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ABSTRACT: Biological membranes are highly organized supra-
molecular assemblies of lipids and proteins. The membrane
interface separates the outer (bulk) aqueous phase from the
hydrophobic membrane interior. In this work, we have explored
the microstructure and collective dynamics of the membrane
interfacial hydration shell in zwitterionic and negatively charged
phospholipid membrane bilayers using terahertz time-domain
spectroscopy. We show here that the relaxation time constants of
the water hydrogen bond network exhibit a unique “rise and dip”
pattern with increasing lipid concentration. More importantly, we
observed a dependence of the critical lipid concentration
corresponding to the inflection point on the charge of the lipid headgroup, thereby implicating membrane electrostatics as a
major factor in the microstructure and dynamics of water at the membrane interface. These results constitute one of the first
experimental evidences of the modulation of the dielectric relaxation response of membrane interfacial water by membrane lipid
composition in a concentration-dependent manner. Lipid-stringent membrane hydration could be relevant in the broader context
of lipid diversity observed in biological membranes and the role of negatively charged lipids in membrane protein structure and
function.

■ INTRODUCTION

Biological membranes are highly organized quasi two-dimen-
sional supramolecular self-assemblies of lipids and proteins.
Membranes can be physically treated as deformable, anisotropic
“soft matter”.1,2 The formation of membranes, an essential
evolutionary prerequisite for biological compartmentalization,3

is ascribed to the hydrophobic effect.4,5 The hydrophobic effect
is a manifestation of the strong attractive forces between water
molecules, that levies an entropic penalty to the incorporation
of nonpolar molecules in an aqueous environment and leads to
their exclusion from the immediate vicinity of the solvent.
Contrary to earlier textbook representations of the membrane
as a static, isotropic, low dielectric hydrocarbon “slab”
surrounded by polar lipid headgroups and water, biological
membranes are now represented by a dynamic and chemically
heterogeneous environment along the membrane normal (see
Figure 1a).6,7 As a direct consequence of this dynamic
heterogeneity, the membrane interface, operationally defined
as the effective depth of water penetration (∼15 Å in thickness
in fluid phosphatidylcholine membranes), is not sharply defined

and is modulated by temperature, hydration, and lipid
chemistry.8

The membrane interface (see Figure 1a) ensures a dynamic
segregation of the bulk (outer) aqueous phase from the more
isotropic, hydrophobic membrane core and exhibits distinct
chemical, motional, and dielectric signatures.9 This region,
owing to its unique physicochemical properties, plays a crucial
role in modulating biochemical processes such as substrate
recognition and function of membrane-active enzymes.10−12 At
a molecular level, the membrane interface imposes a dynamic
spatiotemporal confinement on water molecules due to reduced
probability of energetically favorable hydrogen bonding
induced by geometrical constraints.13 As a result, the
membrane interface displays slow rates of solvent relaxation6

and is involved in intermolecular charge interactions14 and
hydrogen bonding mediated by polar phospholipid head-
groups.15,16
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Work from a number of laboratories has established the
emerging role of hydration as an essential regulatory
mechanism for a variety of biomolecular interactions. In
particular, water plays an important role in the structure,
function, and dynamics of organized biological assemblies such
as membranes.17−19 Water molecules are known to mediate
lipid−protein interactions and function of membrane proteins.
The presence of ordered water molecules has proven to be a
common feature in the crystal structure of many membrane
proteins.20 Interestingly, water has been shown to act as a
“foldase” by catalyzing the exchange of hydrogen bonds during
the protein folding process.21 We have previously shown that
the extent of dynamic constraint imposed by proteins and
peptides on neighboring water molecules could be used as a
marker for protein structure and function.6,22−24

Previous studies on organization and dynamics of membrane
interfacial water utilized experimental approaches such as
infrared,25 fluorescence,17 and pump−probe26 spectroscopy
and X-ray and neutron diffraction.27,28 Terahertz (THz)
spectroscopy (1 THz = 1012 Hz = 1 ps−1) is a powerful tool
for label-free and noninvasive determination of the collective
low energy intermolecular vibrations of the hydrogen bond
network of water, otherwise inaccessible to conventional
spectroscopic techniques.29−32 THz spectroscopy is particularly
well suited for investigation of hydration dynamics in biological
systems due to its unprecedented sensitivity and non-ionizing
properties. The THz regime is associated with the dynamic
reorganization of the water hydrogen bond network around the
solute, which usually consists of several hydration shells.33−35 In
addition, terahertz time-domain spectroscopy (THz-TDS)
offers the advantage of simultaneous measurement of both
the phase and amplitude of the transmitted THz radiation,
thereby enabling the quantitation of various optical parameters
(such as absorption coefficients, complex refractive indexes, and
complex dielectric constants) by numerically solving Fresnel’s
transmittance equations.29

The functional relevance of membrane interfacial water in
complex biological processes is only beginning to be addressed.
In this overall context, with the objective of delineating the role
of membrane electrostatics on the water hydrogen bond
network, we have explored the microstructure and collective
dynamics of the extended hydration sheath of water at the
interface of membrane bilayers of varying lipid composition
(and interfacial charge) using THz-TDS. Our results indicate
that surface electrostatics and steric crowding are key players in
dictating the organization and dynamics of water molecules at
the membrane interface. The lipid stringency in membrane
hydration assumes relevance in the context of the lipid diversity
observed in biological membranes36 and the regulatory role of
negatively charged lipids in a variety of membrane-associated
phenomena.37−39

■ EXPERIMENTAL SECTION
Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine

(DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
(DOPG) lipids (see Figure 1b) were acquired from Avanti
Polar Lipids (Alabaster, AL). 1,2-Dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) was from Sigma Chemical Co. (St.
Louis, MO). Thin layer chromatography in chloroform/
methanol/water (65:35:5, v/v/v) was utilized to check lipid
purity. Silica gel precoated plates obtained from Merck
(Darmstadt, Germany) were used for this purpose. Lipids
were visualized by charring with a solution containing cupric
sulfate (10%, w/v) and phosphoric acid (8%, v/v) at ∼150 °C40

and gave a single spot in all cases. Phospholipids were digested
by perchloric acid, and their concentration was subsequently
determined by phosphate assay.41 The extent of lipid digestion
was assessed by using DMPC as an internal standard. All other
chemicals used were of the highest purity available. Water
purified through a Millipore (Bedford, MA) Milli-Q system and
spectroscopic grade solvents were used throughout.

Preparation of Lipid Vesicles. Large unilamellar vesicles
(LUVs) of ∼100 nm diameter of DOPC, DOPC/DOPG (80/
20, mol/mol), or DOPC/DOPG (60/40, mol/mol) were
utilized for all experiments. The lipid concentrations studied
ranged from 0.1 to 4 mM. For LUV preparation, lipids (DOPC
or DOPC/DOPG) were mixed well (in the case of binary
mixtures) and dried by gentle warming (∼35 °C) under a

Figure 1. (a) Schematic representation of a hydrated membrane
bilayer showing the highly structured, dynamic hydrogen bond
network of interfacial water. Zwitterionic phospholipid headgroups
are depicted as gray beads, whereas those with anionic headgroups are
represented as maroon beads. The phospholipid fatty acyl chains are
shown in black. Water molecules are depicted in blue, with the darker
shade corresponding to the oxygen atom and the lighter shade
corresponding to the two hydrogen atoms. The anisotropic membrane
interface is characterized by restricted dynamics and connects the
outer (bulk) aqueous phase to the hydrophobic (hydrocarbon-like)
membrane interior. (b) Chemical structures of representative
phospholipids: zwitterionic DOPC (left) and anionic DOPG (right)
at neutral pH. Lipids with a phosphatidylcholine (PC) headgroup
represent predominant membrane lipids in eukaryotic cells. Lipids
with a negatively charged phosphatidylglycerol (PG) headgroup are
crucial in lipid−protein interactions. See text for more details.
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stream of nitrogen. Subsequently, the lipid mixture was further
dried under a high vacuum for at least 3 h and hydrated
(swelled) by addition of 50 mM phosphate buffer (pH 7.0). A
uniform dispersion (homogenization) of lipids in the multi-
lamellar vesicles (MLVs) formed at this step was ensured by
intermittent vortexing of each sample for ∼3 min. These MLVs
were then freeze−thawed five times using liquid nitrogen and a
water bath maintained at ∼50 °C to ensure solute equilibration
between trapped and bulk solution. Subsequently, the
homogenized and solute equilibrated MLVs were extruded
through polycarbonate filters (with a pore diameter of 100 nm)
mounted in an Avanti Liposofast Extruder (Avanti Polar Lipids,
Alabama, AL) fitted with Hamilton syringes (Hamilton
Company, Reno, NV). Samples were subjected to at least 11
passes through the polycarbonate filters to give the final LUV
suspension. Details of the extrusion technique employed have
been described elsewhere.42 Samples were incubated for 12 h at
room temperature (∼23 °C) for equilibration prior to data
acquisition.
THz-TDS Setup. A commercially available THz spectro-

photometer, TERA K8 (Menlo System, Martinsried, Ger-
many), was used for THz-TDS measurements. The details of
the spectrometer could be found elsewhere.43,44 A 780 nm Er
doped fiber laser of very short pulse width (∼100 fs) and a 100
MHz repetition rate was used to excite a THz emitter photo
conducting (PC) antenna, thereby generating a THz radiation
characterized by a bandwidth of up to 3 THz. This THz
radiation was focused on the sample, and a similar PC antenna,
gated by the coherent probe laser beam, was used to detect the
transmitted THz radiation. Both of the PC antennas consist of
gold dipoles deposited on low temperature grown GaAs
substrate, with a dipole gap of 5 μm. To avoid interference from
water vapor absorption, a dry nitrogen atmosphere with a
controlled humidity of <10% was maintained during the data
acquisition. All measurements were carried out at ∼20 °C. A
cell (Bruker, model A 145) with z-cut quartz windows and a
Teflon spacer of 100 μm thickness, in which the sample was
injected, was used for the measurements. For each sample,
three observations were averaged together to minimize error.
Data Analysis and Interpretation. THz-TDS measure-

ments utilize the reduction in amplitude and temporal shift of
the THz pulse in the presence of samples (lipid vesicles, in this
case) to quantitate different optical parameters associated with
the sample.45,46 The amplitude (ETHz(t)) and phase of the THz
electric field for each sample were measured as a function of
time by inducing a wide range of temporal delay between the
probe and the pump beam. The obtained time domain
information was converted to a frequency domain by a fast
Fourier transform (FFT) algorithm for ease of data handling
and subsequent analysis. The THz-TDS data was analyzed
using the TeraLyzer software (www.lytera.com) to extract
information about optical parameters, e.g., absorption coef-
ficient (α), refractive index (n), and complex dielectric constant
(ε ̃), characteristic of the sample. The relevant equations have
been included elsewhere (see the Results and Discussion and
section S1). The extracted frequency-dependent complex
dielectric constants for lipid samples of various compositions
at each concentration were then deconvoluted with a Debye
model44,47−55 to obtain information about the dynamics of
water molecules at the membrane interface.
According to the Debye model, the frequency-dependent

complex dielectric response of membrane interfacial water can
be described as
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where τj is the relaxation time for the jth relaxation mode, ε1
(=εs) is the static dielectric constant, εj is the dielectric constant
associated with the jth relaxation process, ε∞ is the
(extrapolated) dielectric constant at a very high frequency,
and m denotes the total number of relaxation modes.
The obtained relaxation time (τj) of the water hydrogen

bond network in the proximity of membranes was normalized
to that of free (bulk) water (i.e., buffer). The concentration-
dependent change (Δτj) in the relaxation time of membrane
interfacial water, relative to bulk water, was then fitted to a
three-parameter log-normal peak function given by the
equation

= −y a x x b(exp[ 0.5{ln( / )/ } ])o
2

(2)

where a, b, and xo are fitting parameters, with the constraints xo
> 0 and b > 0; x and y represent lipid concentration and Δτj,
respectively. In order to delineate the physical significance of
the values assigned to each parameter after a fit, eq 2 was
simulated by fixing any two of the three parameters and
changing values of the third within a physically significant range
(see sections S3 and S4 and Figure S2 of the Supporting
Information for more details). Sigma Plot 10.0 (Systat Software
Inc., San Jose, CA) was utilized for fitting, analysis, and
subsequent plotting of the data.

■ RESULTS AND DISCUSSION
Lipid vesicles were found to have similar sizes across the
concentration range examined, although they appear to be
slightly smaller in the case of DOPC/DOPG vesicles (see
section S4 and Figure S1). Time domain and frequency domain
THz signals for buffer and lipid vesicles are shown in parts a
and b of Figure 2, respectively. The black trace in Figure 2a
shows a representative THz pulse in air. The presence of
sample (buffer or lipid vesicles, represented by the other traces
in Figure 2a) in the optical path leads to the reduction in the
amplitude of the transmitted THz pulse (ETHz(t)), along with a
temporal shift. The time domain traces shown in Figure 2a
were converted to the frequency domain (Figure 2b) by a FFT
algorithm for ease of further data analysis. The high signal-to-
noise ratio associated with measurements up to ∼2 THz
allowed us to extract optical parameters from the data in the
range 0.2−2 THz.
Information on the frequency-dependent absorption coef-

ficient (α(ν)) and refractive index (n(ν)) of the sample is
encoded in the changes in amplitude and phase of the
transmitted THz pulse, respectively. These optical parameters
were determined from the frequency-dependent power and
phase of the transmitted pulse and are represented in Figure 2c
and d for vesicles of varying lipid compositions across a
concentration range of 0.1−4 mM. The absorption coefficients
of lipid vesicles in the THz frequency region correlate to the
collective dynamics of water molecules.56,57 As shown in the
inset of Figure 2c, we found moderate changes in the
absorption coefficients in lipid samples (at a representative
concentration of 1 mM) relative to that in buffer (bulk water)
across the frequency range examined. The change in the
absorption coefficient (α(ν)) profile is subtle, yet definite,
which distinctly envisages a change in the collective dynamics
of water solely in the proximity of lipid vesicles, which indeed
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has been confirmed by the dielectric relaxation measurements
(see later).
The absorption coefficient (α(ν)) and refractive index (n(ν))

of the samples were utilized to extract the frequency-dependent
real (ε′ or εreal), imaginary (ε″ or εimaginary), and complex (ε̃)
dielectric constants of the water molecules by simple
mathematical equations detailed in section S1. Parts a and b
of Figure 3 show the decrease in the real and imaginary
dielectric constants of water molecules in the presence of
zwitterionic (DOPC) and negatively charged (DOPC/DOPG)
lipid vesicles (at a representative concentration of 1 mM) with
increasing frequency of the incident THz pulse. This is known
as the dielectric relaxation response of water and reflects the
reorientation dynamics associated with the permanent dipoles
of water molecules in a given sample. In physical terms, an
electric field applied to water molecules would induce an
alignment of the water dipoles and give rise to an induced
polarization proportional to the applied electric field. The
induced polarization is quantified by the dispersion amplitude
(Sj)

ε ε= − +Sj j j 1 (3)

where εj is the dielectric constant associated with the jth
relaxation process. In the case of an oscillating electric field, the
water molecules continually reorient themselves along the
applied field, provided the frequency of the applied electric field
is slower than the water reorientation frequency. However,
once the frequency of the applied field increases above the
characteristic reorientation frequency of the water molecules,
alignment of the water dipoles along the applied electric field
becomes increasingly improbable and leads to a decrease in the
induced polarization.

In general, the frequency-dependent changes in water
dielectric constants in the low frequency regime are governed
by dielectric relaxation, whereas intermolecular and intra-
molecular vibrational modes contribute predominantly at
higher frequencies.45,54 We modeled the dielectric relaxation
of water in proximity to lipid vesicles by introducing the three-
exponential Debye model,55 which describes the frequency-
dependent complex permittivity, ε̃(ω), as

ε ω ε̃ = +
+ ωτ

+
+ ωτ

+
+ ωτ∞
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( )
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1

2

2

3

3 (4)

where Sj is the dispersion amplitude (relaxation strength) of the
jth mode (j = 1, 2, 3) and ω is the associated angular frequency
(2πν).
Frequency-dependent real (ε′ or εreal) and imaginary (ε″ or

εimaginary) dielectric constants extracted from the data (see
Figure 3a and b) were utilized to derive the complex dielectric
constant (eq S4), which was fitted to the triple Debye model
(eq 4). The fitting parameters are shown in Tables S1−S3. A
good fit of experimental data with the three-exponential Debye
model indicates that lipid membranes could be represented by
three different modes of dielectric relaxation of water
molecules, characterized by distinct relaxation time scales.
Our analysis yielded time scales of 8.3 ps, 192 fs, and 74 fs for
buffer (bulk water), in good agreement with our previous
results.58 The ∼8 ps time scale is related to the cooperative
reordering of the water hydrogen bond network involving the
concerted breaking and reforming of hydrogen bonds through a
jump mechanism. The 192 fs time scale originates from the
quick jump motion of under-coordinated water molecules, and
the 74 fs time scale corresponds to the bending of hydrogen
bonds and propagation of transverse acoustic phonons in an
orthogonal direction with respect to hydrogen bonds between
two neighboring water molecules.47,59,60 It is to be noted here
that there could be “irrotational” water molecules present in our
system, which are so strongly bound that their relaxation

Figure 2. (a) Time domain THz signals and (b) corresponding FFT
spectra of dry air (black), empty quartz cell (gray), buffer (blue), and
vesicles of DOPC (red), DOPC/DOPG (80/20, mol/mol, green), and
DOPC/DOPG (60/40, mol/mol, yellow) at a representative
concentration of 1 mM. (c) Concentration-dependent absorption
coefficient (α) at 1 THz in vesicles of DOPC (●), DOPC/DOPG
(80/20, mol/mol, ■), and DOPC/DOPG (60/40, mol/mol, ▲).
Inset shows the frequency dependence of the absorption coefficient
(α) of buffer and vesicles of three different lipid compositions at a
representative concentration of 1 mM. The color coding is the same as
that in part a. (d) Frequency-dependent refractive index (n) of buffer
and vesicles of DOPC, DOPC/DOPG (80/20, mol/mol), and
DOPC/DOPG (60/40, mol/mol) at a representative concentration
of 1 mM. The color coding is the same as that in part a. All
experiments were carried out at ∼20 °C. See the Experimental Section
and the Supporting Information for more details.

Figure 3. Frequency-dependent (a) real and (b) imaginary dielectric
constants of buffer (◇) and vesicles of DOPC (○), DOPC/DOPG
(80/20, mol/mol, □), and DOPC/DOPG (60/40, mol/mol, △) at a
representative lipid concentration of 1 mM. The solid lines represent
fits to the three-exponential Debye model (eq 4). Concentration-
dependent Debye relaxation time constants (c) τ1 and (d) τ2 of
interfacial water in vesicles of DOPC (●), DOPC/DOPG (80/20,
mol/mol, ■), and DOPC/DOPG (60/40, mol/mol, ▲). The dashed
line in part c represents the Debye relaxation time constant τ1 of buffer
(bulk water). Data shown are representative of at least three
independent measurements. See the Supporting Information for
more details.
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(reorientation) rates are reduced enough to render them
invisible to the THz spectral window.45

Parts c and d of Figure 3 show the change in the relaxation
time associated with the first (τ1) and second (τ2) dielectric
relaxation modes with lipid concentration for zwitterionic and
negatively charged lipid vesicles. The dashed line in Figure 3c
represents the characteristic τ1 for bulk water hydrogen bond
reorganization and is known as the Debye time.45 Since no
appreciable change was observed in the relaxation time scales
associated with the second (τ2) relaxation mode with lipid
concentration (see Figure 3d and Tables S1−S3), we focused
on exploring the physical implications of the concentration-
dependent “rise and dip” signature of the relaxation time (τ1)
associated with the cooperative hydrogen bond reorganization
of water molecules in the vicinity of lipid vesicles of differential
surface charge (the third (τ3) mode was kept constant during
the fitting to the Debye relaxation model).
For this, we normalized the values of τ1 for lipid vesicles of

each concentration to the value in buffer by subtraction. The
normalized plots showing the change in the hydrogen bond
reorganization time scales (Δτ1) with lipid concentration for
each lipid composition are shown in Figure 4. Visual inspection
of each data set revealed the presence of two critical lipid
concentrations (Δτ1,maxI and Δτ1,maxII, respectively) at which
Δτ1 values peaked (see Figure 4). The data sets were then

segregated into two regimes, and regime I (corresponding to
lipid concentrations of 0.1−2 mM, see Figure 5a) was subjected
to fitting to the asymmetric peak function shown in eq 2.
Regime II (corresponding to lipid concentrations of 2−4 mM,
see Figure 5a) was not subjected to data fitting due to the lack
of statistical robustness associated with fitting three data points
to a three-parameter equation. A good fit was defined as one

Figure 4. Concentration-dependent changes in Debye relaxation time
constant (Δτ1) relative to that of bulk water (represented by the
dashed line in Figure 3c) for vesicles of (a) DOPC, (b) DOPC/
DOPG (80/20, mol/mol), and (c) DOPC/DOPG (60/40, mol/mol).
Δτ1 exhibits an initial increase with lipid concentration, until a critical
value (Δτ1,maxI, see Figure 5a), beyond which there is a decrease. The
critical lipid concentration corresponding to this inflection point (Ct

I,
see Figure 5a) depends on the charge of the lipid headgroup, thereby
implying the role of surface electrostatics in structuring the water
hydrogen bond network in the proximity of membranes. Data shown
are representative of at least three independent measurements. See text
for more details.

Figure 5. (a) Representative schematic showing the parameters
extracted upon fitting the concentration-dependent changes in
relaxation time constant (Δτ1) for DOPC vesicles (data from Figure
4a) to the log-normal asymmetric function (eq 2). Only data points in
regime I (corresponding to lipid concentrations of 0.1−2 mM) were
subjected to the fit. The parameters extracted (xo, a, and b) are shown
as blue, maroon, and gray solid arrows, respectively. As shown in
Figure S2, xo denotes the critical lipid concentration (Ct

I)
corresponding to maximum Δτ1 (Δτ1,max

I; given by a), beyond
which there is a decrease in the relaxation time. The extent of decrease
in the relaxation time (and overall order in the water hydrogen bond
network) as a consequence of crowding is given by r and is inversely
proportional to b. Regime II, consisting of only three data points
(corresponding to lipid concentrations of 2−4 mM), was not
subjected to fitting, and the values for Ct

II and the corresponding
Δτ1,max

II (shown as brown dashed arrows) were obtained solely by
visual inspection. (b) Phospholipid headgroup dependence of the
parameters obtained by fitting the data points in regime I
(corresponding to lipid concentrations of 0.1−2 mM, see part a)
from Figure 4 to eq 2. The extracted fitting parameters Ct

I, Δτ1,maxI,
and r are represented as blue, maroon, and gray bars, respectively. Data
shown are representative of at least three independent measurements.
(c) Phospholipid headgroup dependence of the critical lipid
concentration, Ct

II, and the corresponding Δτ1,max
II in regime II

(corresponding to lipid concentrations of 2−4 mM) of the data shown
in Figure 4. Regime II, consisting of only the last three data points, was
not fitted to eq 2, and the values reported here were obtained solely by
visual inspection. The color coding is the same as that in part a. See
the Experimental Section and the Supporting Information for more
details.
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with R2 ≥ 0.9. Other details of the fitting method employed are
described in section S2. Fitting with eq 2 yielded lipid
composition dependent values of the three floating parameters
involved (denoted as a, b, and xo), which are shown in Figure
5b. In order to delineate the physical significance of the values
assigned to each floating parameter and the observed changes
with lipid composition, eq 2 was analytically simulated with
appropriate constraints (see section S3 for further details).
The analytically simulated plots (see Figure S2) show that xo

represents the critical lipid concentration (Ct) corresponding to
the maximum Δτ1. The parameter a is directly proportional to
the height of the distribution and denotes the maximum
increase in the hydrogen bond reorganization time scales
(Δτ1,max). This is directly proportional to the extent of
membrane-induced ordering of water molecules, which leads
to a decrease in the reorientation rate. The floating parameter b
is inversely proportional to the decrease of Δτ1,max (and τ1,max)
beyond the critical lipid concentration and represents the loss
(r) of overall order in the water hydrogen bond network
induced by increasing lipid concentration.
In general, the inclusion of membranes resulted in an

increase in τ1 (Figure 3c). This implies an increased residence
time of water at the membrane interface. This could be
attributed to an induction of stronger ordering (or stabilization
of the hydrogen bond network) of water due to the charged
membrane interface. However, as Figure 4 shows, Δτ1
decreases again beyond a certain lipid concentration, and the
inflection point (lipid concentration) appears to depend on the
membrane composition (fraction of negatively charged lipids
present). This could be explained by the following scenario.
While each vesicle orders water molecules around it isotropi-
cally, the average residence time of a single hydrogen bond
between a water molecule and the membrane interface
decreases due to the cumulative anisotropic ordering of water
molecules by several neighboring vesicles (due to crowding at
higher lipid concentrations). Such a type of lipid crowding
could be relevant in the context of cellular hydration.
Interestingly, such ordering of water in the proximity of
membranes has been previously reported for simulated
membrane−water interfaces,61 reverse micelles,62 supported
bilayers,45 and stacked bilayers.28

The lipid concentration (in mM) corresponding to the
maximum increase in reorientation time of membrane
interfacial water (Ct

I, see Figure 5a) increases linearly with
increasing mole percent of negatively charged DOPG (blue
bars in Figure 5b). This could be due to stronger repulsive
(electrostatic) forces between the negatively charged DOPC/
DOPG membrane interfaces, relative to the zwitterionic DOPC
interface. In addition, a negatively charged interface would
induce stronger hydrogen bonds with water molecules and,
consequently, the stronger hydrogen bond network would
require greater crowding (achieved at higher lipid concen-
trations) in order to be destabilized.
The height of the distribution (a) represents the extent of

water ordering induced by proximity to the membrane interface
at the critical lipid concentration (Δτ1,maxI in ps, see Figure 5a).
We found Δτ1,max

I to be constant for DOPC and DOPC/
DOPG (80/20, mol/mol) vesicles at a value of ∼0.7 ps and was
reduced to ∼0.4 ps in the case of DOPC/DOPG (60/40, mol/
mol) vesicles (maroon bars in Figure 5b). These changes
assume significance, since the sensitivity of the experimental
setup employed is of the order of 0.1 ps. The width of the
distribution (b) is inversely proportional to the loss of ordering

in the hydration sheath beyond the critical lipid concentration.
This appears to be minimum (∼0.6) for DOPC/DOPG (80/
20, mol/mol) vesicles and increases to a value of ∼1 for both
DOPC and DOPC/DOPG (60/40, mol/mol) (gray bars in
Figure 5b). It is to be noted that the analysis employed here
yields information on the extent of water ordering and the loss
of overall order only at and beyond the critical lipid
concentration (Ct

I) which is appreciably different for the
three lipid compositions used. The parameters, Δτ1,max

I and r,
would therefore be influenced by lipid composition and
concentration.
The extent of water hydrogen bond stabilization (in terms of

its relaxation time, Δτ1,maxI, maroon bars in Figure 5b) induced
by DOPC at a concentration of 0.3 mM (Ct

I for DOPC) is
similar to that observed in DOPC/DOPG (80/20, mol/mol) at
a much higher concentration (0.7 mM; Ct

I for DOPC/DOPG
(80/20, mol/mol)). Since greater surface charge (correspond-
ing to more negatively charged lipid content) should induce
higher ordering of water in the vicinity, this seems counter-
intuitive. The decrease in Δτ1,maxI (∼0.4 ps) for DOPC/DOPG
(60/40, mol/mol) vesicles could be due to the disordering
effect associated with steric crowding that dominates over the
ordering influence of increased surface (negative) charge. A
similar reasoning may be invoked for the largest disorder
induced by the membrane interface in DOPC/DOPG (80/20,
mol/mol) vesicles, where weaker electrostatic repulsions
(relative to DOPC/DOPG (60/40, mol/mol) vesicles) ensure
a closer approach between neighboring vesicles (see gray bars
in Figure 5b) and manifest as a strong dependence on
crowding.
We observed a repetition of the “rise and dip” trend in Debye

relaxation times with lipid concentration in regime II (see
Figure 4 and Figure 5a). At this point in time, the reason for
this type of behavior is not clear. Interestingly, the parameters
for regime II (critical lipid concentration, Ct

II, and the
maximum increase in water relaxation time scale, Δτ1,max

II)
shown in Figure 5c do not show any lipid composition
dependent changes. This could imply that, at lipid concen-
trations beyond 2 mM, the extent of crowding is the
predominant determinant of water hydrogen bond structure
and there is negligible dependence on lipid composition. Taken
together, our results show that the critical lipid concentration
(Ct

I), the maximum water reorientation time (Δτ1,max
I)

corresponding to Ct
I, and the loss (r) of order in the water

hydrogen bond network with lipid concentration beyond the
inflection point (Ct

I) depend on the charge of the lipid
headgroup in a concentration-dependent fashion.

■ CONCLUSION
In this work, we have explored the microstructure and
collective dynamics of the extended hydration shell associated
with zwitterionic and negatively charged phospholipid mem-
brane bilayers using THz-TDS. Our results show that the
cooperative relaxation time constants of the water hydrogen
bond network show a unique “rise and dip” variation with lipid
concentration (Figure 4). In addition, the critical lipid
concentration corresponding to the inflection point was
found to depend on the charge of the lipid headgroup (see
Figure 6), thereby implicating membrane electrostatics as a
major governing factor in the microstructure and dynamics of
water at the membrane interface. To the best of our knowledge,
our results constitute one of the first reports on the modulation
of the dielectric relaxation response of membrane interfacial
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water by lipid composition in a concentration-dependent
manner. These observations gain importance in the context
of emerging evidence on the crucial role of water dynamics in
various membrane associated phenomena, such as the function
of ion channels24 and the activation of membrane recep-
tors.20,63,64 In addition, this lipid-stringent membrane hydration
assumes relevance in the global context of the lipid diversity
observed in biological membranes36 and the regulatory role of
negatively charged lipids in membrane protein structure65,66

and function.37−39,67−69 We envision that these results would
contribute toward developing a comprehensive framework for
understanding the regulation of a variety of membrane-
associated phenomena by diverse membrane lipids in a
biological milieu.
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