033 from their optical textures (Fig. 8a)
and a Michel-Levy chart.”® Based on the relationship between
the effective birefringence of LC films and the tilt angle of the
LC at the LC/aqueous interface,*® we estimate that the 5PCH is
tilted by ~61° from the surface normal (Fig. 8a). The anchoring
behavior of 5CB and 5PCH on lecithin monolayers formed by
the Langmuir-Blodgett technique was reported in the litera-
ture.*® On densely packed lecithin monolayers, 5CB showed
homeotropic anchoring, while 5PCH showed tilted anchoring,
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Fig. 7 Critical concentration of CA required for displacing the SDS
from the 5CB-7CB mixture/aqueous interface as a function of wt% of
7CB. The data points were obtained from three samples.

Fig. 6 Polarizing optical microscopy images of the SDS-laden 6CB/aqueous interface after addition of 80 pM CA in PBS solution at pH 7.4 at

25 °C. These images were taken at different times.
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Fig. 8 Polarizing optical microscopy images of a SDS-laden 5PCH/
aqueous interface (a) and a SDS-laden 5PCH-5CB mixture/aqueous
interface (b). The wt% of 5PCH in the mixture is 17 wt%. Scale bar: 97 um.

which agrees with our results. The flexible and bulky 5PCH
requires higher anchoring energy to achieve homeotropic
anchoring than rigid 5CB. It has been shown that 5PCH and
5CB can form nematic mixtures over a wide range of mixed
ratios.?” We prepared 5PCH-5CB mixtures with different mixed
ratios at ~70 °C. The mixtures were then cooled down to
~24 °C, at which the mixtures show a nematic phase. The
adsorption of SDS at the 5PCH-5CB mixture/aqueous interface
can induce a homeotropic anchoring of the 5PCH-5CB mixtures
with the mixed ratio up to 19 wt% of 5PCH (Fig. 8b). Beyond this
mixed ratio, SDS is unable to induce a homeotropic anchoring
of the 5PCH-5CB mixtures at the interface. Thus, we formed the
SDS-laden 5PCH-5CB mixture/aqueous interface by using
the 5PCH-5CB mixtures with the mixed ratios from 0 wt% to
19 wt% of 5PCH. The critical concentration of CA is found to
linearly decrease from 16 uM to 1.5 uM when the mixed ratio
increases from 0 wt% to 19 wt% of 5PCH (Fig. 9a). It has been
shown that the strong coupling of 5CB molecules is due to the
large - interaction of their rigid cores (biphenyl rings), while
5PCH molecules are weakly coupled due to the presence of a
bulky cyclohexane ring in their core structures.*® Thus, the
looser molecular packing of 5PCH-5CB mixtures makes the SDS
more easily to be displaced from the interface by the competi-
tive adsorption of CA, leading to the decrease of the critical
concentration of CA.

As shown in Fig. 1, 5CCH contains two bulky cyclohexane rings
in its core. The 5CCH-5CB mixture with different mixed ratios was
prepared at ~90 °C and then cooled down to ~24 °C. The
adsorption of SDS at the 5CCH-5CB mixture/aqueous interface
induced a homeotropic anchoring of the 5CCH-5CB mixture with
the mixed ratio up to 16 wt% of 5CCH. The critical concentration
of CA required to displace the SDS from the 5CCH-5CB mixture/
aqueous interface linearly decreases from 16 uM to 6 uM with the
increase of the mixed ratio from 0 wt% to 16 wt% of 5CCH
(Fig. 9b). The behavior of 5CCH-5CB mixtures in the detection of
the displacement of SDS by the competitive adsorption of CA is
similar to that of 5PCH-5CB mixtures, suggesting that an addi-
tional cyclohexane ring in the core of 5CCH does not significantly
affect the molecular packing in the mixtures.

In summary, we have studied the effect of LC structures on
the interaction of SDS and CA at the LC/aqueous interface by
observing the anchoring transition of the LC at the interface.
We find that the critical concentration of CA required to

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Critical concentration of CA required for displacing the SDS
from the 5PCH-5CB mixture/aqueous interface (a) and the 5CCH-
5CB mixture/aqueous interface as a function of wt% of 5PCH and
5CCH, respectively. The data points were obtained from three
samples.

displace SDS from the LC/aqueous interface linearly decreases
from 160 pM to 16 uM when the alkyl chain length of nCB is
reduced from n = 8 to n = 5. By using 5PCH-5CB mixtures, the
critical concentration of CA can be further reduced from 16 uM
to 1.5 uM when the mixed ratio increases from 0 wt% to 19 wt%
of 5PCH. The reduced critical concentration of CA is a result of
the decrease of the interaction of SDS with LCs at the interface,
which makes SDS more easily displaced from the interface by
the competitive adsorption of CA. Our results show that 5PCH-
5CB mixtures are more sensitive in monitoring the interaction
of CA and SDS at the LC/aqueous interface, compared to 5CB. In
addition, the clearing temperature (N-I transition) is 55 °C for
5PCH (Table 1), which is higher than that of 5CB (35 °C). The
clearing temperature of 5PCH-5CB mixtures linearly increases
with wt% of 5PCH.?* Thus, the sensitive 5PCH-5CB mixtures
can be operated in a wide temperature range to study the
interaction between bile acids and surfactants at the LC/
aqueous interface.
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