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A B S T R A C T   

The role of microscopic elasticity of nano-carriers in cellular uptake is an important aspect in biomedical 
research. Herein we have used AFM nano-indentation force spectroscopy and Förster resonance energy transfer 
(FRET) measurements to probe microelastic properties of three novel cationic liposomes based on di-alkyl 
dihydroxy ethyl ammonium chloride based lipids having asymmetry in their hydrophobic chains (Lip1818, 
Lip1814 and Lip1810). AFM data reveals that symmetry in hydrophobic chains of a cationic lipid (Lip1818) 
imparts higher rigidity to the resulting liposomes than those based on asymmetric lipids (Lip1814 and Lip1810). 
The stiffness of the cationic liposomes is found to decrease with increasing asymmetry in the hydrophobic lipid 
chains in the order of Lip1818 > Lip1814 > lip1810. FRET measurements between Coumarin 500 (Donor) and 
Merocyanine 540 (Acceptor) have revealed that full width at half-maxima (hw) of the probability distribution (P 
(r)) of donor-acceptor distance (r), increases in an order Lip1818 < Lip1814 < Lip1810 with increasing asym-
metry of the hydrophobic lipid chains. This increase in width (hw) of the donor-acceptor distance distributions is 
reflective of increasing flexibility of the liposomes with increasing asymmetry of their constituent lipids. Thus, 
the results from AFM and FRET studies are complementary to each other and indicates that an increase in 
asymmetry of the hydrophobic lipid chains increases elasticity and or flexibility of the corresponding liposomes. 
Cell biology experiments confirm that liposomal flexibility or rigidity directly influences their cellular trans-
fection efficiency, where Lip1814 is found to be superior than the other two liposomes manifesting that a critical 
balance between flexibility and rigidity of the cationic liposomes is key to efficient cellular uptake. Taken 
together, our studies reveal how asymmetry in the molecular architecture of the hydrophobic lipid chains in-
fluences the microelastic properties of the liposomes, and hence, their cellular uptake efficiency.   

1. Introduction 

Liposomes are spherical, lipid-bilayer vesicles formed spontaneously 
from their constituent lipids in an aqueous environment. They can 
entrap hydrophilic agents in their internal aqueous compartment and 
lipophilic ones within the lipid membrane [1]. As a result of their 
biocompatibility, biodegradability and low toxicity, liposomes serve as 
potentially useful nanocarriers in drug delivery [2,3] and as non-viral 

vectors of DNA in gene therapy [4–6]. In particular, the cationic lipo-
somes were found to be promising in delivery of small interference RNA 
(siRNA), improving their uptake into tumor tissues and their stability 
and bioavailability [7,8]. These liposomes form an overall positively 
charged complex (lipoplexes) with negatively charged DNA which can 
easily overcome the electrostatic barrier in comparison to the naked 
DNA in entering biological cells. The positively charged lipoplexes 
interact electrostatically with the negatively-charged cell plasma 
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membrane facilitating the entry of DNA into cells [9]. Towards devel-
oping efficient nanocarrier based on cationic liposomes, a number of 
structure–activity studies involving variation in the molecular archi-
tecture of cationic lipids were carried out [10–13]. From these studies 
the gene delivery efficiencies of the cationic liposomes were found to 
depend critically on structures of the hydrophobic lipid chains, nature of 
the polar headgroups as well as on the nature of the spacer functional-
ities which act as a link between the polar headgroups and the hydro-
phobic tails of the cationic lipids. Further studies on the 
structure-activity relationship exhibited remarkable influence of the 
hydrophobic lipid chain asymmetry in enhancing cellular transfection 
efficiency of the liposomes based on synthetic cationic amphiphiles [14, 
15]. However, structure–activity studies concerning the effect of 
asymmetry in lipids without glycerol backbone or linkers were lacking. 
In consequence, a new class of cationic lipids were designed and 
developed by introducing asymmetry in the hydrophobic chains of 
di-alkyl dihydroxy ethyl ammonium chloride based cationic lipids [16]. 
In this design, one of the two hydrophobic chains connected to the 
quaternary nitrogen centre is varied from C18 to C10 (Scheme 1) 

keeping the other alkyl C18 chain unaltered (Lip1818-Lip1810). The 
liposomes comprising C18:C14 and C18:C12 alkyl chains (Lip1814 & 
Lip1812) were found to exhibit 20–30 % higher transfection efficacies in 
mammalian cells than their counterparts showing enhanced membrane 
fusogenicity and gene transfection efficiency due to asymmetry in the 
hydrophobic chains [16]. 

It has been recognized earlier [17–20] that high transfection activity 
of the cationic liposomes is mediated by high molecular elasticity and 
increased acyl chain fluidity of cationic lipids. On the other hand, li-
posomes with moderate rigidity were found to demonstrate improved 
tumor penetration and enhanced anti-tumor effects [21] relative to 
those with lower and higher rigidity. In case of liposomes constituited of 
a series of lysine-based cationic lipids [22] lipids with rigid aromatic 
linkage demonstrated much higher transfection efficiency in various cell 
lines than those possessing more flexible aliphatic linkage. As a result 
unraveling how asymmetry in the hydrophobic chain length of the 
cationic lipids (Scheme 1) influence both molecular elasticity and hy-
drophobic chain fluidity of the resulting liposomes is an important 
aspect worthy of study. Atomic force microscopy (AFM) is a technique 
for direct measurement [23–27] of elasticity or stiffness of nanoscale 
liposomes or to visualize them on a solid support in aqueous medium. In 
the present work, we have visualized cationic liposomes based on three 
cationic lipids (Lip1818, Lip 1814 and Lip1810, Scheme 1) in presence 
of cholesterol on mica by tapping mode atomic force microscopy (AFM) 
in buffer and measured their stiffness using nano-indentation force 
spectroscopy. We have also employed Förster Resonance Energy 
Transfer (FRET) experiments between Coumarin 500 (Donor) and 
Merocyanine 540 (Acceptor) to probe flexibility of the cationic lipo-
somes. In case of a donor–acceptor (D–A) pair, the energy transfer ef-
ficiency depends critically on the distance of separation (r) between a 
donor and an acceptor [28]. Conformational flexibility in inherently 
dynamic systems such as random-coil peptides, proteins [28] and mi-
celles [29,30] gives rise to distribution of the donor-acceptor distances 
which can be estimated from time-resolved FRET measurements [31, 
32]. As for example, flexible and rigid peptides [33,34] or micelles [32] 
were characterized by wider and narrower distributions of the 
donor-acceptor distances, respectively. Because, fluidity of the lipid bi-
layers implies a high degree of flexibility for the liposomes [35], sig-
nificant fluctuation in the donor-acceptor distances is likely to occur 
resulting in distribution of the donor-acceptor distances. Thus, studies 
on FRET in the cationic liposomes serve to complement AFM studies on 
the lipid bilayer since flexibility of the liposomes can be used as a 
qualitative measure of the liposomal membrane stiffness. Furthermore 
transfection studies were performed in cultured breast cancer cell line 
MCF-7 to show the differences in cellular uptake efficiency of DNA by 
using three novel liposomes (Lip1810, Lip1814 and Lip1818, Scheme 1) 
as the delivery vehicles. Based on our studies, the effect of asymmetry in 
the hydrophobic lipid chains becomes clearly reflected in molecular 
elasticity and flexibility of the cationic liposomes, and a balance be-
tween flexibility and rigidity of these nanocarriers likely modulates their 
cellular transfection efficiency. 

2. Experimental section 

2.1. Chemicals 

Lip1810, Lip1814 and Lip1818 were synthesized and characterized 
as described earlier [16]. Cholesterol, Coumarin-500 (C500), 
Merocyanin-450 (MC450), DNA from calf thymus and Ethidium Bro-
mide (EtBr), were procured from Sigma-Aldrich (Saint Louis, USA) and 
were used without any further purification. Chloroform, (Merck, India), 
Water (Millipore milli-Q, USA) were used as solvents. PBS buffer (pH 
7.4) was used for liposome preparation. 

Scheme 1. Chemical structures of cationic lipids and cholesterol.  
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2.2. Preparation of liposomes 

Liposomes were prepared by using standard injection methods 
[36–42]. Typically the lipids and cholesterol (1:1 M ratio) were dis-
solved in chloroform and were injected rapidly in PBS buffer (pH 7.4) 
followed by vigorous stirring for half an hour. Finally, the chloroform 
and a part of buffer in the whole mixture were removed by rotary 
evaporator under reduced pressure. This injection method of liposome 
preparation is advantageous because of its simplicity, fast implementa-
tion and offers the possibility of producing small-sized liposomes with 
minimal technical requirements [1]. In addition, this method does not 
cause lipid degradation or oxidative alterations compared to other 
available methods [36]. The hydrodynamic diameter of liposomes in 
presence of cholesterol is measured by DLS (Fig. S1), performed on a 
Nano S Malvern instrument (4 mW, He-Ne laser, λ = 632.8 nm). The 
scattered intensity data were processed in the instrumental software 
with respect to collected photons at a scattered angle of 173◦. The hy-
drodynamic diameter of the particles was estimated from the intensity 
autocorrelation function of the time-dependent fluctuation in intensity; 
measured by the instrument. The hydrodynamic diameter, dH is defined 
as dH = KBT

3πηD ; where KB is the Boltzmann constant; T is the absolute 
temperature; η is the viscosity of the medium and D is the translational 
diffusion coefficient. Details of the experimental techniques are 
described in our previous publication [32]. 

2.3. Sample preparation for AFM and AFS data acquisition and analysis 

Liposome samples were diluted in PBS buffer (pH 7.4) and deposited 
onto freshly cleaved mica following incubation on mica for ~15 min, 
and gently dried under an argon stream. Imaging was performed with a 
commercial AFM (Biocatalyst, Bruker) using silicon-nitride probes, 
OTESPA (Bruker) in air and SNL 10 (Bruker) in water under intermittent 
contact mode. Images were processed using the instrument image 
analysis software (Nanoscope v8.15) and also height and diameter of the 
liposomes were measured using the ‘section’ tool. For AFS measure-
ments, the SNL-10 cantilever was calibrated using ‘thermal tune’ 
method and the calibrated spring constant was found to be of the order 
of 0.3 N/m. For AFS data acquisition, first, the substrate was imaged in 
buffer to ensure that the surface was clean and flat. Then AFM mea-
surements were performed with the liposome-modified samples 
immersed in water where the assembled apparatus was allowed to 
equilibrate for half an hour to reduce thermal drift. After equilibration, 
topographic images were collected using the intermittent contact im-
aging mode, well-resolved liposomes were identified in the resulting 
images, and the liposomes having height values close to the averaged 
AFM height value were selected for the indentation measurements. The 
force-distance curves, were obtained by imposing a minimum and 
maximum applied force of 400 pN to 1.6 nN, respectively. The force- 
distance (F-D) experiments were repeated for ~15 liposomes of each 
type. In all the experiments, 35–45 % humidity and room temperature of 
25 ◦C were maintained. To obtain the indentation values, the photo-
diode sensitivity was calibrated, by obtaining a force curve on hard bare 
substrate (freshly cleaved mica surface) as reference. In order to esti-
mate the stiffness of the liposomes, the following steps were performed. 
First, the difference between the cantilever deflections as detected on 
the hard surface and on the soft liposome samples, which describes the 
deformation of the liposome sample under the tip load, was calculated 
[43–45]. The obtained indentation values were plotted against the force 
to acquire the indentation vs. force curves. The approaching part of the 
force curve was considered for calculating the indentation. Next, the 
indentation-force curves were either fitted as “Linear Fit’ (low force) or 
to Hertz model (high force), which describes the elastic deformation of a 
soft sample by a rigid indenter [46]. Hertz model considering spherical 
tip (indenter) geometry of the form δ = a*F2/3(δ=[3(1-ν2)/(4ER1/2)]2/3 

F2/3 (a = [3(1-ν2)/(4ER1/2)]2/3), where ‘a’ is inversely linked to the 

Young’s modulus ‘E’ was used [43–46]. Here, δ, F, E, R and α are the 
indentation, force, Young’s modulus of the sample and radius of the tip 
respectively, and, ν is the Poisson ratio of the sample which is assumed 
to be 1/3. 

2.4. Photophysical studies 

For photophysical measurements, requisite amounts of C500 (5 μM) 
and MC540 (20 μM) were taken in liposomal solutions with stirring for 3 
h. In studies of FRET the concentration of C500 (donor) to that of MC540 
(acceptor) was maintained at 1:4 ratio. Steady state absorption and 
emission spectra were recorded with Shimadzu UV-2600 spectropho-
tometer and Jobin Yvon Fluorolog fluorimeter, respectively. The steady 
state fluorescence spectra in all the liposomes were corrected for the 
inner filter effect [28,47]. Fluorescence lifetime of C500 (donor) in 
absence and in presence of MC540 in different liposomes were deter-
mined from fluorescence transients recorded in a time-correlated sin-
gle-photon counting (TCSPC) setup of Edinburgh instrument, U.K. with 
an excitation laser at 409 nm (Instrument response function ~ 80 ps). 
Details of the time-resolved fluorescence setup has been discussed 
earlier [48] and references therein. 

2.5. Förster resonance energy transfer (FRET) experiment 

2.5.1. Design 
For a given donor–acceptor (D–A) pair, the efficiency (E) of energy 

transfer depends critically on the donor-acceptor distance (r) as follows 
[28]. 

E =
R6

0

R6
0 + r6

(1)  

where R0 is Förster radius. 
Conformational flexibility in inherently dynamic systems such as 

random-coil peptides, proteins and micelles [28–30] gives rise to dis-
tribution of the donor-acceptor distances (r) characterized by a proba-
bility distribution function, P(r), [31–34]. The probability distribution 
function (P(r)) of donor-acceptor distances can be estimated from fluo-
rescence decay of the donor (D) in presence of an acceptor (A) in a 
Förster resonance energy transfer (FRET) experiment [28]. Because, the 
distribution of the donor-acceptor distances becomes wider with 
increasing flexibility of the biomolecules and biomimetic systems 
[31–34], width of such probability distribution can serve as a measure of 
flexibility of the liposomes. 

In the present work, Förster resonance energy transfer (FRET) be-
tween C500 (donor) and MC540 (acceptor) were monitored to probe 

Table 1 
FRET parameters in Liposomes.  

Liposomes τD 

(ns) 
τDA 

(ns) 
E 
(%) 

J(λ)/M− 1 cm− 1 

nm4 
R0/ 
Å 

r/ 
Å 

hw/ 
Å 

1818 3.26 2.77 15 2.72 × 1015 48.7 65 2.8 
1814 4.70 2.20 53 4.96 × 1015 54.1 53 6.0 
1810 5.25 2.10 60 4.64 × 1015 53.5 50 7.7 

τD, τDA are the mean fluorescence lifetimes of the donor (C500) in the absence 
and in the presence of the acceptor (MC540), respectively. E is the energy 
transfer efficiency, J(λ) is the spectral overlap integral between the steady-state 
fluorescence spectrum of C500 and the absorption spectrum of MC540; r is the 
distance between the donor (C500) and the acceptor (MC540); hw is the full 
width at half-maxima of the probability distribution curve of donor-acceptor 
distance. R0 is Förster radius for the donor-acceptor pair. 
τD/τDA ¼

∑2
i=1aiτi where ai and τi are pre-exponential factors and decay times, 

respectively, obtained from multiexponential fitting of time-resolved fluores-
cence decays of C500 (Donor) in absence and presence of the acceptor (MC540). 
The individual decay components and associated amplitudes are given in 
Table S1 of the supporting information. 
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flexibility of the cationic liposomes (Lip1818, Lip1814 and Lip1810) in 
terms of widths of distribution of the donor-acceptor distances. We have 
selected C500 as the donor chromophore and MC540 as the acceptor 
because of two reasons. Firstly, the fluorescence spectra of C500 over-
laps reasonably well with the absorption spectra of MC540 (J(λ) 
~2.72− 4.64 × 1015 M− 1 cm− 1 nm4, Table 1). Secondly, C500 prefer-
entially localizes deeper at the level of the lipid hydrocarbon chains [49] 
whereas the acceptor MC 540, being an anionic dye, is anchored in the 
polar headgroup region of the lipid bilayer [50] due to electrostatic 
interaction with the positively charged head group of the constituent 
lipids. Because of intrinsic flexibility of liposomes, lateral and segmental 
motions of the constituent lipids [51–53] cause significant fluctuations 
in the donor-acceptor distances resulting in distribution of the 
donor-acceptor distances. The distribution of the donor-acceptor dis-
tances in terms of P(r) and the width of the distribution which provide 
qualitative measure of liposomal flexibility are estimated from FRET 
measurements as follows. 

2.5.2. Calculation of FRET efficiency 
The efficiency of energy transfer from a donor (D) to an acceptor (A) 

is calculated from [28] 

E = 1 −
τDA

τD
(2)  

where τDA and τD are fluorescence lifetimes of the donor in presence and 
absence of the acceptor, respectively. Because, fluorescence decays of 
C500 (donor) in absence and in presence of MC540 (acceptor) are 
biexponential, (Table S1, Supporting information) we have used mean 
fluorescence lifetimes (Table 1) to calculate the energy transfer 
efficiency. 

2.5.3. Calculation of Fӧrster radius (R0) 
R0 is calculated from the spectral overlap integral (J(λ)) of the 

steady-state fluorescence spectrum of the donor (C500) with the ab-
sorption spectrum of the acceptor (MC540) using R0 =

0.211[k2η− 4φDJ(λ)]1/6 where k2 is the relative orientation factor be-
tween the transition dipoles of the donor and the acceptor in space The 
value κ2 is calculated from the equation [28] : 

κ2 = [cosθT − 3cosθD × cosθA]
2  

in which θT is the angle between the emission transition dipole of the 
donor and the absorption transition dipole of the acceptor and θD and θA 
are the angles between these dipoles and the vector joining the donor 
and the acceptor. In case of random orientation of transition dipole of 
the donor and acceptor molecules, the orientation parameter is taken to 
be equal to 2

3 [28]. From time-resolved anisotropy measurements of 
C500 and MC540 in reverse micelles significant randomization in rela-
tive orientation of transition dipoles of the donor and the acceptor was 
observed [54] for which the value of κ2 in the present case can 
reasonably be taken to be 23. The refractive index (η) is typically assumed 
to be 1.4 for biomolecules in the aqueous phase. φD is the quantum yield 
of the donor in absence of acceptor. J(λ), overlap integral between the 

donor-acceptor pair is calculated by J(λ) =
∫ ∞

0
FD(λ)ε(λ)λ4dλ
∫ ∞

0
FD(λ)dλ 

where FD(λ) 

dλ is the fluorescence emission of the donor in the wavelength region λ 
to λ+dλ and ε(λ) is the extinction coefficient (in M− 1 cm− 1) of the 
acceptor. 

2.5.4. Calculation of probability distribution function, P(r) of donor- 
acceptor distances 

The decay of the donor in absence of the acceptor is described by a 
multiexponential function 

ID(t) =
∑n

i=1
αDiexp

(

−
t

τDi

)

(3) 

where αDi and τDi are the pre-exponential factors and the decay times 
of the donor in the absence of any acceptor, respectively. In a system 
containing the donor-acceptor pair at a distance of separation r the in-
tensity decay of the donor [28] is given by 

IDA(r, t) =
∑n

i=1
αDiexp

[

−
t

τDi
−

t
τDi

(
R0

r

)6
]

(4)  

and the fluorescence decay of the system containing donor-acceptor pair 
of different distances [28] will be dependent upon the probability dis-
tribution of donor-acceptor distances, P(r) as 

IDA(t) =
∫ ∞

0
P(r)IDA(r, t)dr (5)  

=

∫ ∞

0
P(r)

∑n

i=1
αDiexp

[

−
t

τDi
−

t
τDi

(
R0

r

)6
]

dr (6) 

Thus, determination of the donor decay curve in presence of the 
acceptor will allow extraction of P(r) [28]. In Eq. (4) the probability 
distribution function is assumed to be Gaussian given by Eq. (5) 

P(r) =
1

σ(2π)1/2 exp

[

−
(r − r)2

2σ2

]

(7)  

where r is the mean of the Gaussian with a standard deviation of σ and r 
is the donor-acceptor distance. To evaluate P(r) we use Eq. (7) in Eq. (6), 
and a best fit between the calculated IDA(t) from Eq. (6) and the 
experimental fluorescence decay curve of the donor (C500) in presence 
of the acceptor (MC540) is generated [55] using SCIENTIST software 
from Micromath (Saint Louis, MO, USA). The width of the 
donor-acceptor distance distribution is described by the full width at 
half maxima (FWHM) = 2.354σ [28,55]. 

2.6. Cell culture 

The human mammary carcinoma cell lines MCF-7 were obtained 
from the National Centre for Cell Science (NCCS, Pune, India) main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10 % 
fetal bovine serum (FBS) in a humidified atmosphere of 5% CO2 in air. 

2.7. Fluorescence microscopy: cellular uptake of liposomes with DNA- 
EtBr 

The procedure for preparing Calf Thymus DNA (CT-DNA) aqueous 
solutions is described elsewhere [56]. The nucleotide concentration was 
determined by absorption spectroscopy of CT-DNA using the average 
extinction coefficient per nucleotide of CT-DNA (6600 M− 1 cm− 1 at 260 
nm). Solid CT-DNA was dissolved into buffer solutions (pH 7). The DNA 
solution was sonicated for 1 min to reduce the DNA chain length and 
stirred for 1 h. The final DNA base pair concentration is 0.25 mM in all 
sample solutions. In the present study, the concentration of the base 
pairs of a DNA is considered as the overall concentration of the DNA. 
EtBr-DNA complex was prepared by drop wise addition of EtBr solution 
to the DNA solution with continuous stirring and the final solutions are 
allowed to equilibrate for half an hour. For fluorescence imaging, the 
cells were treated with DNA-EtBr-liposome complex solutions and 
incubated for 30 min or 1 h. Next, the cells were fixed with 3.7 % 
formaldehyde. Further the samples were mounted on clean glass slides 
using DPX Reagent (Merck, Germany) and visualized under both the 
fluorescence microscopes (EVOS FL, Invitrogen). 
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2.8. Flow cytometry 

Sets of 2 × 106 cells (approximately) were exposed to three different 
DNA-EtBr-liposome complex solutions for 24 h. At the end of the incu-
bation period, cells were scrapped and pelleted by centrifugation at 300g 
for 5 min at RT. The pellets were collected and suspended in 1 mL of PBS, 
pre-warmed to 37 ◦C. The fluorochrome was excited using EtBr emission 
monitored at 620 nm. A total of at least 1 × 104 cells were analyzed per 
sample. The samples were monitored in FACS Verse (BD Biosciences, 
San Diego, CA). 

3. Results and discussion 

3.1. Imaging and size determination of liposomes 

The representative AFM image in buffer resolves individual lipo-
somes (spherical particles) on a flat background (Fig. 1), which is mica 
surface. Intermittent contact/ tapping mode of AFM is known to reduce 
frictional and adhesive forces that can affect imaging of soft samples 
under fluid condition and therefore has been used in the present study. 
The average diameter and height values of the particles measured by 
AFM images sectional analysis are 49 ± 8 nm and 38 ± 4 nm, respec-
tively. We have not observed statistically significant differences between 
the three liposome systems under investigation, namely, Lip1810, 
Lip1814 and Lip1818 with cholesterol. The particles with height values 
smaller than 35 nm are not chosen for force spectroscopy analysis, since, 
measurement of objects with smaller heights could be susceptible to 
interference by the underlying mica substrate. Light scattering data 
shows that sizes of the liposomes are close to ~200 nm (see Fig. S1). The 
discrepancy in measurements of the vesicle diameter by DLS and AFM 
scanning has been reported previously, the plausible explanations are, 
for light scattering, we get the average bulk values of the particle size 
distributions in solution, where some extra-large particles in the solution 
can affect the size distribution dramatically; in case of AFM, large ves-
icles may rupture upon adsorption on mica or during raster scanning 
[23]. The volume distribution of DLS shows bimodal distributions for 
Lip1810 and Lip1814; one at around below 100 nm (65 nm for Lip1810 
and 85 nm for Lip1814) and another at around 510 nm. For Lip1818 a 
single peak appears at 300 nm with a very small hump around 500 nm 
(Fig. S1(b)). This is consistent with the formation of liposomes with two 
different sizes in our experimental condition where the contribution of 
the smaller particles (<100 nm) are significantly higher than the larger 
ones (~500 nm) (Lip 1810 and 1814). The intensity distributions of DLS 
(Fig. S1(a)), show the average profiles where both the liposomal sizes 
(<100 nm and ~ 500 nm) contribute and make them broader. The 

number distributions represent (Fig. S1(c)) significant populations of 
particles lie below 200 nm and sharply decreases at around 300 nm, we 
did not find any peak around 500 nm. These observations suggest that 
the population of smaller vesicles are significantly higher than larger 
particles in our liposome samples. 

3.2. Nanomechanical properties of liposomes 

The critical question is to determine whether the three types (two 
asymmetric and one symmetric) of adsorbed vesicles having different/or 
similar length hydrophobic chains are distinguishable by their nano- 
mechanical properties. To address this we have carried out force mea-
surements on individual adsorbed vesicles prepared from different 
lipids, namely Lip1810, Lip1814 and Lip1818. The mechanical re-
sponses of the liposomes against an applied force within 400 pN were 
measured for the three systems in aqueous solution. Fig. 2(a) shows an 
overlay of the force vs. distance plots (approach force curve) of three 
different liposomes along with freshly cleaved mica surface as the 
reference. In the force vs. indentation plot (Fig. 2(b)) different cantilever 
deflections are observed indicating different surface hardness properties 
for these three liposomes. The individual force vs. indentation plot has 
been fitted with a linear model to extract corresponding liposomal 
stiffness values, which is consistent with previous reports [27]. For small 
(few nanometres) indentations, the slope of a force curve provides a 
qualitative measure of elasticity of a sample. The histogram of the 
stiffness values clearly shows that rigidity of the cationic liposomes 
follows the order Lip1818 > Lip 1814> Lip1810 (Fig. 2(c)), indicating 
that symmetric hydrophobic chains of the constituent lipid imparts 
highest rigidity to its’ corresponding liposomes relative to the lipids 
having asymmetry between their hydrophobic chains (Fig. 1). As 
asymmetry in the hydrophobic chain increases, rigidity of the resulting 
liposomes decreases. Furthermore, mechanical responses of the lipo-
somes were measured against a much higher force regime, close to 1.6 
nN to understand force induced deformation behaviors. Here, all the 
deformation vs. force profiles are nonlinear for the three liposomal 
systems (Fig. 3a). The curves can be fitted well with the Hertz model of 
the form, δ = a*F2/3 considering tip as aspherical indenter (Fig. 3a). The 
values of “a” are inversely linked to the Young’s modulus. The histogram 
comparing “a” values extracted from the curve fitting of the three 
liposomal systems are shown in Fig. 3(b). The trend of the "a" values 
follows the same order as previously described, Lip1818 being the most 
rigid one followed by asymmetric Lip1814 and Lip1810. The difference 
in elasticity of the cationic liposomes originate from packing efficiency 
of the hydrophobic chains of the constituent lipids. As for the cationic 
liposomes based on symmetric Lip1818, the hydrocarbon chains of the 

Fig. 1. (a) Representative topographic intermittent contact AFM image of lipid vesicles in buffer, scale bar 50 nm. (b) 3-D view of a single vesicle.  
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cationic lipids are very tightly packed due to symmetry in their chain 
length (Scheme 1) which causes these liposomes to offer resilience under 
forced indentation. On the other hand, the asymmetry in the hydro-
carbon chains of the cationic lipids (Lip1814 and Lip1810, Scheme 1) 
weakens the intermolecular lateral interactions between adjacent lipids 
[14,57] in the bilayer imparting greater in-plane elasticity to the cor-
responding liposomes than those based on symmetric Lip1818. The 
greater fluidity of Lip1814 and Lip1810 based cationic liposomes likely 
results from a decrease in the hydrocarbon contacts for the longer 
chains, decreased packing density of the shorter chains, and the 
disruption of van der Waals packing interactions by the terminal methyl 
groups of the shorter chains [14]. As for Lip1810, the asymmetry be-
tween the constituent hydrocarbon chains of the cationic lipid (differ-
ence in the chain length of the constituent hydrocarbon chains) is 
maximum resulting in looser packing of the lipids than Lip1814. This 
becomes reflected in the least stiffness value of Lip1810 based lipo-
somes. In case of Lip1814 based liposomes, there is a balance between 

rigidity and flexibility, because, asymmetry between the constituent 
hydrocarbon chains of this cationic lipid is intermediate between that of 
highly asymmetric Lip1810 and symmetric Lip1818 yielding an inter-
mediate value of stiffness. 

3.3. Förster resonance energy transfer (FRET) 

Fluorescence transients (Fig. 4) of C500 in absence and in presence of 
MC540 indicate that the energy transfer is most efficient in liposomes 
based on the asymmetric lipid Lip1810 and is least efficient for those 
based on the symmetric one (Lip1818). This is also consistent with the 
extent of quenching of the steady state fluorescence intensity of C500 in 
presence of MC540 in the cationic liposomes (Fig. 4, inset). It becomes 
evident that the energy transfer efficiency from C500 to MC540 in-
creases (Table 1) with increasing asymmetry in the hydrophobic lipid 
chains (Scheme 1) in an order Lip1818 < Lip1814 < Lip1810. Because of 
an inverse dependence of the energy transfer efficiency on the donor- 
acceptor distance, highest energy transfer efficiency in the cationic li-
posomes based on Lip1810 is consistent with the closest distance of 
separation (r ~ 50 Å) between C500 (donor) and MC540 (acceptor) 
which likely originates from greater flexibility of these liposomes rela-
tive to those based on Lip1814 and Lip1818. On the other hand, lowest 
energy transfer efficiency in liposomes based on the symmetric lipid 
(Lip1818) is indicative of a much longer donor-acceptor separation (65 
Å, Table 1) reflecting on higher rigidity of these vesicles than those 

Fig. 2. (a) Overlay of representative force curves of three vesicles and bare 
mica. (b) Corresponding Indentation vs force curves, Solid lines indicate linear 
fitting of the respective curves (c) Plots of Stiffness for the three liposomes. 

Fig. 3. (a) Deformation vs. force curves of three vesicles, Solid lines indicate 
the fitting of the respective curves following the Hertz model for a spherical 
indenter (b) Plots of “values of a” (see Eq. (1)). 
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based on the asymmetric lipids (Lip1810 and Lip1814). It is likely that 
higher rigidity of Lip1818 based liposomes hinders closer approach of 
the donor-acceptor pair (C500/MC540) giving rise to a greater donor- 
acceptor distance of separation than that in Lip1814 and Lip1810. A 
much better picture on liposomal flexibility emerges from distribution of 
the donor-acceptor distances (r) estimated in terms of probability dis-
tribution, P(r). Because of intrinsic flexibility of the liposomes, lateral 
and segmental motions of the constituent lipids on a ps-ns time scale 
[51–53] cause significant fluctuation in the donor-acceptor distances 

resulting in distribution of the donor-acceptor distances. The full width 
at half-maxima (hw) of probability distribution (P(r)) of the 
donor–acceptor distances in the cationic liposomes increases (Fig. 5) in 
the order of Lip1818 < Lip1814 < Lip1810 indicating that the distri-
bution of donor-acceptor distances becomes wider (broader hw) with 
increasing asymmetry of the corresponding lipids (Scheme 1). The 
broader hw value (7.7 Å, Table 1) for Lip1810 based liposomes is 
reflective of their greater structural flexibility or lower rigidity [32–34] 
compared to those based on Lip1814 and Lip1818, whereas the smallest 
hw value (2.8 Å) for the symmetric Lip1818 based liposomes indicates 
greater rigidity than those constituted of the asymmetric lipids (Lip1814 
and Lip1810). In case of Lip1818 based liposomes, stronger van der 
Waals packing interactions between the symmetric lipid chains cause 
denser or tighter packing of the lipids hindering lateral and segmental 

Fig. 4. Fluorescence transients of C500 in absence and presence of MC540 in 
cationic liposomes (a) Lip1818, (b) Lip1814 and (c) Lip1810. Insets show 
corrected steady state fluorescence spectra of Coumarin 500 in presence of 
MC540 in different liposomes. 

Fig. 5. Probability distribution (P(r)) of donor-acceptor distances between 
C500 and MC540 in different lipid systems (a) Lip1818, (b) Lip1814 and 
(c) Lip1810. 
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motions of the lipid molecules, which in turn becomes reflected by a 
narrower distribution of the donor-acceptor distances (hw ~ 2.8 Å). 
With increasing asymmetry in the hydrophobic lipid chains (Lip1818 <
Lip1814 < Lip1810, Scheme 1) lipid packing becomes increasingly loose 
due to weaker intermolecular interactions between the adjacent lipids in 
the bilayer [14] imparting increased flexibility or fluidity of the result-
ing liposomes. As a result, the donor-acceptor distance distribution be-
comes wider (hw increases, Table 1) with increasing flexibility or 
decreasing rigidity of the cationic liposomes in the order of Lip1818 <
Lip1814 < Lip1810. These results based on the FRET measurements are 
nicely consistent with the measured stiffness values of the cationic li-
posomes from AFM studies. The cell transfection efficiency of the 
cationic liposomes are likely to be influenced by increasing rigidity or 
stiffness with increasing symmetry of the hydrocarbon chains of the 
constituent lipids which necessitates further study on cell transfection. 

3.4. Cellular uptake of liposomes 

The flexibility/rigidity of liposomes was found to be important [58] 
for better cellular internalization [58]. Cellular uptake experiments 
were performed by flow cytometry (Fig. 6) and fluorescence microscopy 
imaging (Fig. 7) at a lipid: DNA charge ratio of 4:1. The cells were 

transfected with lipoplexes formed from cationic lipids (Lip1818, 
Lip1814 and Lip1810) with segmented calf thymus DNA and EtBr. Flow 
cytometry results show discernible changes in the EtBr fluorescence 
emission intensity for the three types of lipoplexes after cellular uptake 
(Fig. 6). The uptake of Lip1814 incubated cells is significantly higher 
than those incubated with Lip1810 or Lip1818 and DNA (as control) 
(Fig. 6). The fluorescence microscopy images reveal the same trend, 
where Lip1814 incubated cells are found to be brighter than other two 
vesicles sets (Fig. 7). As a control we have also performed fluorescence 
microscopy (Fig. S3) imaging where DNA-EtBr or EtBr (alone) without 
any lipid vesicle was incubated with the MCF-7 cells, and, the resultant 
intensities are much less. These data clearly indicate that an optimal 
balance between rigidity and flexibility of Lip1814 based cationic 
liposome makes it a superior delivery vehicle relative to Lip1818 (more 
rigid) and Lip1810 (more flexible) based liposomes. Thus, these exper-
iments demonstrate that micro-elastic properties of liposomes are very 
important in designing lipids towards making efficient delivery vehicles 
for cell transfection. 

4. Conclusion 

The role of asymmetry in hydrophobic lipid chains in influencing 
microelastic properties of cationic liposomes was evaluated by AFM 
nano-indentation force spectroscopy and FRET studies. Cationic lipo-
somes with a difference in asymmetry among their hydrophobic lipid 
chains (Lip1818-Lip1810) can be differentiated from each other based 
on their nano-mechanical properties. AFM data indicate that stiffness of 
these liposomes follow the order Lip1818 > Lip1814 > Lip1810, where 
the liposomes constituted of the symmetric lipids (Lip1818) are most 
rigid followed by the liposomes prepared from lipids having increasing 
asymmetry in their hydrophobic chains (Lip1814 < Lip1810). FRET 
experiments reveal that the full width at half-maxima (hw) of the 
probability distribution of donor-acceptor distances increases in the 
order Lip1818 < Lip1814 < Lip1810 reflecting on increasing flexibility 
of the cationic liposomes with increasing asymmetry in the molecular 
architecture of the constituent lipids. Thus, from AFM and FRET studies 
it becomes evident that the extent of asymmetry in the hydrophobic lipid 
chains is directly linked to elasticity and flexibility of the corresponding 
liposomes. From cell transfection studies Lip1814 based liposome is 
found to be a more efficient carrier of the DNA-EtBr adduct to the breast 
cancer MCF-7 cells than those based on Lip1810 and Lip1818. Taken 

Fig. 6. Vesicle incubated MCF-7 cells were assessed by flow cytometer 
measuring the amount of EtBr fluorescence in all the sets represented in the 
form of histogram overlay. 

Fig. 7. Fluorescence microscopic image of MCF-7 cells incubated with three different liposomes with EtBr and DNA.  
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together, our study demonstrates that asymmetry in the hydrophobic 
chain length of a cationic lipid plays a key role in modulating microe-
lastic properties of the cationic liposomes which directly impacts their 
cellular uptake efficiency. 
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