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We synthesized four cationic bile acid based facial amphiphiles featuring trimethyl ammonium head groups. We
evaluated the role of these amphiphiles for cytotoxic activities against colon cancer cells and their membrane inter-
actions by varying charge, hydration and hydrophobicity. The singly charged cationic Lithocholic acid based amphi-
phile (LCA-TMA1) ismost cytotoxic, whereas the triply charged cationic Cholic acid based amphiphile (CA-TMA3) is
least cytotoxic. Lightmicroscopy and Annexin-FITC assay revealed that these facial amphiphiles caused late apopto-
sis. In addition, we studied the interactions of these amphiphiles with model membrane systems by Prodan-based
hydration, DPH-based anisotropy, and differential scanning calorimetry. LCA-TMA1 is most hydrophobic with a
hard charge causing efficient dehydration andmaximum perturbations of membranes thereby facilitating trans-
location and high cytotoxicity against colon cancer cells. In contrast, the highly hydrated and multiple charged
CA-TMA3 caused least membrane perturbations leading to low translocation and less cytotoxicity. As expected,
Chenodeoxycholic acid and Deoxycholic acid based amphiphiles (CDCA-TMA2, DCA-TMA2) featuring two charged
head groups showed intermediate behavior. Thus, we deciphered that charge, hydration, and hydrophobicity of
these amphiphiles govern membrane interactions, translocation, and resulting cytoxicity against colon cancer cells.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Bile acids are naturally occurring steroids produced from metabo-
lism of cholesterol in liver, and promote solubilization and absorption
of fats, nutrients, and vitamins in intestine [1]. Bile acids are facial am-
phiphiles in which hydrophobic and hydrophilic parts are located on
opposite faces, as compared to surfactants [2]. This unique structural as-
pect of bile acids contributes towards the overall amphiphilic molecular
architecture leading to variety of functions including membrane inter-
actions and cytotoxicity. For example, the hydrophobicity of bile acids
is inversely related to the number of polar OH groups. The increase in
hydrophobicity of bile acids confers toxicity [3]. In humans, cholic acid
(CA) and chenodeoxycholic acid (CDCA) are primary bile acids,whereas
deoxycholic acid (DCA) and lithocholic acid (LCA) are secondary bile
acids. Primary bile acids upon conjugation with glycine or taurine be-
come less hydrophobic and show less toxicity [4], whereas secondary
bile acids are more hydrophobic and thus feature more cytotoxicity.
Population based studies indicate that consumption ofWestern diet in-
creases levels of fecal secondary bile acids [5]. This excessive deposition
of bile acids is responsible for oxidative DNA damage, inflammation,
+91 124 4038117.
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and enhanced cellular proliferation against colon epithelial cells leading
to colon cancer [6].

Anticancer activities of bile acids can be attributed either to their
nonspecific detergent effects or specific receptor-mediated interactions
[7]. Bile acids can trigger apoptosis by altering physical characteristics of
cellmembranes through non-specific interactions [8]. Bile acids can also
specifically bind to receptors leading to cellular toxicity [9,10]. Different
mechanisms [11] of bile acids induced apoptosis [12] have been proposed
including endoplasmic reticulum stress, ligand-independent activation of
death receptor pathways, andmitochondrial intrinsic pathway [13]. Both
natural and synthetic bile acids show diverse bioactivities including both
apoptotic and cell-proliferative behavior contingent upon the nature of
their molecular architectures [14,15]. To this end, numerous bile acid de-
rivatives have been synthesized [16,17] and evaluated for their anticancer
activities against array of cancer cell lines [18].

We hypothesized that the introduction of cationic charge to bile acids
would favor the electrostatic interactions of these amphiphiles with cell
membranes and therefore can improve their cytotoxic effect. Towards
this goal, we synthesized four bile acid based facial cationic amphiphiles
to evaluate their cytotoxicity against colon cancer cells andmembrane in-
teractions. Trimethylamonium group was conjugated to hydroxyl group
of LCA, CDCA, DCA, and CA (Fig. 1). We studied the cytotoxic activities
of these facial amphiphiles in two colon cancer cell lines (HCT-116,
DLD-1) using MTT assay, and evaluated the mechanism of cytotoxicity
by light microscopy and apoptosis assay. We then studied interactions
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Fig. 1. Molecular structures of the bile acids: lithocholic acid (LCA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), and cholic acid (CA); and corresponding synthesized facial amphi-
philes LCA-TMA1, CDCA-TMA2, DCA-TMA2, and CA-TMA3 studied.
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of these amphiphiles with model DPPC membranes using Prodan-based
hydration, DPH-based anisotropy, and differential scanning calorimetry
to evaluate their differential cytotoxic activities by varying charge, hydra-
tion, and hydrophobicity.

2. Materials and methods

2.1. General

All the chemicals, reagents, and solvents used are of highest purity
available. 1H-NMR spectra were recorded using Bruker 500 MHz spec-
trometer. Chemical shifts (δ) are reported in ppmwith tetramethyl silane
as internal standard. Mass spectras were measured on AB-SCIEX-5600
mass spectrometer.

2.2. General procedure for synthesis of bile acid methyl esters (9–12)

Bile acids (5–8) (2.65 mmol)were dissolved in anhydrousmethanol
(40 mL), and conc. hydrochloric acid (1 mL) was added. Reaction mix-
turewas stirred for 12 h at room temperature. After completion of reac-
tion, solvent was evaporated under vacuum and reaction mixture was
diluted with ethyl acetate (50 mL). Reaction mixture was washed
with sodium bicarbonate (2 × 10 mL) and brine (2 × 5 mL). Organic
phase was dried over sodium sulfate and concentrated in vacuum to
obtain pure product.

2.2.1. Methyl 3α-hydroxy-5β-lithocholan-24-oate (9)
Yield 94%. 1H NMR (CDCl3, 500 MHz) δ: 0.62 (s, 3H), 0.74–2.30

(m), 3.45 (m, 1H), 3.56 (s, 3H). HRMS (ESI) : m/z (C25H42O3)+ calculat-
ed (M + H2O)+ 408.3240; found (M + H2O)+ 408.3522, calculated
(M + Na)+ 413.3032; found (M + Na)+ 413.3076.
2.2.2. Methyl 3α, 7α-dihydroxy-5β-chenodeoxycholan-24-oate (10)
Yield 92%. 1H NMR (CDCl3, 500 MHz) δ: 0.67 (s, 3H), 0.90–2.34 (m),

3.58–3.64 (m, 1H), 3.66 (s, 3H), 3.97 (m, 1H). HRMS (ESI): m/z
(C25H42O4)+ calculated (M + H)+ 407.3083; found (M + H)+

407.3231, calculated (M + H2O)+; 424.3189, found (M + H2O)+

424.3485, calculated (M + Na)+ 429.2981; found (M + Na)+

429.3062.

2.2.3. Methyl 3α, 7α, 12α-dihydroxy-5β-deoxycholan-24-oate (11)
Yield 90%. 1H NMR (CDCl3, 500 MHz) δ: 0.62 (s, 3H), 0.89–2.34

(m), 3.40–3.51 (m, 1H), 3.65 (s, 3H), 3.84 (m, 1H)). HRMS (ESI):
m/z (C25H42O4)+ calculated (M + H)+ 407.3083; found (M + H)+

407.3202, calculated (M + H2O)+ 424.3189; found (M + H2O)+

424.3485, calculated (M + Na)+ 429.2981; found (M + Na)+ 429.3033.

2.2.4. Methyl-3α, 7α, 12α-trihydroxy-5β-cholan-24-oate (12)
Yield 92%. 1H NMR (CDCl3, 500 MHz) δ: 0.67 (s, 3H), 0.86–2.37

(m), 3.40–3.46 (m, 1H), 3.66 (s, 3H), 3.84 (m, 1H), 3.96 (m, 1H).
HRMS (ESI) : m/z (C25H42O5)+ calculated (M + H)+ 423.3032;
found (M + H)+ 423.3169, calculated (M + H2O)+ 440.3138; found
(M + H2O)+ 440.3440, calculated (M + Na)+ 445.2930, found
(M + Na)+ 445.2987.

2.3. General procedure for synthesis of (2′-chloroacetoxy) derivative of
bile acid methyl esters (13–16)

To a solution of 9–12 (1.28 mmol) in toluene (20 mL), DMAP
(0.38 mmol), pyridine (1 mL) and chloroacetic anhydride (1.2 equiv
for 9; 2.4 equiv for 10& 11; 3.6 equiv for 12)was added. Reactionmixture
was heated at 60 °C for 48 h. Solvent was evaporated and diluted with
ethyl acetate (50 mL). Reaction mixture was washed with brine solution
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(2 × 10 mL). Crude product was purified by chromatography using ethyl
acetate: pet ether as eluent to obtain pure compound.

2.3.1. Methyl 3α-chloroacetyloxy-5β-lithocholan-24-oate (13)
Yield 68%. 1H NMR (CDCl3, 500 MHz) δ: 0.67 (s, 3H), 0.93–2.10 (m),

3.69 (s, 3H), 4.05 (s, 2H), 4.84 (m, 1H). HRMS (ESI): m/z (C27H43ClO4)+

calculated (M + Na)+ 489.2748; found (M + Na)+ 489.2795.

2.3.2. Methyl 3α, 7α-bis (chloroacetyloxy)-5β-chenodeoxycholan-24-
oate (14)

Yield 63%. 1H NMR (CDCl3, 500 MHz) δ: 0.64 (s, 3H), 0.87–2.35
(m), 3.73 (s, 3H), 3.97–4.02 (m, 4H), 4.65–4.70 (m, 1H), 4.99 (m, 1H).
HRMS (ESI): m/z (C29H44Cl2O6)

+ calculated (M + Na)+ 581.2413;
found (M + Na)+ 581.2734, calculated (M + H2O)+ 576.2621; found
(M + H2O)+ 576.3180.

2.3.3. Methyl 3α, 12α-bis (chloroacetyloxy)-5β-deoxycholan-24-oate (15)
Yield 66%. 1H NMR (CDCl3, 500 MHz) δ: 0.74 (s, 3H), 0.80–2.34 (m),

3.80 (s, 3H), 4.03 (s, 2H), 4.11 (s, 2H), 4.77–4.81 (m, 1H), 5.00–5.41
(m, 1H). HRMS (ESI) : m/z (C29H44Cl2O6)+ calculated (M + Na)+

581.2413; found (M + Na)+ 581.2413, calculated (M + H2O)+

576.2621; found (M + H2O)+ 576.2947.

2.3.4. Methyl 3α, 7α, 12α-Tris (chloroacetyloxy)-5β-cholan-24-oate (16)
Yield 67%. 1H NMR (CDCl3, 500 MHz) δ: 0.75 (s, 3H), 0.81–2.33

(m), 3.48 (s, 3H), 3.80–3.97 (m, 6H), 4.62–4.71 (m, 1H), 5.03–5.19
(m, 1H), 5.29–5.34 (m, 1H). HRMS (ESI): m/z (C31H45Cl3O8)+ calculat-
ed (M + Na)+ 673.2078; found (M + Na)+ 673.2069, calculated
(M + H2O)+ 668.2286; found (M + H2O)+ 668.2564.

2.4. General procedure for the synthesis of mono, di and tricationic lipids
(1–4)

Compound 13–16 (0.21 mmol) was dissolved in ethyl acetate (5 mL)
in seal tube. Trimethyl amine gaswas added into it. Reactionmixturewas
heated at 70 °C for 48 h. After completion of reaction, solvent was re-
moved. Reaction mixture was washed with ethyl acetate and acetone
multiple times to furnish pure compound.

2.4.1. LCA-TMA1 (1)
Yield 72%. 1H NMR (CDCl3, 500 MHz) δ: 0.58 (s, 3H), 0.84–2.29

(m), 3.54–3.61(m, 12H), 4.7 (m, 1H), 5.01 (m, 2H). HRMS (ESI) : m/z
(C30H52NO4)+ calculated (M)+ 490.3896; found (M)+ 490.3897.

2.4.2. CDCA-TMA2 (2)
Yield 65%. 1H NMR (CDCl3, 500 MHz) δ: 0.64 (s, 3H), 0.82–2.36

(m), 3.10–3.65 (m, 21H), 3.87–3.95 (m, 1H), 4.07–4.11 (m, 1H),
4.52–4.60 (m, 1H), 4.75–4.78 (m, 1H), 5.02–5.07 (m, 1H), 5.48–5.54
(m, 1H). HRMS (ESI): m/z (C35H62N2O6)+2/2 calculated 303.2303;
found (M)+2/2 303.2308, M2+Cl− calculated 641.4296; found
M2+Cl− 641.4279.

2.4.3. DCA-TMA2 (3)
Yield 68%. 1H NMR (CDCl3, 500 MHz) δ: 0.73 (s, 3H), 0.79–2.32

(m), 3.54–3.68 (m, 21H), 4.08–4.13 (m, 1H), 4.76–4.80 (m, 1H), 5.06
(d, 1H). 5.29 (d, 1H), 5.47 (d, 1H), 5.55 (d, 1H). HRMS (ESI): m/z
(C35H62N2O6)+2/2 calculated 303.2303; found (M)+2/2 303.2308,
M2+Cl− calculated 641.4296; found M2+Cl− 641.4279.

2.4.4. CA-TMA3 (4)
Yield 71%. 1H NMR (CDCl3, 500 MHz) δ: 0.75 (s, 3H), 0.82–2.40 (m),

3.53–3.62 (m, 30H), 3.74 (m, 2H), 4.09 (m, 1H), 4.78 (m, 1H), 5.11 (m,
2H), 5.29 (m, 2H), 5.80 (m, 1H). HRMS (ESI): m/z (C40H72N3O8)+3/3
calculated 240.8439; found (M)+3/3 240.8429, M3+Cl−/2 calculated
378.7504; found M3+Cl−/2 378.7507, M3+Cl2− calculated 792.4696;
found M3+Cl2− 792.4687.
2.5. Cell culture

Colon cancer cells HCT-116 and DLD-1 were maintained as mono-
layers for experiments. HCT-116 cells were cultured in McCoy's 5A
media, and DLD-1 cells were cultured in RPMI-1640 (Cell clone, USA)
media containing 10% (v/v) fetal bovine serum, penicillin 100 μg/mL,
streptomycin 100 U/mL, gentamycin 45 μg/mL at 37 °C in a humidified
atmosphere with 5% CO2.
2.6. Cell viability assay

Cell viability for all amphiphiles in two different colon cancer
cell lines was measured using 3-[4, 5-dimethylthiazol-2-yl] 2, 5-
diphenyltetrazolium bromide (MTT) assay [19]. HCT-116 or DLD-1
were plated in 96 well tissue culture plate at a density of 3000 cells per
well. After 24 h, cells were treated with various bile acids and facial am-
phiphiles at concentrations of 25, 50, 100, 150 and 200 μM. After 48 h
of treatment, 20 μL of MTT solution (5 mg/mL) was added to each well
and further incubated for 3 h to get formazan crystals.Mediawas aspirat-
ed and 150 μL of DMSO was added to lyse cells. Plate was shaken for
10 min and absorbance was recorded at 540 nm using spectramax M5
(Molecular devices). Cell viability was then calculated using equation
[{A540 (treated cells) − background] / [A540 (untreated cells) − back-
ground}] 100, and graphswere plotted using Graph pad Prism5 software.
2.7. Light microscopy and Annexin V-FITC assay

Annexin V-FITC assay was performed in order to find out percentage
of apoptotic cells [20]. HCT-116 or DLD-1 cells (2 × 105 cells/ well)
were seeded onto each well in 6 well plates for 24 h for adherence.
Cells were treated with 50 μM of bile acid based facial amphiphiles for
HCT-116 cells and with 100 μM for DLD-1 cells. Cells were visualized
under light microscope before processing for Annexin-FITC assay. After
48 h of treatment, cells were trypsinized and collected by centrifugation
for 5 minutes at 2,000 rpm. Cells were re-suspended at a density of
1 × 106 cells/mL in binding buffer (as provided with kit). Cells were
then stained simultaneously with FITC labeled Annexin V (50 μg/mL)
and propidium iodide (100 μg/mL). Cells were analyzed using a flow
cytometer (Becton Dickinson) and data was analyzed with FACSuite
software.
2.8. Liposome formation [21]

Thin films of DPPC lipidswere prepared under dry argon gas by taking
desired amount of DPPC in chloroform in round-bottom Wheaton glass.
Thin films were dried under vacuum for 6 h and were hydrated with
Milli Q water for at least 12 h. Multilamellar vesicles were prepared
using hydratedfilms by 4–5 freeze thawcycles from70 °C to 4 °Cwith in-
termittent vortexing. Unilamellar vesicles were prepared by sonication of
samples at 70 °C for 15 min.
2.9. Prodan based hydration studies

DPPC liposomes doped with Prodan [22] as a probe were prepared as
described above.We studied changes in surface hydration of DPPCmem-
branes on incubation of Prodan doped DPPC liposomes with 10, 20, and
30 mole percentages of facial amphiphiles at 37 °C to mimic in vitro cell
culture conditions. We recorded generalized polarization of Prodan at
times points of 6 h, 12 h, 24 h, and 48 h in 96-well plate in Molecular
Devices M5 instrument. Fluorescence of Prodan was recorded using
λex of 350 nm and end point emissions at λem of 440 nm and
490 nm. Generalized polarization (GP) was calculated using equation
GP = (I440 − I490) / (I440 + I490).
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2.10. Fluorescence anisotropy studies

DPPC liposomes were prepared using DPH probe by freeze-thaw cy-
cles as described earlier [23]. DPH doped DPPC vesicles were incubated
with 10, 20, and 30 mole percentages of facial amphiphiles at 37 °C. We
measured changes in steady state anisotropy of DPH at 37 °C at different
time intervals (6 h, 12 h, 24 h, 48 h) in 96-well plate using fluorescence
anisotropy protocol in Molecular devices M5 instrument with λex at
350 nm and λem of 452 nm.

2.11. Differential scanning calorimetry [24]

DPPC liposomeswere incubatedwith 10, 20, and 30mole percentages
of facial amphiphiles at 37 °C for 24 h. After 24 h of incubation, these
DPPC liposomes-amphiphile mixtures were studied by differential scan-
ning calorimetry studies using Nano DSC instrument, TA instruments,
USA. Degassing was performed on all reference and sample solutions to
minimize possibility of gas bubble formation during run. We performed
all experiments by measuring DSC thermograms in temperature range
of 20–60 °C with heating and cooling scan rates at 1.0 °C/min. Data anal-
ysis was performed by subtracting respective baseline thermogram from
sample thermogram using NanoAnalyze software. DSC thermograms
were plotted from “excess heat capacity” and temperature.We calculated
maxima point of excess heat capacity (Cpmax), calorimetric enthalpies
(ΔHc), entropies (ΔS) and full width at half maxima (FWHM). Tm is
Scheme 1. Reagents, reaction condition, and yields: (i) Methanol, Conc. HCl, rt, 6 h, 90–92% (ii)
ethylacetate, 70 °C, 72 h, 65–72%.
absolute phase transition temperature of sample. Cpmax is maxima point
of excess heat capacity in main transition peak. Maximum of Cp vs. T
curve is Cpmax. The van’t Hoff enthalpy is expressed by [25]

ΔHvH ¼ 4RTm
2Cp

max
� �

= ΔHcð Þ≈ 6:9Tm
2
=ΔT1=2

� �

Size of co-operativity unit (CU) for phase transition was determined
using formula [26]

CU ¼ ΔHvH=ΔHc

We analyzed different domains of multicomponent melting curves
using two state scaled hypothesis [27] by NanoAnalyze Software.

3. Results and discussion

3.1. Synthesis and characterization of facial amphiphiles

Bile acid based facial amphiphiles (Fig. 1) were synthesized from
corresponding bile acids in three-step procedures (Scheme 1). Briefly,
bile acids (5–8) were esterified with MeOH in presence of HCl to obtain
corresponding bile acidmethyl esters (9–12) in quantitative yields.Meth-
yl esters of bile acids (9–12) were then reacted with chloroacetic anhy-
dride at 60 °C for 48 h to form chloroacetyl derivatives (13–16). Finally,
the chloroacetyl derivatives were reacted with trimethyl amine in ethyl
DMAP, pyridine, chloroaceticanhydride, toluene, 60 °C, 48 h, 63–73% (iii) trimethylamine,



Fig. 2. Anticancer activities of bile acids lithocholic acid (LCA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), and cholic acid (CA) in two colon cancer cell lines HCT-116
(a) and DLD-1 (b) upon treatment at 25, 50, 100, 150, 200 mM concentrations for 48 h.
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acetate at 70 °C in sealed tube for 48 h to furnish the desired compounds
(1–4). Facial amphiphiles were then purified via repeated precipitation
from ethyl acetate and acetone. The purity and identity of the compounds
were confirmed by 1H NMR, and Mass spectroscopy.
3.2. Cytotoxicity of facial amphiphiles

Bile acids (LCA, CDCA, DCA, CA) alone can cause cellular toxicities at
conc. of 150 μMand 200 μM inHCT-116 cells (Fig. 2a). At 200 μM,we ob-
served 75%, 40%, and 25% cellular toxicity for LCA, CDCA and CA respec-
tively, whereas DCA was found to be inactive up to 200 μM. Therefore,
the order of activities of bile acids in HCT-116 cells is LCA > CDCA >
CA > DCA. In DLD-1 cells, CDCA and DCA are not active up to 200 μM,
and CA causes 20% toxicity (Fig. 2b) at 200 μM. As in case of HCT-116
cells, most hydrophobic bile acid LCA shows 80% cellular toxicity at
200 μM in DLD-1 cells. Thus, the primary and secondary bile acids show
basal level activity against both HCT-116 and DLD-1 cell lines.

To probe the role of charge on cytotoxicity at various concentrations,
we evaluated four of these bile acid based facial amphiphiles LCA-TMA1,
CDCA-TMA2, DCA-TMA2, CA-TMA3 against HCT-116 and DLD-1 cell lines
(Fig. 3). Treatment of HCT-116 cells with 25 μM LCA-TMA1 showed 50%
cell viability whereas CDCA-TMA2 and DCA-TMA2 amphiphiles with two
ammonium head groups showed no activity at similar concentration
(Fig. 3a). Additionally, upon increasing the concentration of LCA-TMA1

to 100 μM, we observed 75% cellular toxicity whereas CDCA-TMA2 and
DCA-TMA2 showed diminished activity of only 25% and 50%, respectively.
However, the introduction of multiple charges on Cholic Acid does not
make it highly active as CA-TMA3 amphiphile showed only 15–25% cel-
lular activity in tested concentrations. Thus, the cytotoxicity of facial
amphiphiles against HCT-116 cells showed the order of activities
Fig. 3. Anticancer activities of facial amphiphiles LCA-TMA1, CDCA-TMA2, DCA-TMA2, and
25, 50, 100, 150, 200 μM concentrations for 48 h.
as LCA-TMA1 > DCA-TMA2 > CDCA-TMA2 > CA-TMA3, featuring LCA-
TMA1 the most active facial amphiphile.

To explore generality of this trend, we studied cytotoxicity of these
amphiphiles in another colon cancer cell lineDLD-1 (Fig. 3b). As expected,
LCA-TMA1 is most potent cytotoxic agent causing 80% cell death at
100 μM in DLD-1 cells, whereas multi-charged CA-TMA3 did not show
any activity at similar concentration (Fig. 3b). Additionally, CDCA-TMA2

and DCA-TMA2 showed 50% and 90% activities at 200 μM, respectively.
These facial amphiphiles showed toxicities at higher concentrations in
DLD-1 cells as compared to HCT-116 cells, might be due to difference in
origins of these cell lines but concomitantly keeping the order of cytotox-
icity profile unaltered. Thus, the toxicity studies showed that introduction
of single charge on hydrophobic bile acid lithocholic acid enhances the
toxicity of bile acids, whereas introduction of multiple charges does not
improve the toxicity of other bile acids.

3.3. Light microscopy and annexin-FITC studies

To explore the cytotoxicity of bile acid based amphiphiles, we
performed the light microscopy and Annexin-FITC based apoptosis
assay. Treatment of HCT-116 cells with LCA-TMA1 at 50 μM showed
maximum number of apoptotic bodies, whereas other amphiphiles
showed marginal effect (Fig. 4). In case of DLD-1 cells, treatment of
CDCA-TMA2 and CA-TMA3 amphiphile did not cause any apoptosis; in
contrast DCA-TMA2 triggered apoptosis. DLD-1 cells on incubation with
LCA-TMA1 at 100 μM showed maximum number of apoptotic bodies
(Fig. 5). These results showed that these facial amphiphiles can cause ap-
optosis both in HCT-116 and DLD-1 cells, and LCA-TMA1 is most effective
causing maximum apoptosis as compared to other amphiphiles.

We studied Annexin-FITC based apoptosis assay (Figs. 6, 7)with these
bile acid based amphiphiles. LCA-TMA1 (50 μM) induced 15% of HCT-116
CA-TMA3 in two colon cancer cell lines HCT-116 (a) and DLD-1 (b) upon treatment at

image of Fig.�2
image of Fig.�3


Fig. 4. Light microscopy images of HCT-116 cells treatedwith 50 μMof facial amphiphiles LCA-TMA1, CDCA-TMA2, DCA-TMA2, and CA-TMA3 for 48 h indicating themaximum apoptosis upon
treatment with LCA-TMA1.
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cells to undergo apoptosis, whereas treatment of HCT-116 cells with
CDCA-TMA2, DCA-TMA2 and CA-TMA3 caused only 5% apoptosis (Fig. 6).
Treatment of DLD-1 cells with 100 μM of facial amphiphiles (Fig. 7) also
caused cells to undergo late apoptosis. We observed ~64% cells in late ap-
optosis on treatment with LCA-TMA1 whereas other amphiphiles caused
only 2–4% apoptosis. Therefore light microscopy and Annexin-FITC stud-
ies confirmed the highest apoptotic effect of LCA-TMA1 as compared to
other amphiphiles.

3.4. Facial amphiphile-membrane interactions

Interactions of facial amphiphiles with cell membranes involve
complex events of adsorption, penetration, and translocation [28].
These complex events require two steps: 1) Electrostatic interactions
Fig. 5. Light microscopy images of DLD-1 cells treatedwith 100 μMof facial amphiphiles LCA-TMA
upon treatment with LCA-TMA1.
between cationic amphiphiles and cell membranes causing dehydra-
tion, 2) Hydrophobic interactions of amphiphiles with hydrophobic
part of membranes causing perturbations [29]. Therefore to explore
the differential activity of facial amphiphiles, we studied the changes
in membrane hydration and membrane perturbations [30,31] upon
interactions of these amphiphiles with model DPPC membranes
[32,33].

To explore the alterations in membrane hydration, we studied the
changes in generalized polarization of Prodan doped in DPPCmembranes
upon incubation with facial amphiphiles. Generalized polarization of
Prodan decreases on increase in hydration and increases in dehydrated
environment. Incubation with 10 mol% of facial amphiphiles resulted
in dehydration on membrane surface after 12 h of incubation with no
further enhancement in dehydration even after prolonged incubation
1, CDCA-TMA2, DCA-TMA2, and CA-TMA3 for 48 h indicating themaximum apoptotic bodies
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Fig. 6. Annexin-FITC based apoptosis assay of HCT-116 cells upon treatmentwith 50 μMof facial amphiphiles, a) Control, b) LCA-TMA1, c) CDCA-TMA2, d) DCA-TMA2, and e) CA-TMA3 for 48 h
indicating the maximum apoptposis upon treatment with LCA-TMA1 amphiphile f).

Fig. 7. Annexin-FITC based apoptosis assay of DLD-1 cells upon treatment with 100 μM of facial amphiphiles, a) Control, b) LCA-TMA1, c) CDCA-TMA2, d) DCA-TMA2, and e) CA-TMA3

for 48 h indicating the maximum apoptposis upon treatment with LCA-TMA1 amphiphile f).
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Fig. 8. Time dependent changes in generalized polarization ormembrane dehydration on incubation of Prodan-doped DPPC liposomeswith 10 (a), 20 (b), and 30 (c)mol percentages of facial
amphiphiles LCA-TMA1, CDCA-TMA2, DCA-TMA2, and CA-TMA3 at 37 °C indicating the maximum dehydration on incubation with LCA-TMA1 amphiphile.

1933M. Singh et al. / Biochimica et Biophysica Acta 1828 (2013) 1926–1937
for 24 h and 48 h, indicating that maximum interactions occur after
12 h. Upon increasing the concentration to 20 or 30 mol%, LCA-TMA1 am-
phiphile induced dehydration of DPPC membranes after 6 h (Fig. 8b, c),
Fig. 9. Time dependent changes in fluorescence anisotropy or membrane rigidity (fluidity) o
amphiphiles LCA-TMA1, CDCA-TMA2, DCA-TMA2, and CA-TMA3 at 37 °C indicating the max
whereas there was no dehydration after 6 h upon incubation with
CDCA-TMA2, DCA-TMA2 and CA-TMA3with DPPCmembranes. The singly
charged LCA-TMA1 showed three-fold enhancement in dehydration as
n incubation of DPPC liposomes with 10 (a), 20 (b), and 30 (c) mol percentages of facial
imum fluidity of DPPC membranes on incubation with LCA-TMA1 amphiphile.
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Fig. 10. Differential thermal scans of DPPC liposomes on incubation with 10, 20, 30 mol percentages of various facial amphiphiles a) LCA-TMA1, b) CDCA-TMA2, c) DCA-TMA2, d) CA-TMA3 at
37 °C for 24 h.

Table 1
Thermodynamic characterizationof phase transition exhibitedbyDPPC liposomeson incuba-
tion with 10%, 20%, 30% mol percentages of various facial amphiphiles LCA-TMA1, CDCA-
TMA2, DCA-TMA2, CA-TMA3 at 37 °C for 24 h as determined from differential scanning
calorimetry.

Amphiphile Doping (%) Tm (°C) ΔHc (Kcal/mol) FWHM Cp
max ΔHvH CU

DPPC 100% 41.41 10.84 0.682 9.44 999.25 92.18
LCA-TMA1 10 mol% 41.06 9.84 3.00 2.33 226.85 23.05
LCA-TMA1 20 mol% 37.75 8.71 5.69 1.27 117.10 13.44
LCA-TMA1 30 mol% 36.96 8.9 5.42 1.39 122.30 13.74
CDCA-TMA2 10 mol% 41.21 10.88 1.08 5.99 630.45 57.97
CDCA-TMA2 20 mol% 41.16 10.35 1.07 5.76 636.45 61.49
CDCA-TMA2 30 mol% 40.39 9.93 1.47 4.75 461.00 46.42
DCA-TMA2 10 mol% 41.33 9.65 1.63 3.75 418.24 43.34
DCA-TMA2 20 mol% 41.31 9.77 1.59 3.88 428.71 43.88
DCA-TMA2 30 mol% 41.26 9.6 1.90 3.31 358.65 37.35
CA-TMA3 10 mol% 41.26 10.37 1.08 5.73 630.96 60.84
CA-TMA3 20 mol% 41.34 10.71 0.76 8.33 897.08 83.76
CA-TMA3 30 mol% 41.29 10.85 0.76 8.67 896.80 82.65
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compared to other amphiphiles indicating its strong electrostatic interac-
tions with DPPC membranes as compared to other multiple charged
amphiphiles.

We then studied changes in membrane perturbations of DPH-doped
DPPCmembranes on incubationwith amphiphiles at 37 °C (Fig. 9). Incu-
bation of 10 mol% of LCA-TMA1 (Fig. 9a) showed increased membrane
perturbations of DPPC membranes after 12 h, whereas multiple charged
amphiphiles CDCA-TMA2, DCA-TMA2 and CA-TMA3 did not show mem-
brane perturbations. We demonstrate 2- and 3-fold increase in mem-
brane perturbations upon incubation with 20% and 30% of LCA-TMA1

amphiphile after 12 h, respectively (Fig. 9b/c). However, we observed
slight decrease in fluidity after 24 h and 48 h of incubation due to
minor adjustments of LCA-TMA1 in hydrophobic environment of DPPC
membranes. Increase in membrane fluidity on incubation of LCA-TMA1

indicates strong penetration of amphiphile in DPPC membranes. We ob-
served that penetration of LCA-TMA1 in membranes strongly depends
on concentration of amphiphile and time of incubation withmembranes.
There is no change in membrane fluidity of DPPC membranes on
incubation with multiple charged facial amphiphiles CDCA-TMA2,
DCA-TMA2, and CA-TMA3 at different concentrations even up to 48 h
(Fig. 9). Therefore, DPH-based studies showed that introduction ofmul-
tiple charges on bile acid did not enhance membrane perturbations by
theses multiple charged bile acid based facial amphiphiles.

To explore the membrane perturbations further, we studied the
interactions of amphiphiles with DPPC membranes by calorimetry
studies. DPPCmembranes were first incubated with different concentra-
tions of facial amphiphiles for 24 h at 37 °C to mimic in vitro cell culture
conditions. We then performed differential scanning calorimetry studies
on DPPC membranes [34]. LCA-TMA1 on 10 mol% of its incubation with
DPPC liposomes causes broadening of phase transition of DPPC mem-
branes (Fig. 10a). Phase transition of DPPC membranes gets abolished
on incubation with 20 and 30 mol% of LCA-TMA1 indicating that
LCA-TMA1 amphiphile perturbs DPPC membranes. CDCA-TMA2 am-
phiphile did not perturb DPPC membranes packing upon incubation
with DPPC membranes as observed in LCA-TMA1 (Fig. 10b). We ob-
served sharp and broad transitions upon incubation with DCA-TMA2

with DPPC membranes indicating phase separation. CA-TMA3 possessing
three head groups did not change phase behavior of liposomes on incuba-
tion with DPPC membranes (Fig. 10d), indicating that CA-TMA3 does not
perturb the DPPCmembranes. Thus, the order of perturbation with DPPC
membrane for these amphiphiles is LCA-TMA1 > DCA-TMA2 > CDCA-
TMA2 > CA-TMA3.

Differential scanning thermograms of DPPC membranes shows two
phase transitions: a pre-transition at 35 °C arising from conversion of
lamellar to rippled gel phase, and the second main transition of rip-
pled gel phase to lamellar liquid-crystalline phase. Pre-transition of
DPPC membranes get diminished upon incubation with facial amphi-
philes with DPPC membranes. Incubation of LCA-TMA1 amphiphile with
DPPC membranes decreases phase transition (Tm) of liposomes from
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41 °C to 36 °C, whereas incubation of CDCA-TMA2, DCA-TMA2, and
CA-TMA3 does not change Tm (Table 1). Enthalpy of transition of mem-
branes decreases only on interactions of LCA-TMA1 with DPPC lipo-
somes. Co-operativity unit (CU) of liposome–amphiphile interactions
strongly depends on perturbation of membranes. CU decreases with in-
crease in concentration of LCA-TMA1 incubation as this amphiphile
causes maximum perturbations in membranes. There is minor change
in co-operativity of DPPC liposomes on incubation with CA-TMA3, as it
does not cause any perturbations due tominimal penetrationwithmem-
branes. Phase transition of DPPC membranes on interactions with facial
Fig. 11. Decomposed endotherms ofmain phase transition of DPPC liposomes on incubationwit
(d, e, f); DCA-TMA2 (g, h, i); and CA-TMA3 (j, k, l) at 37 °C for 24 h.
amphiphiles shows asymmetric endotherms due to incorporation of
amphiphiles in membranes. This asymmetry of endotherms strongly
depends on nature of amphiphile and amount of penetration of these
amphiphiles in membranes. These asymmetric DSC endotherms consist
of a) sharp component due to chain melting of amphiphile-poor DPPC
domains, b) broad component of amphiphile-rich DPPC domains. We
decomposed endotherms of these transitions into sharp and broad com-
ponents as shown in Fig. 11. Phase transition temperature (Tm) and
co-operativity (CU) in sharp component of transition in general decreases
with increase in % of incubation (Table 2). Incubation of LCA-TMA1 lowers
h 10, 20, 30 mol percentages of various facial amphiphiles LCA-TMA1 (a, b, c); CDCA-TMA2
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Table 2
Thermodynamic characterization of sharp component of phase transition exhibited by
DPPC liposomes on incubation with 10%, 20%, 30% mol percentages of facial amphi-
philes LCA-TMA1, CDCA-TMA2, DCA-TMA2, CA-TMA3 at 37 °C for 24 h as determined
from differential scanning calorimetry.

Amphiphile Doping (%) Tm (°C) ΔHc

(Kcal/mol)
FWHM Cp

max ΔHvH CU

LCA-TMA1 10 mol% 40.18 6.03 2.63 2.035 257.12 42.57
LCA-TMA1 20 mol% 37.92 7.15 5.15 1.22 129.52 18.11
LCA-TMA1 30 mol% 37.00 3.42 3.86 0.76 171.78 50.22
CDCA-TMA2 10 mol% 41.09 6.11 0.97 5.39 687.44 114.14
CDCA-TMA2 20 mol% 41.06 5.39 0.95 5.17 713.38 132.35
CDCA-TMA2 30 mol% 40.47 5.85 1.13 4.34 600.01 102.56
DCA-TMA2 10 mol% 40.75 6.63 1.88 3.00 361.29 54.49
DCA-TMA2 20 mol% 40.66 7.36 2.00 3.20 339.42 46.11
DCA-TMA2 30 mol% 40.23 8.20 2.50 2.95 270.792 33.01
CA-TMA3 10 mol% 41.28 4.93 0.84 5.32 811.34 164.57
CA-TMA3 20 mol% 41.35 4.76 0.56 6.84 1200.40 252.18
CA-TMA3 30 mol% 41.34 4.84 0.56 6.99 1217.47 251.54
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CU and Tm of DPPCmembranes, whereas increase in CU and no change in
Tmwas observed for CA-TMA3. Increase in CU for CA-TMA3may be due to
weak surface interactions of these amphiphiles with phospholipids. In
broad component of transition, (Table 3) enthalpy of transition decreases
and co-operativity increases with increase in % of incubation that may be
due to incorporation of more amphiphiles in amphiphile rich domains
leading to more hydrophobic interactions among bile acid amphiphiles.

These results indicate that balance of electrostatic andhydrophobic in-
teractions of amphiphiles with cellular membranes is responsible for ac-
tivities of these amphiphiles. Multiple charged CA-TMA3 does not show
electrostatic interactionswithDPPCmembranes due to its high hydration.
Highly charged surface and low hydrophobicity does not allow CA-TMA3

molecules to perturb the DPPCmembranes making them less active. Sin-
gle charged, Lithocholic acid based LCA-TMA1 amphiphile showed strong
electrostatic interactionswith phospholipids causingmaximumdehydra-
tion. Hydrophobicity of LCA-TMA1 allows this amphiphile to perturb
DPPCmembranes causingmaximumperturbationsmaking itmost active.

CDCA-TMA2 and DCA-TMA2 showed intermediate cytotoxic behavior,
where DCA-TMA2 is more potent than CDCA-TMA2 in HCT-116 and
DLD-1 cell lines, although both amphiphiles possess two trimethyl am-
monium head groups. DCA-TMA2 amphiphile possess ammonium head
groups at 3′- and 12′-carbon positions,whereas CDCA-TMA2 have ammo-
nium head groups at 3′- and 7′-carbon positions. Small change in Tm in-
dicates lower miscibility of CDCA-TMA2 with DPPC membranes and
therefore, we observe marginal cytotoxicity. In contrast, DCA-TMA2

shows more broadened and lowered Tm. Thus, DCA-TMA2 amphi-
phile has a better tendency to penetrate into DPPC membranes caus-
ing more perturbations as compared to CDCA-TMA2. Therefore, the
Table 3
Thermodynamic characterization of broad component of phase transition exhibited by
DPPC liposomes on incubation with 10%, 20%, 30% mol percentages of facial amphi-
philes LCA-TMA1, CDCA-TMA2, DCA-TMA2, CA-TMA3 at 37 °C for 24 h as determined
from differential scanning calorimetry.

Amphiphile Doping (%) Tm (°C) ΔHc

(Kcal/mol)
FWHM Cp

max ΔHvH CU

LCA-TMA1 10 mol% 37.03 4.61 6.78 0.43 97.81 21.21
LCA-TMA1 20 mol% 33.39 3.71 5.02 0.18 129.03 34.77
LCA-TMA1 30 mol% 36.16 1.61 6.92 0.63 95.30 59.19
CDCA-TMA2 10 mol% 39.39 4.24 6.12 0.58 110.02 25.94
CDCA-TMA2 20 mol% 39.29 3.97 5.66 0.59 118.89 29.94
CDCA-TMA2 30 mol% 39.09 3.68 4.47 0.71 150.34 40.85
DCA-TMA2 10 mol% 36.96 3.01 6.02 0.41 110.11 36.58
DCA-TMA2 20 mol% 36.02 2.42 5.67 0.34 116.20 48.02
DCA-TMA2 30 mol% 34.73 1.42 3.96 0.27 165.00 116.19
CA-TMA3 10 mol% 40.67 4.1 3.68 1.00 184.47 44.99
CA-TMA3 20 mol% 40.88 4.36 2.86 1.34 237.68 54.51
CA-TMA3 30 mol% 40.95 4.37 2.55 1.49 266.70 61.03
differential interactions of CDCA-TMA2 and DCA-TMA2 with DPPC
membranes are due to different positioning of trimethyl ammonium
head groups in these two amphiphiles, and cytotoxic activities showed
that DCA-TMA2 amphiphile is more active as compared to CDCA-TMA2.
Thus, these studies showed that interactions of facial amphiphiles
with DPPC membranes strongly depend on hydrophobicity and
charge distribution on these amphiphiles. Charge is required for fa-
vorable electrostatic interactions, and hydrophobicity facilitates
membrane perturbations in these amphiphiles. These interactions ac-
count for differential adsorption, perturbation and translocation behavior
with cell membrane and thereby account for distinctive cytotoxic activi-
ties in these amphiphiles.

4. Conclusions

We have synthesized four bile acid based facial amphiphiles
possessing trimethyl ammonium head groups. Activities of these am-
phiphiles against colon cancer cell lines showed a structure-activity
relationship in order of LCA-TMA1 > DCA-TMA2 > CDCA-TMA2 > CA-
TMA3. Light microscopy and Annexin-FITC studies showed that these
amphiphiles could trigger late apoptosis. We demonstrate that the in-
teractions of these amphiphiles with model membrane systems
showed that their activities strongly contingent upon the charge, hy-
dration, and hydrophobicity. LCA-TMA1 amphiphile is most potent as it
shows strong electrostatic interactions with DPPC membranes. In addi-
tion, high hydrophobicity of LCA-TMA1 caused maximum perturbations
of membranes leading to effective translocation. The highly hydrated
and multiple charged DCA-TMA2, CDCA-TMA2, CA-TMA3 does not show
strong interactionswithmembranes. Thus, these amphiphiles do not per-
turb the cell membranes rendering them less active. These results estab-
lish a new class of facial amphiphiles as cytotoxic agents against colon
cancer for potential therapeutic significance.
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