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ABSTRACT: Water drives the spontaneous self-assembly of lipids and proteins into quasi
two-dimensional biological membranes that act as catalytic scaffolds for numerous processes
central to life. However, the functional relevance of hydration in membrane biology is only
beginning to be addressed, predominantly because of challenges associated with direct
measurements of hydration microstructure and dynamics in a biological milieu. Our recent
work on the novel interplay of membrane electrostatics and crowding in shaping membrane
hydration dynamics utilizing terahertz (THz) spectroscopy represents an important step in this
context. In this Perspective, we provide a glimpse into the ever-broadening functional
landscape of hydration dynamics in biological membranes in the backdrop of the unique
physical chemistry of water molecules. We further highlight the immense (and largely
untapped) potential of the THz toolbox in addressing contemporary problems in membrane
biology, while emphasizing the adaptability of the analytical framework reported recently by us
to such studies.

The organization of amphiphilic macromolecules (such as
lipids) into functional biological membranes is driven by

the hydrophobic effect.1 The hydrophobic effect originates as a
consequence of the strong attractive forces that hold bulk water
molecules in a stable yet dynamic hydrogen-bond network with a
predominantly tetrahedral geometry. The introduction of any
nonpolar or amphiphilic solute (lipids) leads to the disruption of
this network, giving rise to “xenophobic”water molecules2 in the
immediate vicinity of the nonpolar moieties in the solute (see
Figure 1a; water molecules depicted in orange). These water
molecules are entropically destabilized because of reduced
access to the complete conformational space associated with
hydrogen-bonding, leading to a reduction in the number of
equivalent hydrogen-bonded conformations adapted by these,
relative to those available to bulk-like water. The consequent
entropic destabilization is proportional to the hydrophobic
surface area (of amphiphiles) exposed to water and gives rise to
amphiphilic self-assembly optimized to reduce such unfavorable
interactions (see Figure 1a; shown by the decreasing orange
slices in each pie chart).
Amphiphilic lipids, therefore, respond to the hydrophobic

effect by spontaneously assembling into well-defined supra-
molecular structures ranging from simpler micelles to more
intricate lipidic cubic phases. A bilayer arrangement (Figure 1b)
represents the prevalent form of lipidic self-assembly that can
support myriad biological functions, dictated by geometric
considerations of shape and packing3 associated with lipids
commonly encountered in biological membranes.4 The
membrane bilayer segregates the extracellular matrix from the
cellular interior and acts as a structured catalytic scaffold for

biochemical processes occurring at the membrane. Biological
membranes have been characterized as deformable soft
matter,5,6 with depth-dependent gradients of various phys-
icochemical properties.7,8 These depth-dependent gradients
arise, in part, as an immediate consequence of the amphiphilic
structure of the constituent phospholipids (see Figure 1a for a
representative chemical structure of phospholipids) and result in
dynamic partitioning of each leaflet of the membrane bilayer
into an anisotropic polar interface and an isotropic hydrocarbon
core (Figure 1b). The sharp decrease in water penetration across
the membrane depth9 (Figure 1b), with the largest magnitude of
change spatially coinciding with the membrane interface, is
arguably the most defining feature of biological membranes.
This nanoscale gradient in hydration, in turn, contributes to
depth-dependent gradients in polarity (and partly mobility)
observed in membranes. The anisotropic nature of these
parameters is collectively believed to impart functionality to
biological membranes. This gives rise to the exciting possibility
that the control over cellular processes exerted by biological
membranes could, in part, be encoded in hydration properties
unique to the dynamic membrane interface.
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The role of water in biological membranes extends far beyond
its canonical function as amolecular glue, with distinct signatures
of water dynamics implicated in the transient deformation of
membrane bilayers, such as those undergoing fusion.10 Figure 2a
highlights the influence of water molecules in the membrane
interaction/insertion and subsequent folding of both short
peptides and multidomain membrane-spanning proteins. In
addition, water molecules have been shown to act as a “foldase”
and catalyze large-scale conformational rearrangements of
peptide dimers in a low dielectric environment,14 reminiscent
of the membrane hydrophobic core.7 This recurring theme of
water-mediated membrane interaction and organization ob-
served across membrane-interacting peptides and integral
transmembrane proteins is reflected in the pivotal functional
role of water molecules in membrane biology (Figure 2b).

The partitioning of short water-soluble peptides to the
membrane interface leads to the subsequent (or concomitant)
development of structural (mostly helical) elements in these
peptides. This process is directed by a search for an energy
landscape that maximizes the number of mutually favorable
hydrogen-bonded conformations between the peptide, the
membrane (interface), and the immediate solvent shell.
Therefore, the greater stability associated with hydrogen-
bonding interactions of certain amino acids with the membrane
interface, relative to that with bulk-like water molecules, causes
an overall shift toward membrane-bound peptide conforma-
tions. Aromatic amino acids (such as tryptophan, shown as
yellow beads in Figure 2a) play an important role in this context
because of their propensity for participating in hydrogen bonds

Figure 1. (a) Schematic representation of entropic principles underlying the self-organization of amphiphilic lipids in an aqueous physiological milieu.
Polar phospholipid headgroups are shown in gray, and hydrophobic acyl chains are in black. The chemical structure of a representative phospholipid
(diacyl phosphatidylcholine) superimposed on an enlarged cartoon representation of the phospholipid is shown on the left. Energetically stabilized
water molecules are shown in shades of blue, whereas “xenophobic” water molecules in proximity to hydrophobic lipid acyl chains are shown in shades
of orange. Lipid self-assembly is driven by the hydrophobic effect, which is manifested as a tendency to reduce the fraction of xenophobic water
molecules (orange slices in each pie chart) with unfavorable hydrogen-bonding interactions relative to stable water molecules (blue slices in each pie
chart). (b)Molecular architecture of a phospholipid bilayer showing the anisotropic membrane interface that segregates the isotropic aqueous exterior
from the isotropic oil-like membrane hydrophobic core. Color coding for phospholipids is the same as in panel a. The sharp decrease in water
penetration along the membrane depth (schematically shown with a blue trace on the right) contributes to the anisotropic nature of the membrane
interface, which is manifested as depth-dependent polarity (and, in part, mobility) gradients. Because the largest magnitude of change in water
penetration (blue trace on the right) overlaps with the chemical coordinates of the membrane interface, the biological relevance of the membrane
interface could be encoded, in part, in its hydration signatures. See text for more details.
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with lipid carbonyl, phosphate and choline groups15−17 and
interacting with membrane interfacial water,18 which stabilizes
initial peptide−membrane contacts. Notably, work from our
group (utilizing the wavelength-selective fluorescence ap-
proach8,19) has established solvation dynamics of membrane
interfacial tryptophan residues as a sensitive reporter for several
biological phenomena including membrane lysis,20 trans-

membrane ion conductance,21 and response to membrane
hydrophobic mismatch.22,23 Recent reports on the restricted
dynamics and anomalous diffusion of water in the translocon
protein machinery involved in in cellulomembrane insertion and
folding of nascent membrane-spanning proteins24 have further
broadened the organizational repertoire of water in membrane
biology.

Figure 2. An emerging picture of the multifaceted influence of water molecules in the structure and function of biological membranes. (a) Water
molecules shapemembrane organization by driving (from left to right) self-assembly of lipids intomembrane bilayers; membrane interaction of soluble
peptides (often unfolded; depicted as a string of magenta beads with the aromatic amino acid tryptophan shown as yellow beads); large-scale
conformational transitions in membrane peptides and proteins (represented as overlapping pink transmembrane domains with solid and dashed
outlines) by acting as a “foldase”; andmembrane insertion and folding of nascent membrane proteins (shown as a solid magenta line) by the translocon
machinery (shown in green). Water molecules associated with the translocon machinery, with microstructure and dynamics distinct from that of bulk-
like water, are depicted in shades of green. (b) Water-mediated function of the two largest classes of membrane proteins: G protein-coupled receptors
(GPCRs; left) and ion channels (right). Multiple water molecules (blue spheres in a ribbon representation of the rhodopsin crystal structure (PDB ID
2X72)11) have been observed across the inner lumen of the GPCR seven-transmembrane receptor bundle (top view with helices numbered I−VII in
the top left inset). Some of these water molecules mediate distinct patterns of inter-residue contacts in active (purple) and inactive (brown)
conformational states of the receptor. A minimalistic model for voltage-gated ion channels (pore domain from only two subunits shown for clarity) is
depicted in green (right). Outward movement (opposing gray arrows) of the gate region in each subunit, as observed in KcsA crystal structures in the
open (teal blue, PDB ID 6W0D)12 and closed (green, PDB ID 6W0H)12 conformations (inset to the right), is required for transition from closed to
open conformations for most voltage-gated ion channels. Top views of the same channel in the open (teal blue border) and closed (green border)
conformations shown as insets in the top right. Hydration of the cargo (ions; depicted as an orange sphere) and that of residues lining the pore lumen
exert precise control over ion channel activity. The PyMOLmolecular graphics system version 2.5.0 (Schröndinger LLC, New York, NY) was used for
aligning related (active/inactive, open/closed) structures and rendering overlaid images. Individual snapshots were generated using the Mol* 3D
Viewer.13 Color coding for all other molecules is the same as in Figure 1. All other membrane-associated water molecules are omitted from panel b for
clarity. See text for more details.
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The ubiquitous involvement of water in shaping the
organization and dynamics of biological membranes is reflected
in emerging reports on functionally relevant water molecules in
almost every aspect of contemporary membrane biology (see
Figure 2b). Water molecules are increasingly being recognized
as a crucial component in important membrane proteins,
including G protein-coupled receptors (GPCRs)25 and ion
channels.26 These two classes of membrane proteins collectively
(and sometimes, synergistically) function as sophisticated
responsive conduits for the transfer of information and cargo
across biological membranes and are recognized as promising
drug targets for the development of precise therapeutic
interventions.25,27,28 In addition, water molecules can act as
conformational adaptors that facilitate communication between
spatially segregated proteins or protein domains,29−31 partic-
ularly in a crowded cellular milieu where direct protein−protein
interactions could be hindered. Such water-mediated or water-
templated interactions could be involved in physiological
processes occurring at biological membranes, on account of
the crowded nature of membranes.32

GPCRs are the largest class of membrane proteins that
transduce signals ranging from neurotransmitters, odorants, and
peptides to even photons across membranes and play a crucial
role in cellular function and fate by regulating signaling cascades
in the cellular interior.25 Signal transduction by GPCRs is
initiated upon ligand binding at the extracellular face of the
membrane, which triggers a set of well-choreographed
conformational rearrangements in the transmembrane helical
domains and results in the recruitment of specific effectors at the
cytoplasmic side.33,34 Structural analysis of GPCRs (utilizing X-
ray crystallographic and cryo-EM approaches) has identified
multiple water molecules across the inner lumen of the receptor
helical bundle (see Figure 2b for a representative snapshot of
water molecules in the rhodopsin crystal structure). The
interhelical contacts stabilized by some of these water molecules
are different in GPCR active and inactive states (purple and
brown lines in top left inset in Figure 2b), although a common
subset of state-independent residue contacts have also been
reported.35 In addition, GPCR activation has been demon-
strated to trigger extension of such a protein−water hydrogen-
bond network, bridging multiple sequence/structural motifs
crucial for signal transduction, throughout the receptor lumen.36

These studies, along with reports correlating the formation of a
continuous internal water pathway37 and water influx into the
receptor cavity38 with GPCR activation, has led to the
recognition of membrane hydration dynamics as an important
parameter in the mechanistic framework of GPCR-mediated
signal transduction.39 Interestingly, a recent cryo-EM structure
of the clinically relevant serotonin1A neurotransmitter
GPCR40−43 has shown the presence of “structured water
molecules” in the ligand-binding pocket that resemble water

around the natural ligand (serotonin) of this receptor subtype,44

which could contribute to the long-standing discourse on the
origin of basal activity (i.e., activity in the absence of ligands) in
GPCRs. Importantly, the reduced therapeutic response of a
clinical GPCR variant implicated in respiratory diseases has been
ascribed to the loss of a water-mediated network crucial for
stabilizing the ligand binding site,45 thereby hinting at the
potential application of hydration signatures as molecular
markers in pathophysiological conditions (see below).
Ion channels constitute another important class of membrane

proteins that regulate the transport of ions across biological
membranes in response to a range of stimuli including the
presence of ligands, exposure to photons, and electrical and
mechanical changes in their immediate microenvironment.26 In
terms of molecular anatomy, ion channels consist of a central
pore flanked by specialized structural features (such as selectivity
filters and gates) that enable precise coupling of channel
function with changes in the microenvironment (see Figure 2b).
Interestingly, the molecular architecture of potassium chan-
nels,46 one of the most well-studied members of the voltage-
gated ion channel superfamily,47 is proposed to have been
templated on the structure of a hydrated potassium ion to ensure
optimal stability of the dehydrated ion in the course of its
journey through the channel pore.48,49 The function of several
ion channels (including the KcsA channel,50 mechanosensitive
MscS channel,51 channelrhodopsins,52 and proton channels53)
have been reported to be influenced by hydration dynamics in
the pore lumen. In addition, selectivity of the KcsA channel
toward potassium ions (in contrast to the NaK channel, which
cannot discriminate between sodium and potassium ions) is
known to originate from differential hydration of these cations,54

which translates to size-based sorting of the solvated ions.
Emerging reports have mapped mutations in ion channels
resulting in subtle alterations in channel hydration to
channelopathies (diseased conditions induced by ion channel
dysfunction),55 thereby highlighting the influence of water
microstructure and dynamics in ion channel activity.
This expansive range of biomembrane organization and

function mediated and/or supported by water could be
attributed to the unique physical chemistry of water molecules.
The chemical composition of water, consisting of two hydrogens
and one oxygen, is the simplest among all biomolecules; and yet
a comprehensive understanding of the properties of water, even
as a supposedly simple bulk matrix, has eluded scientists for
centuries. The physicochemical nature of its constituent atoms
impart water with many of its special properties,56 including the
ability to act as both hydrogen-bond donors and acceptors,
which enables its interaction with both positively and negatively
charged groups. The most notable attribute that distinguishes
water from other simple liquids is its immense capacity to
participate in extensive stable yet dynamic hydrogen-bonding
networks, which is manifested as an approximately tetrahedral
arrangement of each water molecule with respect to its
neighbors. The anomalous properties of water are believed to
originate from this intrinsic tetrahedrality of the water
network.57,58 Importantly, water hydrogen-bond networks
have been shown to span length scales sufficient to connect a
large fraction of molecules in a given system,56 with such a
“percolation transition” linked to the onset of protein function.59

These physicochemical attributes of water molecules are
collectively manifested as an immense plasticity in multiple
structural aspects of water, including hydrogen-bond lengths
and polarizability of the lone pairs of electrons on the central

The ubiquitous involvement of
water in shaping the organization

and dynamics of biological
membranes is reflected in

emerging reports on functionally
relevant water molecules in al-
most every aspect of contempo-

rary membrane biology.
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oxygen.56 Water molecules are, therefore, poised to respond to
localized, often subtle, changes in their immediate micro-
environment and act as conformational adaptors or amplifiers to
trigger the requisite cellular response.

This inherent plasticity in water structure is manifested in the
broad temporal scale characteristic of hydration dynamics,
spanning at least 9 orders of magnitude (Figure 3). Intra- and
inter-molecular dynamics of water in the molecular length scale,
including O−H bond stretching/bending, librational motion
and hydrogen-bond fluctuation/reorganization, are relatively
well-studied and known to occur in the femtosecond to
subpicosecond time scale.60−63 Although insights into these
modes of hydration dynamics originate predominantly from
studies of bulk water, picosecond orientational dynamics has
been recently reported for water in live cells.64,65 Additional
dynamic processes occurring in this time scale, albeit at a
possibly longer length scale, include proton transfer66 and
translational diffusion.61 The other end of this spectrum is
populated by several collective modes of hydration dynamics
characterized by a subnanosecond to microsecond time scale.
The most notable of these are dipolar relaxation of the extended

water hydrogen-bond network,61 restricted solvation dynamics
at charged or polar surfaces (including the membrane interface
and protein surfaces),8,19,50,67 hydration dynamics at enzyme
active sites,68 and water exchange with buried hydration sites.64

Incidentally, hydration dynamics at longer time scales (high-
lighted by a yellow bar in Figure 3) could be influenced by
biomembrane properties and coupled to membrane dynamics,7

possibly because of substantial temporal overlap in the two. In
this context, we have recently reported faster solvent relaxation
in the Golgi membrane of live cells relative to the plasma
membrane, utilizing a fluorescence-based spectral relaxation
imaging approach.69 It must be noted here that the temporal
aspects of hydration dynamics discussed above, particularly that
of membrane-coupled hydration dynamics, is undergoing a
rapid conceptual evolution at present. Such paradigm shifts are
propelled, in part, by major technical advances (such as
attosecond spectroscopic approaches to probing hydration70)
and are expected to result in further extension and refinement of
the spatiotemporal range characteristic of hydration dynamics.
Organization and dynamics of water at the membrane

interface have been conventionally studied using infrared,
fluorescence, and nuclear magnetic resonance spectroscopy, X-
ray and neutron diffraction, and calorimetric approaches.62,63,71

Although these methods can provide robust insights at several
complementary spatiotemporal resolutions (owing to the
unique energy gap dictating resonance condition for each
approach), none of these techniques offer a direct window into
hydration dynamics at the membrane interface. The prevalence
of indirect experimental methods for studying water at the
membrane interface is predominantly due to a lack of excitation
sources (and detectors) characterized by sufficient temporal
overlap with time scales of membrane-associated solvation

Water molecules are poised to
respond to localized, often

subtle, changes in their immedi-
ate microenvironment and act as
conformational adaptors or am-
plifiers to trigger the requisite

cellular response.

Figure 3. Temporal scales of short-range (intra- and inter-molecular; light green bars on top left) and long-range (collective; dark green bar on top
right) hydration dynamics encountered in biological systems. Different modes of hydration dynamics are arranged in increasing order of time scales
from left to right, with those amenable to terahertz (THz) spectroscopic studies highlighted with a blue bar (see bottom of the figure).Water molecules
involved in a specific mode of dynamics (depicted using maroon arrows) are shown in shades of blue for clarity, whereas neighboring
(nonparticipating) water molecules, if any, are rendered in shades of gray. The yellow bar at the top highlights the modes of hydration dynamics that
could be influenced by proximity to biomimetic or biological membranes, thereby reporting on or influencing functional aspects of membranes. See
text for more details.
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dynamics. This bottleneck was circumvented by a technological
breakthrough in the early 1990s that afforded the generation of
far-IR pulses of very short pulse widths (∼femtosecond), leading
to the advent of terahertz (THz) spectroscopy.72,73 THz
spectroscopy (1 THz = 1012 Hz = 1 ps−1) is a label-free far-IR
spectroscopic technique with a subpicosecond temporal
resolution and is operationally defined as the generation and
detection of THz pulses using visible or near-IR pulsed lasers
with a short pulse width. Because of the unprecedented temporal
resolution achievable with this setup, THz spectroscopy is most

commonly used in the time-domain mode (termed THz-TDS).
THz spectroscopy can report on the ultrafast dynamics of the
water hydrogen-bond network (highlighted with a blue bar in
Figure 3), because this particular mode of hydration dynamics
spans a frequency range of 1−6 THz.61 In addition, the THz
toolbox has the considerable advantage of negligible interference
from optical scattering,74 making it particularly well-suited for
investigating hydration behavior in membranes at biologically
relevant experimental conditions inaccessible to optical spec-

Figure 4. Schematic representation of (a) a terahertz (THz) time-domain spectrometer and (b) data acquisition and analysis workflow employed in a
THz time-domain experiment. The pulsed laser excitation source is shown as a green solid box in panel a. The pump beam (green solid line) is used to
generate THz pulses (shown as a blue solid line) from a THz transmitter (blue rectangle on the left). The transmitted radiation is recorded in a THz
receiver (blue rectangle on the right) gated synchronously with the probe beam (green solid line). The various components used to guide the radiation
path are shown in black, the delay stage is shown as a box with dashed border, and the sample is depicted as a magenta rectangle. THz spectroscopy
involves the direct measurement of time-dependent transmitted electric fields in the absence (gray trace in graph i of panel b) and presence (orange,
green, and yellow traces in graph i of panel b; corresponding to three arbitrary experimental conditions) of samples. The acquired data is used to
construct a frequency-dependent profile of permittivity (shown in graph ii of panel b as orange, green, and yellow traces), which provides insights into
the dipolar orientation (shown as a purple arrow in the inset of graph ii of panel b) and collective dynamics of water molecules around a solute (gray
shape in the inset). These traces can be further analyzed to yield information on temporal (distinct water populations in blue, gray, and maroon) or
spatial (distinct water populations in shades of blue) heterogeneity in hydration behavior under different experimental conditions (depicted as orange,
green, and yellow circular boundaries). See text for more details.
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troscopy (including fluorescence) because of their susceptibility
to scattering-induced artifacts.
A representative THz-TDS setup is shown in Figure 4a. A

pump beam split from a pulsed laser excitation source is fed into
a photoconducting antenna that acts as a THz transmitter, and
the THz pulse (∼femtosecond pulse width) generated this way
is passed through the sample. The transmitted THz pulse is then
detected at a THz receiver, which is gated synchronously by a
probe beam split from the same excitation source. This ensures
that the receiver can record changes in the electric field of the
transmitted THz pulse as a function of time, with the time-
dependence introduced by the delay stage. Simply put, the delay
stage can be thought of as a “sliding window” that incrementally
scans the entire waveform accessible to a particular setup until
the resonance condition is satisfied, leading to signal (current)
detection at the THz receiver. Because the presence of different
samples in the THz radiation path would introduce variations in
the resonance condition, the time delay at which the THz
receiver detects a signal would differ for different samples. This is
manifested as a temporal shift and reduction in amplitude of the
THz pulse transmitted through samples, compared to that
transmitted through air (graph i of Figure 4b). Technical aspects
of the generation, detection, and analysis of THz pulses remain
an area of active research and have been discussed in detail
elsewhere.72,75

Importantly, THz spectroscopy involves direct measurement
of both phase and amplitude of the transmitted electric field, in
contrast to most spectroscopic techniques, where either
amplitude or phase is detected post light−matter interaction.
Time-dependent changes in the transmitted THz pulse are
subjected to simple mathematical treatments75,76 (including a
fast Fourier transformation to the frequency domain for ease of
analysis) to yield frequency-dependent changes in absorption
coefficient and refractive index. These optical parameters are
then utilized to deduce the frequency dependence in dielectric
constant or permittivity. The commonly observed reduction in
permittivity with increasing frequency (shown in graph ii of
Figure 4b) originates from the interaction of water dipoles with
an external electric field and reflects the collective dipolar
relaxation of water. This frequency-dependent decrease in
permittivity is known as the dielectric relaxation of water77 and is
known to arise from tetrahedral displacement of water
molecules.78 Application of an external electric field aligns the
water dipoles along the external field. In the case of an oscillating
electric field (due to the pulsed nature of the excitation source),
water molecules would continue to be oriented along the
external field after each excitation event, as long as their intrinsic
reorientation frequency (given by the Debye relaxation time79)
is faster than the frequency of the applied electric field. However,
these fluctuations are disrupted when the external field oscillates
faster than the Debye relaxation time of water, resulting in a
decrease in the average probability of alignment of water dipoles
along the external field, which, in turn, is manifested as a
reduction in permittivity with increasing frequency.
The dielectric relaxation of bulk water can therefore be

conceptualized to arise from two opposing factors: the external
electric field that has an ordering effect on water dipoles and the
reorientation tendency of the extended hydrogen-bond network
that leads to reorganization of the ordered water dipoles.
However, in the presence of membranes, water orientational
dynamics is additionally influenced by the hydrogen-bonding
capacity of lipid headgroups (and amino acid constituents of
membrane proteins) present at themembrane interface. In other

words, the physicochemical nature of the membrane interface,
recognized to be important in myriad functional aspects of
membrane biology,7,80 is reflected in the dielectric relaxation of
membrane-associated water. In fact, even subtle changes in the
membrane microenvironment could be expected to significantly
impact water microstructure and dynamics, on account of the
responsive nature of water molecules encoded in their immense
structural plasticity. This implies that mathematical deconvolu-
tion of the dielectric response of water could provide detailed
insights into the different water subpopulations characteristic of
a specific system or experimental condition (Figure 4b), thereby
providing a robust handle for mapping dynamic hydration
signatures to organizational and functional features of biological
membranes. Information on temporal heterogeneity in such
water subpopulations (in terms of distinct relaxation time
constants; corresponding physically to the residence time of
specific water subpopulations) is conventionally acquired by
fitting the frequency-dependent trend in permittivity to the
Debye model,76,77,81 although other mathematical frameworks
have been proposed.82 However, spatially resolved insights into
these water subpopulations (e.g., spatial coordinates defined
with respect to proximity to a nonaqueous hydrogen-bonding
partner) remain scarce. Hydration sheaths associated with
biomimetic and biological membranes are expected to be
particularly amenable to THz-based studies investigating spatial
heterogeneity in the water hydrogen-bond network because of
the rich tapestry of existing knowledge regarding membrane
organization and dynamics.3,4,7−9,80,83−89

THz-based studies of membrane hydration have been focused
predominantly on the structure and dynamics of hydration shells
associated with common diacyl phosphocholine model
membranes (vesicles),76,90−92 often in conjunction with
complementary techniques.93,94 Interestingly, the behavior of
membrane-associated water has been reported to reflect both
gel-to-fluid phase transitions95 and structural rearrangements
from bilayer to nonbilayer assemblies.96 In addition, a
correlation between differential water microstructure (man-
ifested as differences in THz absorption patterns) and lipid
packing unique to specific conditions (such as temperature and
the presence of salt) have been suggested.97,98 A recent study has
attempted to probe dynamic membrane reorganization and
poration in live cells using the THz toolbox.99 However, gaining
quantitative insights on membrane hydration dynamics in
complex cellular systems is strongly contingent on the
availability of comprehensive literature on changes in THz
patterns with differences in microenvironment (including pH
and presence of salt, metal ions, and small molecules) commonly
experienced by biological membranes. Incidentally, such a

Hydration sheaths associated
with biomimetic and biological
membranes are expected to be
particularly amenable to THz-

based studies investigating spa-
tial heterogeneity in the water

hydrogen-bond network because
of the rich tapestry of existing

knowledge regarding membrane
organization and dynamics.
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strategy has been successfully employed for THz-based studies
of proteins, with systematic characterization of hydration of
individual amino acids,100 amino acid mixtures and dipep-
tides,101 and peptide tetramers102 complementing investigations
on more complex biologically relevant proteins,61,103−105

including GPCRs106 and the SecY translocon.107

In this context, we have recently explored the microstructure
and collective dynamics of the water hydrogen-bond network
associated with zwitterionic and negatively charged model
membrane bilayers as a function of lipid concentration using
THz-TDS.108 These experimental conditions allowed us to
probe how changes in crowding and membrane interfacial
electrostatics, factors commonly encountered by membranes in
cellulo, can shape hydration dynamics in biological membranes.
Our results show that the presence of membranes leads to
increased residence time of water at the membrane interface
relative to bulk-like water, possibly because of favorable (more
stable) hydrogen-bonded interactions between water and
molecular dipoles at the membrane interface.8,19 Interestingly,
the relaxation time constants of collective hydration dynamics
was found to exhibit a unique “rise and dip” variation with lipid
concentration (Figure 5a), highlighting the effect of crowding in
shaping dynamic signatures of membrane interfacial hydration.
In other words, the relaxation time constant of membrane-
associated water increases with lipid concentration only up to a
certain concentration (termed as critical lipid concentration;
Figure 5c), beyond which the average time of residence for a

hydrogen bond between the membrane interface and a water
molecule exhibits reduction. This could be ascribed to the
anisotropic influence of several lipid vesicles (due to crowding at
higher lipid concentrations) on neighboring water molecules,
which is manifested as an overall decrease in the relaxation time
constant at higher lipid concentrations (Figure 5d).
We further analyzed this concentration-dependent trend by

fitting the acquired data to an asymmetric peak function,
followed by numerical simulation of the peak function to
understand the physical significance of the fitting parameters.
This analytical framework enabled us to gain novel insights into
membrane interfacial hydration, leading to the observation that
the critical lipid concentration corresponding to the inflection
point (highlighted by a box with orange border in Figure 5a)
depends on the charge of the lipid headgroup (Figure 5c). Our
results, therefore, indicate the influence of both surface
electrostatics and steric crowding in shaping the organization
and dynamics of water molecules at the membrane interface.
These observations constitute one of the first comprehensive
reports on the effect of lipid concentration and composition on
the dielectric relaxation of membrane interfacial water.
Collective insights from this work could be relevant in the
ever-broadening functional landscape of hydration dynamics in
biological membranes. More importantly, the analytical frame-
work utilized by us could be refined further for different types of
biomimetic and biological membranes, especially in view of the
extensive, often quantitative, literature available on the structure

Figure 5. Effect of phospholipid headgroup charge (membrane interfacial electrostatics) and crowding on water microstructure and dynamics at the
membrane interface. Panel a shows the unique “rise and dip” trend in relaxation time constants characteristic of membrane interfacial water as a
function of lipid concentration reported recently by us.108 Membrane interfacial water molecules characterized by shorter relaxation time constants
(i.e., faster hydrogen-bond reorganization) are shown in light blue (panels b and d) and those with longer relaxation time constants (i.e., slower
hydrogen-bond reorganization) are in dark blue (panel c). The critical lipid concentration, corresponding to themaximum observed value of relaxation
time constant, depends on phospholipid headgroup charge, thereby implicatng membrane electrostatics as a major factor governing membrane
hydration dynamics. See text for more details. Adapted from ref 108. Copyright 2018 American Chemical Society.
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and dynamics of biomimetic and biological mem-
branes.3,4,7−9,80,83−89

There has been a rapid increase in biomedical applications of
the THz toolbox in the last two decades, most notably in cancer
diagnostics and tissue imaging.74 In addition, THz approaches
have been successfully utilized toward sensitive detection of
biomolecules109 and pathogenic microorganisms.110 However,
applications of the THz toolbox based on lipid detection are
scarce at present.111 This is possibly due to limited insights into
molecular factors that dictate the microstructure and dynamics
of membrane interfacial water, which would be needed for
effective deconvolution of THz patterns obtained from complex
biological membranes. Both basic and translational advances in
this context are expected to depend on technological break-
throughs related to the adaptation of THz spectroscopy to a
wide range of biomembrane samples and the integration of THz
generation and detection methodologies into complementary
experimental, modeling, and theoretical approaches. Recent
reports on combination of the THz framework with
calorimetry,112 chemometrics,113 microfluidics,114 and real-
time imaging115 techniques (Figure 6), along with molecular
dynamics simulations,116 represent powerful advances in this
respect.

The robust and sensitive spatiotemporal mapping of water
molecules afforded by these powerful variants of THz
spectroscopy is expected to enrich our understanding of
membrane interfacial hydration, which could be further utilized
for the rational design of biomimetic interfaces. This is
exemplified by recent reports, where information on membrane
hydration dynamics has been utilized for structure refinement of

membrane-associated proteins117 and hydrophobicity predic-
tion for synthetic interfaces.118 Importantly, the current view of
water molecules at the membrane interface, obtained from
recent experimental and simulation approaches, boasts an
unprecedented resolution in terms of the spatial coordinates
of water.119−121 We believe that a quantitative analysis of THz
data from biomimetic and biological membranes, when
reinforced by information from such studies, could be
instrumental in offering comprehensive insights into structural
and dynamic signatures of membrane interfacial water. Such a
spatiotemporally resolved waterscape of biological membranes
could have far-reaching implications and applications, especially
with water molecules being proposed as a functional group
mimic for identifying novel drugs.122

In conclusion, the organizational repertoire of water unifies
almost all aspects of biomembrane assembly and structure.
However, the functional relevance of hydration in membrane
biology is only beginning to be addressed, predominantly
because of challenges associated with direct measurements of
water microstructure and dynamics at the membrane interface.
Our recent work on the novel interplay of membrane
electrostatics and crowding in shaping membrane hydration
dynamics utilizing THz spectroscopy represents an important
step in this context. In this Perspective, we provide a glimpse
into the ever-broadening functional landscape of hydration
dynamics in biological membranes in the backdrop of the unique
physical chemistry of water molecules. We further highlight the
immense (and largely untapped) potential of the THz toolbox in
addressing contemporary problems in membrane biology, while
emphasizing the adaptability of the analytical framework
reported recently by us108 to such studies.
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mapping of water molecules afforded by THz spectroscopy is expected
to contribute to our fundamental understanding of hydration dynamics
in biological membranes, which could be further utilized for membrane
protein structure refinement and rational design of biomimetic
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THz toolbox based on lipid detection (shown in green) are scarce at
present. Both basic and translational advances in this respect are
strongly contingent on technological breakthroughs, such as integration
of the THz framework into complementary experimental approaches
(shown in yellow). Importantly, the analytical framework employed
recently by us108 could be readily adapted to THz-based spatiotempor-
ally resolved studies of hydration dynamics in biomimetic and
biological membranes, particularly in light of the rich tapestry of
existing knowledge on membrane organization and dynamics. See text
for more details.
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