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on DMPC membranes.
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expansion and decreases thickness.
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The effect of the charged lidocaine on the structure and dynamics of DMPC/DMPG (mass fraction of 95/5)
unilamellar vesicles has been investigated. Changes in membrane organization caused by the presence of li-
docaine were detected through small angle neutron scattering experiments. Our results suggest that the
presence of lidocaine in the vicinity of the headgroups of lipid membranes leads to an increase of the area
per lipid molecule and to a decrease of membrane thickness. Such changes in membrane structure may in-
duce disordering of the tail group. This scenario explains the reduction of the main transition temperature
of lipid membranes, as the fraction of lidocaine per lipid molecules increases, which was evident from differ-
ential scanning calorimetry results. Furthermore neutron spin echo spectroscopy was used for the dynamics
measurements and the results reveal that presence of charged lidocaine increases the bending elasticity of
the lipid membranes in the fluid phase and slows the temperature-dependent change of bending elasticity
across the main transition temperature.
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1. Introduction

Artificially synthesized lipid bilayers have been widely used as
model systems for elucidation of basic processes occurring in biolog-
ical membranes as well as for certain biotechnological applications
[1–7]. In pharmaceutical research, several commercial and scientific
applications of lipid bilayers to form drug containing vesicles have
found potential applications as drug delivering vehicles [8]. Lipid vesi-
cles also have been served as the models for investigating the interac-
tions between membranes and drugs [9–11]. A variety of methods
have been used on artificial lipid membranes and demonstrated that
the membrane properties may be strongly affected by the presence of
membrane-associated molecules. The conformation of acyl groups, the
membrane density, and thickness as well as membrane dynamics are
examples of parameters that can be affected by drug–membrane inter-
actions [12–14]. In this study small angle neutron scattering (SANS) and
neutron spin-echo (NSE) spectroscopy have been used to shed light on
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the effect of charged lidocaine, one of the most widely used local anes-
thetics (LA) [15], on the static and dynamic properties of artificial lipid
membranes.

LAs are known to produce loss of sensation to pain in the certain
area of the body without the loss of consciousness [16]. Despite the
fact that LAs have been clinically used for more than a century, a de-
tailed description of LA mechanisms of action is still an open debate.
In recent decades the most prevailing hypothesis of the anesthetic ac-
tion is that LA directly binds the specific sites in transmembrane pro-
teins which work as voltage-gated Na+ channels in nerve membranes
thus reduces the influx of sodium ions into the nerve cytoplasm and
finally results in the inhibition of the depolarization of the nerve
[17–21]. However, the lipid bilayers function not just as medium to
host and support protein machinery, the composition of the mem-
brane is sometimes indispensible for many protein functions. Many
researches are focused on the interaction of anesthetic molecules
with the lipid phase of the membranes [14,22–25]. A number of pa-
pers reported that LA also interact with the lipid membranes and
alter their organizational properties. Such changes in the biological
membranes may interfere with lipid–protein interactions leading to
protein conformational changes with consequences to their activity.

Previous NMR experiments have confirmed that the polar parts of
LA interact with phospholipid polar fragments and their lipophilic
parts insert in the bilayer hydrophobic region [26–28]. The intercala-
tion which is also called hydrophobic mismatch between the bio-
membranes and LA can induce configurational disorder of membranes
which may also influence some physical and mechanical parameters
of the bio-membranes. First of all, many synthetic membranes made
of phospholipids undergo a first-order acyl-chain melting transition
which is called main transition from the ripple gel (Pβ′) to the fluid
(Lα) phases. Hata et al. have already examined that the main transi-
tion temperature (Tm) of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) bilayers is depressed by several LA types: dibucaine, tetracaine,
bupivacaine, lidocaine and procaine [23]. In the present study charged
lidocaine is focused on investigating the effect of LA on the phase behav-
ior of DMPC/DMPG unilamellar vesicles (ULV). DMPC (1,2-dimyristoyl-
sn-glycero-3-phosphocholine) is one of the most extensively studied
ester-linked phospholipids with regard to its structural and thermo-
dynamic properties [29–31]. ULVs formed from a mixture of DMPC
(zwitterionic lipid with bulkier headgroup) and small amount of
DMPG (1,2-dimyristoyl-sn-glycero-3-phosphoglycerol, anionic lipid
with relatively smaller headgroup) substantially improve the stabil-
ity and degree of alignment compared with ULVs formed by a single
type of lipid [32–33]. The bilayer thickness (d) of bio-membranes,
defined as the distance between headgroups of the both sides of
the bilayer, has been identified as an important factor in the inser-
tion, folding, multimeric assembly and function of transmembrane
proteins [34–35]. We have attempted to clarify how the influence of li-
docaine on bilayer thickness can help us in understanding the possibil-
ity that drugs indirectly alter membrane protein functions by changing
the structure of lipid bilayer, thereby changing the local environment of
membrane proteins. To answer this question we have used SANS to in-
vestigate the influence of lidocaine on the bilayer thickness in aqueous
solutions of synthesized DMPC/DMPG ULVs. Further we have focused
on the bending elasticity (κc) of bio-membranes as an important me-
chanical property that governs the thermal fluctuation of bilayers,
which in turn gives rise to undulation forces and predetermines the
contact time of the membranes with solid substrates and other objects
[36].

In this study we have attempted to elucidate the influence of LA on
the bending elasticity of model phospholipid membranes. We have
chosen neutron-spin-echo (NSE) spectroscopy as the most suitable
method to determine κc. NSE is a dynamic method ideal for studies
of the thermal fluctuations of the bio-membranes because of its cor-
relation times (0.1 ns to 100 ns) and length scales (10 Å to 103 Å)
that are characteristic for the cell membrane fluctuations [37–38]. In
this paper the bending elasticities of DMPC ULV bilayers with differ-
ent concentrations of lidocaine above and below Tm were measured
by NSE. The intermediate scattering function acquired through NSE
was explained by the Zilman–Granek model [39–40] for 2-D mem-
branes. What needs to be mentioned is that because of the at-detector
neutron flux limitations originating principally from the nature of the
primary neutron source, medically irrelevant high molar ratio of lido-
caine was used in this research to enhance the effect of charged lido-
caine on membranes.

2. Materials and methods

2.1. Materials

Synthetic 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol) (DMPG) were
purchased from Avanti® Polar Lipids (Alabaster, AL) and used without
further purification. The 2-diethylamino-N-(2,6-dimethylphenyl) acet-
amide (charged lidocaine) hydrochloride monohydrate was purchased
from Sigma Chemicals (St. Louis, MO) in the solid form. Deuterated
water, D2O, (99% atomic percent) was purchased from Cambridge Iso-
tope Labs, (Andover, MA). These materials were used without further
purification.

2.2. Sample preparation

DMPC/DMPG bilayers of unilamellar vesicles were prepared by the
extrusion method [41]. Mass fractions of 95% DMPC and 5% DMPG
were mixed together with a certain weight percentage of lidocaine
(molar ratio R between lidocaine and lipids=0, 0.2, 0.5, 0.7, 1.0,
and 2.0). DMPG is an anionic lipid and structurally similar to DMPC
but is negatively charged because of the presence of PO4 group and
a lack of the positive charge of the choline group. The presence of
small amount of DMPG has been proven to enhance the electrostatic
repulsion between the lipid bilayers which can stabilize the states of
the vesicles [32]. The mixed DMPC/DMPG/lidocaine was dissolved in
high performance liquid chromatography (HPLC) grade chloroform
to ensure good mixing. After that the organic solvent was evaporated
under the nitrogen gas for no less than 3 h. The remaining thin films
of lipids were then placed in a vacuum chamber at 60 °C for over
6 h to evaporate the solvent residuals. The necessary amount of D2O
was added to get a lipid concentration of a mass fraction of 1.0% for
SANS and 2.0% for NSE. At these concentrations the distance between
different vesicles is large enough to neglect the inter-vesicle interac-
tions [32]. For the DSC measurement mixture of a mass fraction of
10% lipid in D2O was prepared. The uniform dispersion was obtained
by repetitive freezing down to −10 °C, heating above the main phase
transition temperatures and vortexing. Finally ULVs were prepared by
an Avanti Mini-Extruder for SANS and NSE measurements. The dis-
persion was extruded through a polycarbonate filter from Whatman
Inc. (Florham Park, NJ) with pore diameter of 1000 Å. About 30 passes
were performed to minimize the contamination of the sample by
multilamellar vesicles (MLVs) and give rise to the diameter of the
vesicles smaller than the filter pore size.

2.3. Dynamic light scattering (DLS)

The average sizes of the vesicles at 30 °C were characterized by dy-
namic light scattering (DLS). The extruded samples for SANS and NSE
were diluted with adding D2O in order to get a mass fraction of 0.1%
lipid vesicle solutions, so that we can evaluate the mean diffusion con-
stant from our DLS measurements. With a DynaPro-Titan DLS system
that uses a He–Ne ion laser (λ=783 nm) as a light source we deter-
mined the normalized intensity time correlation function. Through
the inverse Laplace transform analysis one can obtain the relaxation
time distribution. From the moments of this distribution the mean
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Fig. 1. (a) Differential scanning calorimetry (DSC) thermogram of DMPC/DMPG bila-
yers with different molecular ratios R. (b) Representative plot of the main transition
temperature Tm of DMPC/DMPG bilayers in D2O as a function of R. Tm was empirically
fitted as a function of R2.
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diffusion coefficients of the particles, D, were determined [25]. The hy-
drodynamic radius of vesicles RH was then obtained using the Stokes–
Einstein equation:

RH ¼ kT
6πη0D

; ð1Þ

where k is the Boltzman constant, T is the absolute temperature, and η0
is the solvent viscosity.

2.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to investigate the
effect of charged lidocaine on the main transition temperatures Tm of
DMPC/DMPG membranes. The thermotropic phase behaviors of MLVs
of R=0, 0.2, 0.5, 0.7, 1.0 and 1.5 (a mass fraction of lipids in D2O of
10%) were determined by TA instruments Q1000 differential scanning
calorimeter (New Castle, DE). The temperature scanning was from
30 °C to 0 °C and reverse back to 30 °C with the temperature accuracy
of±0.1 °C. The heating and cooling scanning rateswere 1 °Cperminute.

2.5. Small angle neutron scattering (SANS)

SANSmeasurements were performed at the NG3-30 m SANS instru-
ment at National Institute of Standards and Technology (Gaithersburg,
MD) [42]. Neutrons of wavelength λ=8.4 Å with a wavelength spread
of Δλ/λ=11%were used in our experiment. Data were collected with a
two-dimensional detector at three different sample-to-detector dis-
tances (1.3 m, 4.0 m, and 13.7 m) in order to span the range of scatter-
ing vectors q from 2×10−3 Å−1 to 4×10−1 Å−1, where q=4π sin
(θ/2)/λ, and θ is the scattering angle. Samples were contained in
1 mm path-length quartz cells. The data were corrected for instrumen-
tal and empty cell backgrounds using the Igor Pro based reduction
macros supplied by NIST [43]. Samples of R=0, 0.2, 0.5, 0.7, 1.0, and
2.0 were measured at 30 °C in Lα phase, which is above Tm of DMPC/
DMPG mixtures [44–45]. The temperature was controlled by water cir-
culation bath with an accuracy of ±0.1 °C.

2.6. Neutron spin echo spectroscopy (NSE)

The NSE technique has been widely used in the study of dynamic
processes in macromolecular systems that are relevant to, among
others, polymer and biomedical sciences [46–48]. The NSE spectrom-
eter measures the real part of the intermediate scattering function,
I(q,t) in the time domain. Our data were taken on the spectrometer
located at the NG5 guide of the NIST Center for Neutron Research
(NCNR) [49]. Neutrons with wavelengths of either 8.0 Å or 11.6 Å
were used to cover q ranges from 0.03 Å−1 to 0.12 Å−1 and time
t from 0.1 ns to 90 ns. The collected NSE data were reduced in
terms of the experimental background and resolution using the
NCNR program DAVE [50]. The temperature dependence of the
bending elasticity was measured for samples with R=0, 0.5, and
2.0 at several temperatures from 10 °C to 30 °C.

3. Results

Representative high-sensitivity DSC scans for DMPC/DMPG bilayers
are presented in Fig. 1(a). It is well known that in the absence of foreign
solutes, many phospholipid bilayer membranes exhibit two endo-
therms on heating, a lower temperature, lower enthalpy pretransition
and a higher temperature, higher enthalpy main transition. The pre-
transition arises from the conversion of the lamellar gel (Lβ′) phase to
Pβ′ phase, and the main transition from a conversion of the Pβ′ phase
to Lα phase. In Fig. 1(a), the main transition temperature Tm from Pβ′
to Lα phase of pure DMPC/DMPG bilayers was observed at 23.2 °C,
which is in good agreement with previously published data [51–52].
However due to the rapid heating/cooling scanning rate (1 °C/min),
the pretransition temperature Tp of the bilayers wasn't monitored
[53]. A bimodal endothermic transition peak of the main transition
was observed in all samples that contain lidocaine and became more
depressed and broader as R increased. The appearance of this bimodal
melting peak, instead of single transition peak, probably indicates a rel-
atively broad distribution of lidocaine/lipids ratio in the solution. In
order to illustrate the effect of the charged lidocaine on Tm, R depen-
dence of Tm is presented in Fig. 1(b). It clearly shows that the addition
of charged lidocaine progressively depresses Tm. The characteristic
shift in Tm is probably due to the increasing disorder of the hydro-
phobic core of DMPC/DMPG bilayers caused by the presence of the
charged lidocaine. This will be further addressed in the Discussion
section.

The reduced SANS intensities as a function of q at 30 °C are shown in
Fig. 2. Themacroscopic phase state of the samples was visually inspected
before eachmeasurement to ensure homogeneity of the samples. The so-
lutions of R=0, 0.2, 0.5, and 2 were homogenous during the measure-
ment, suggesting the stability of their unilamellar phases. Clear phase
separations were observed in the samples of R=0.7 and 1. The multila-
mellar peaks in Fig. 2 at q≈0.1 Å−1, togetherwith the broad distribution
of the vesicle sizes in DLS measurement (data not shown) indicate the
existence of MLVs in these two samples. MLVs have excess water in
the system comparing with unilamellar ones, therefore the mixture of
MLVs and ULVs may lead to the macroscopic phase separation. The ap-
pearance of the multilamellar phase probably correlates with the satu-
ration ratio of membranes and foreign solutes [54–55].

For the analysis of the structural change during the increase of lido-
caine concentration, the measured scattering intensities of DMPC/
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DMPGULVbilayers arefitted to amodel of polydispersed spherical shells
(PSS) [32,43,56] whose intensity can be expressed as:

I qð Þ ¼ ∫
r

G rð ÞP q; rð Þdr ¼ ∫
r

G rð Þ 4π∫
r2

r1
r2ρ rð Þ sin qrð Þ

qr
dr

� �2
dr; ð2Þ

where ρ(r) is the scattering length density (SLD) as a function of radial
distance from the center of the vesicle, r is the distance between
the center of the vesicle and that of the bilayer, d is the bilayer thick-
ness and r1= r−d/2 and r2= r+d/2. If the SLD of vesicles is treated
as constant across the bilayers, the form factor P(q,r), as determined
via Born Approximation [57], is given by:

P q; rð Þ ¼ ρ−ρ0ð Þ2 r2
3 j1 qr2ð Þ

qr2
−r1

3 j1 qr1ð Þ
qr1

� �2
; ð3Þ

where ρ is the averaged SLD of the membrane, ρ0 is the SLD of D2O,
and j1(x) is the first-order spherical Bessel function:

j1 xð Þ ¼ sinx−x cos x
x2

: ð4Þ
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Fig. 3. SANS spectrum of the DMPC/DMPG vesicle of R=0.5 at 30 °C (triangles) and
fitted curve (solid line) with the assumption of ρ(r)=constant.
In order to take into account the influence of vesicle size polydis-
persity, the size distribution function G(r) is assumed as the Schulz
distribution [58]:

G rð Þ ¼ zþ 1
rm

� �zþ1 rz

Γ zþ 1ð Þ exp
−r zþ 1ð Þ

rm

� �
; ð5Þ

where rm is the mean radius. The variance and the polydispersity (rel-
ative variance) are calculated as σ2=rm

2 /(z+1) and Δ2=1/(z+1),
respectively.

The representative fit of the sample of R=0.5 is shown in Fig. 3.
Note that during the data analysis the SLD profile in our model con-
sists of one homogenous strip whereas the SLD difference, ρ−ρ0, is
taken as constant through the bilayer with sharp interfaces. Our
calculated bilayer thickness for pure unilamellar DMPC/DMPG bila-
yers d=(36.9±0.05) Å is comparable to the results of Kucerka et
al. [7] obtained from SAXS data with DMPC steric bilayer thickness
dHH=35.3 Å and that of Lewis and Engelman [59] whose calculated
phosphate peak spacing of DMPC is d=(34±1) Å. The calculated
bilayer thickness d of the lipids/lidocaine mixtures is plotted as a func-
tion of R in Fig. 4. The PSS model successfully fit the samples of R=0,
0.2, 0.5, and 2.0, and their bilayer thicknesses d decrease exponentially
with increasing R, similar to previous studies [60]. For the solutions of
R=0.7 and 1.0, because of the co-existence of MLVs and ULVs in the
system, the bilayer thickness d obtained from the PSS model is slightly
larger than that of other solutions. Therefore, we omit the data points
for R=0.7 and 1.0 in the following parts of the paper.
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Fig. 5. The intermediate scattering functions I(q,t) normalized to I(q,0) obtained by NSE
against Fourier time t at different q values for DMPC/DMPG ULVs with R=0 in D2O at
25 °C.
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Bio-membranes in aqueous solution exhibit thermal undulations
which are strongly dependent on the mechanical properties of bilayers
such as the bending elasticity. The thermal undulations of phospholipid
bilayers have been successfully probed by NSE and the membrane dy-
namics in the lamellar phase are qualitatively explained by the theory
given by Zilman and Granek [39–40]. If the system forms vesicles,
shape fluctuations of the vesicles should be observed similarly tomicro-
emulsion systems [61]. However the length scale we are probing is in-
termediate to the membrane thickness and the radius of the vesicles.
The shape fluctuations of the vesicles are observed at the q range corre-
sponding to the radius of the vesicles, characterized by the dip position
in the small-angle scattering curve (in the present case we saw a dip
around q=0.003 Å−1, which is far below the low q limit accessible by
our NSE). Therefore in the measured q-range the scattering originated
not from the entire vesicle as a whole but from a fraction of it. In this
case the isolated single membrane fluctuation model is suitable.

The NSE directly measures the intermediate scattering function
I(q,t), which is a cosine Fourier transform of the dynamic structure
factor S(q,ω):

I q; tð Þ ¼ ∫
þ∞

−∞
S q;ωð Þ cos ωtð Þdω; ð6Þ

where t is the time, ω is the energy transfer for the scattered neutrons
and S(q,ω) is a function that uniquely reflects the scattering probabilities
of the sample. The time decay of I(q,t) originating from thermal undula-
tions of isolated single membranes is predicted to exhibit stretched ex-
ponential decay [39–40]:

I q; tð Þ ¼ I q;0ð Þe− Γbtð Þ2=3
; ð7Þ

where Γb is the relaxation rate, and related to the bending elasticity as:

Γb ¼ 0:025γk
kBT
κc

� �1
2 kBT

η
q3; ð8Þ
Table 1
Bending elasticity κc/KBT of DMPC/DMPG bilayers in the presence of charged lidocaine
with different R in D2O. The values are calculated from Eq. 8 at different temperatures.

T/°C R=0 R=0.5 R=2.0

10 – – 114.4±10.5
15 – – 49.8±3.5
20 151.0±6.1 119.5±7.7 69.4±4.7
23 120.7±7.4 68.2±3.3 31.0±1.4
25 20.4±0.7 31.8±1.2 33.8±1.5
30 16.7±0.5 35.9±1.2 –
where η is the solvent viscosity and the factor γk originates from averag-
ing over the angle between the wave vector and the plaquette surface
normal in the calculation of I(q,t)/I(q,0). The parameter γk approaches
unity when κc≫kBT. We use three times the value of average solvent
(η=3ηsolvent) for viscosity η when taking the local dissipation at the
membrane into consideration [37,62–64]. Fig. 5 shows I(q,t)/I(q,0)
obtained by NSE at different q values from (0.05 to 0.12) Å−1 for pure
DMPC/DMPG vesicles of R=0 at 25 °C. The solid lines were fits to
Eq. 7. The fits confirmed that the NSE decay reflects predominantly the
thermal fluctuations exhibited by the lipid bilayers.

The calculated relaxation rate Γb as a function of q in a double loga-
rithmic plot of DMPC/DMPG ULV bilayers with R=0, 0.5 and 2.0 in
D2O at 25 °C is shown in Fig. 6 where the solid lines are fits to Eq. 8.
When fitted by a power law with a variable exponential factor we
have found the slope to vary within 2.6 to 3.4 which is close to 3 as pre-
dicted by Eq. 8. The good fitting verifies the q3 dependence of the relax-
ation rate Γb and indicates that the NSE result directly shows the
relaxation of the membrane undulation. Hence Eq. 8 can be safely used
to calculate the bending elasticity. The numerical data κc of DMPC/
DMPG bilayers with R=0, 0.5, and 2.0 in D2O are tabulated in Table 1
and shown in Fig. 7. The presence of charged lidocaine results in three
effects, the shift of Tm, increase of κc in Lα phase, and the slowing of
the Lα to Pβ′ transition, which will be discussed in details in Discussion.
4. Discussion

Our DSC and SANSmeasurements show that the presence of charged
lidocaine depresses Tm of DMPC/DMPG bilayers, broadens their endo-
thermic peaks, and causes the thickness reduction. These changes in
thermodynamics and structures of the lipid bilayers induced by local
anesthetics are quite similar to the effect of general anesthetics on bio-
membranes, but different from the influence by the presence of choles-
terol. Here we try to discuss these results all together and have a more
general explanation for the foreign molecule–lipid interactions.

Similarly to lidocaine, both general anesthetics, such as halothane,
and cholesterol areweakly amphiphilic substances. However cholester-
ol is more hydrophobic and has low solubility in water. McMullen et al.
[53] performed DSC scans of DPPC bilayers with various cholesterol
molar concentrations and confirmed that the addition of cholesterol
broadens Tm and when cholesterol fraction is above R=0.5 the endo-
thermic peak of main phase transition completely disappears. Choles-
terol inserts into bilayers perpendicular to the membrane plane with
its hydroxyl group oriented toward the aqueous phase and its hydro-
phobic ring system adjacent to hydrocarbon tails of phospholipids.
The presence of those rigid cholesterol molecules disrupts the normal
reactions between hydrocarbon chains of phospholipids, and results
in membranes that are less fluid and less subject to phase transitions.
The effect of cholesterol on Tm was attributed to the mismatch between
the effective hydrophobic length of the cholesterol molecule and the
120
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Fig. 7. The bending elasticity κc of DMPC/DMPG bilayer with lidocaine concentration of
R=0, 0.5 and 2.0 in D2O plotted against T. The presence of charged lidocaine results in
the shift of Tm, increase of κc in Lα phase, and the broadening of the Lα to Pβ′ transition.
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hydrocarbon core of the host phosphotidylcholine bilayers [65–66].
Furthermore, the presence of cholesterol causes the phospholipid acyl
chains close to the headgroup to have predominantly a trans configura-
tion, leading to an increase in bilayer thickness and an increase in polar
region hydration [65,67–71].

Different from cholesterol, the lidocaine molecules are positioned
in the membrane–water interface and may compete for water mole-
cules with lipid headgroups [72–73]. The charged lidocaine molecules
were located close to the polar headgroup of the lipids. This finding
accords with the results of general anesthetics from both experiments
and MD simulations [74–77], showing that general anesthetics parti-
tions near the lipid–water interface close the lipid glycerol backbone
and upper segments of lipid hydrocarbon chains. The insertion of the
charged lidocaine and general anesthetics in the lipid headgroups
provide more inter-molecular spacing between lipids. The increased
inter-molecular spacing provides more volume accessible to lipid
molecules and higher disordering between their hydrocarbon chains
[78], and finally results in the lowering of the gel-to-fluid phase tran-
sition temperatures.

In our previous paper [31] the effect of temperature on bending
elasticity κc of pure lipid ULVs in D2O was examined. We have
found that at T≫Tm, κc of pure DMPC/DMPG bilayers is independent
of temperature hence the temperature has a minimal effect on the
properties of the lipid bilayer in Lα phase. When the temperature is
approaching the main transition temperature, κc becomes slightly
larger [30]. A strong decrease of κc was observed when T reaches Tm
by other experimental methods [79–81], i.e. optical dynamometry.
The decrease is more pronounced with multilamellar membranes,
and was attributed to a drop in the area compressibility modulus KA

[80–81]. This behavior relates to the so-called anomalous swelling.
The origin of the increase in κc around Tm has been systematically in-
vestigated by Seto et al. [30], while it is out of the scope of our discus-
sion, and thus we would not discuss further here. At TbTm, the system
is in the Pβ′ phase and κc rapidly increases 6–10 times compared with
that in Lα phase. We find that the results of DMPC/DMPG bilayers
with different R also obey the above trend with some specific charac-
teristics as shown in Fig. 7.

Through the NSE measurements, three effects of lidocaine on the
bending elasticity of lipid bilayers have been found. First, in the vicin-
ity of Tm of DMPC/DMPG bilayers (at 25 °C and 30 °C) κc increases
from 16.7 kBT for R=0 to 33.8 kBT for R=2.0. Our previous research
has proven that the bending elasticity should scale as the area com-
pressibility modulus KA multiplied by the square of the hydrophobic
thickness d2[31,79,82–83]:

κc ¼ βKAd
2 ð9Þ

where β is a normalization constant. Since the bilayer thickness de-
creases with the presence of charged lidocaine, the increase of κc can
be attributed to the increase of the area modulus KA of DMPC/DMPG
ULVs in Lα phase. Second, the results of NSE also confirmed that Tm is
decreased in the presence of lidocaine. Tm locates between 23 °C and
25 °C for the sample of R=0, and then left shifts between 20 °C and
23 °C for the sample of R=2. Third, the bending elasticities at different
R change with different trends in a lidocaine-dose-dependent manner.
The straight lines in Fig. 7 show the trend. The values of κc at R=0
have the steepest increase from Lα to Pβ′ phase whereas that at
R=2.0 increases the slowest, indicating the incremental disordering
of the bilayers and reduced membrane stiffness at TbTm caused by
charged lidocaine.

5. Conclusions

Wehave usedDLS, DSC, SANS andNSE to probe the influence of lido-
caine on the structural and dynamic properties of DMPC/DMPG bila-
yers. Our results confirmed that the lidocaine molecules loosen the
packing of the membrane constituent lipids and induce lateral mem-
brane expansion. The intercalation of lidocaine molecules provides
more inter-molecular space between the lipid molecules and results
in the decrease of the bilayer thickness. It is also found that the presence
of charged lidocaine doubles κc in the Lα phase,while slows the increase
of κc when T decrease from Pβ′ to Lα phase. The presence of charged
lidocaine enlarges the area modulus KA of DMPC/DMPG bilayers that
overcomes the effect of thinning of the membrane to increase κc.
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