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Abstract In vivo, cells are immersed in an extracellular

solution that contains a variety of bioactive substances

including ions and water. Classical electrophysiological

analyses of epithelial cells in the stomach and small

intestine have revealed that within a distance of several

hundred micrometers above their apical plasma membrane,

lies an extracellular layer that shows ion concentration

gradients undetectable in the bulk phase. This ‘‘unstirred

layer’’, which contains stagnant solutes, may also exist

between the bulk extracellular solution and membranes of

other cells in an organism and may show different prop-

erties. On the other hand, an earlier study using a bacterial

planar membrane indicated that H? released from a

transporter migrates in the horizontal direction along the

membrane surface much faster than it diffuses vertically

toward the extracellular space. This result implies that

between the membrane surface and unstirred layer, there is

a ‘‘nanointerface’’ that has unique ionic dynamics.

Advanced technologies have revealed that the nanointer-

face on artificial membranes possibly harbors a highly

ordered assembly of water molecules. In general, hydrogen

bonds are involved in formation of the ordered water

structure and can mediate rapid transfer of H? between

neighboring molecules. This description may match the

phenomenon on the bacterial membrane. A recent study

has suggested that water molecules in the nanointerface

regulate the gating of K? channels. Here, the region

comprising the unstirred layer and nanointerface is defined

as the interphase between the plasma membrane and bulk

extracellular solution (iMES). This article briefly describes

the physicochemical properties of ions and water in the

iMES and their physiological significance. We also

describe the methodologies that are currently used or will

be applicable to the interphase research.
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Introduction

All cells in multicellular organisms are separated from the

extracellular fluid by the plasma membrane, which is

composed of a lipid bilayer. The membrane not only
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encloses organelles, molecules, enzymes, and genes inside

the cells but also contains receptors and the ion transport

apparatus including channels and transporters. To date, the

majority of experimental techniques have been designed to

analyze the intracellular compartment, plasma membrane,

and bulk extracellular fluid. These conventional approaches

have identified numerous biological events and their

underlying mechanisms, greatly contributing to the devel-

opment of life sciences and medicine. Nevertheless, cur-

rently available data do not sufficiently explain the

machineries that yield a considerable number of vital

phenomena such as stable extracellular and intracellular

ionic homeostasis, effective absorption of nutrients and

drugs, and proper control of ligand–receptor interactions.

To resolve this problem, different methodological approa-

ches are required. Several studies have focused on the

microextracellular space above the plasma membrane. The

fluid in this space is not readily mixed with bulk content

and likely maintains particular physicochemical profiles of

ions and water. This space, which is here referred to as the

‘‘interphase between the membrane and bulk extracellular

solution (iMES)’’, can be subdivided into two regions as

follows (Fig. 1). First, most of the iMES is occupied by an

‘‘unstirred layer’’, which contains stagnant solutes [1]. This

layer may be comparable to the ‘‘diffusion layer’’ described

by other scientists [2] and is unlikely to be present in the

narrow intercellular space between the membranes of

tightly attached or aggregated cells. Second, between the

unstirred layer and membrane, in other words, in the very

close vicinity to the membrane surface—possibly within

less than a nanometer from the outer leaflet—lies a space

that is likely to be characterized by water structure and

ionic dynamics different from those in the unstirred layer.

Here, we call this space the ‘‘nanointerface’’, and it may

cover the plasma membrane of all the cells. In spite of

potential importance of the iMES in organisms, it has not

yet been sufficiently examined by conventional methods.

The iMES does not perfectly correspond to a ‘‘bioint-

erface’’ or ‘‘biological interphase’’ that is likely to include

the cellular plasma membrane in addition to the unstirred

layer and a nanointerface as documented in the literature

[2]. In this review, we focus on ions and water in the iMES

and briefly summarize their unique properties and possible

physiological significance. Moreover, we describe several

techniques and methodologies that have been applied or

will be applicable to analysis of the iMES. Some of the

topics were presented at the symposium ‘‘The 93rd Annual

Meeting of the Physiological Society of Japan’’ (March

22–24, 2016).

Unstirred layer

The unstirred layer, which is mostly observed above the

epithelial apical membranes exposed to an extracellular

fluid in a lumen, contains not only solutes including ions,

secretory proteins, and peptides, but also structural ele-

ments such as glycans and extracellular regions of ion

channels, transporters, and receptors (Fig. 1) [2, 3]. This

region is likely to serve as a diffusion barrier, allowing ions

to display physicochemical behaviors that are unde-

tectable in the bulk phase [4–6]. In this context, the H?

parameter in the digestion system has been characterized

well. In the stomach, a layer of 100- to 300-lm thickness

above the plasma membrane of the epithelial cells has a pH

gradient from 2 to 7 [7]. This interphase protects the

epithelial surface from damage by the strong acid

(pH & 1) of the bulk fluid. The small intestine has a

*500-lm unstirred layer, which has pH of 6–7 and shields

the epithelial cells from enteral contents whose pH is

approximately neutral [7–9]. The cells take up nutrition via

membrane-integral transporters that carry H? and peptides

together. The excess H? in the layer likely acts as a driving

force for the transporters and facilitates absorption of

nutrition. These pH properties seem to be maintained at

least partially by the convoluted surface of the mucosa, the

glycans attached to membrane proteins, and the mucus

[3, 6].

It is reasonable to hypothesize that the unstirred layer

may cover a variety of cells including floating immune

cells and scatteredly distributed fibroblasts in an organism.

In this layer, not only H? but also other ions may show

Fig. 1 Structure of the iMES. The iMES is defined as a complex of

the ‘‘unstirred layer’’ and ‘‘nanointerface.’’ Substances and compo-

nents that constitute the layers are illustrated. They include ions,

structurally unique water molecules, extracellular regions of mem-

brane proteins and their glycans, and secretory glycoproteins. Of note,

the nanointerface lies in close vicinity of the membrane surface and

possibly has thickness ranging within a nanometer. For the charac-

teristics of the unstirred water layer and nanointerface, see the main

text
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profiles different from those in the bulk phase. This idea is

partially supported by one study involving an artificially

fabricated lipid-bilayer membrane [10]. In that study, two

chambers, each of which contained any one or two of K?,

Na?, H?, and Ca2? and the corresponding ionophore(s),

were separated by the membrane. The ion concentrations in

one chamber were set to greatly exceed those in the other.

As a consequence, ion concentration gradients were con-

stantly detected in the space located within several hundred

micrometers from the membrane surface, reminiscent of

the unstirred layer. Thickness of the space depends on the

magnitude of the diffusion coefficient of an ion. In vivo,

individual cell types have different sets of ion transport

machinery, and therefore may have an unstirred layer of

variable properties and thickness. It will be worthwhile to

elucidate how different profiles of the unstirred layer are

established and how they influence cellular and tissue

functions.

To vertically analyze concentration gradients of ions in

the unstirred layer, glass microelectrodes are convention-

ally used whose tips are packed with ion exchangers. Each

exchanger type selectively allows certain ion species to

pass through. In a typical case, microelectrodes with a tip

diameter of 1–2 lm are manufactured and gradually

brought close to the membrane surface by a manipulator

[8, 10]. A disadvantage of this classical method is difficulty

with planer mapping of ionic concentrations. This problem

has not yet been addressed sufficiently but may be resolved

in the future by application of a recently developed scan-

ning ion-conductance microscopy (SICM). This method,

which was originally aimed at noninvasive visualizing of

fine three-dimensional (3D) structure of the surface of live

cells, involves two Ag/AgCl electrodes. One is inserted

into the probe of a fine glass nanopipette filled with an

electrolyte, and the other is placed in the medium (Fig. 2a)

[11, 12]. A voltage is applied between the two Ag/AgCl

electrodes to monitor the ion current that represents a

distance between an electrochemical probe and the sample.

As the nanopipette gets closer to the surface of the cell

(Fig. 2a), the access resistance increases, reducing the ion

current from the electrode (Fig. 2b). The hopping probe

scans the cell surface, while the reduction in the current is

continuously monitored (Fig. 2a). Analysis of the positions

of the tip of the probe at certain set points of the current

leads to construction of a 3D image of the surface on a

nanometer scale on the computer (Fig. 2c) [12–14]. SICM

can precisely measure the distance between the tip of the

electrode and the cell surface. If a double-barreled micro-

electrode, where each barrel has either an ion-selective

electrode or SICM electrode, were prepared and equipped

with the aforementioned manipulation and monitoring

system, then 3D mapping of ionic distribution in the

unstirred layer could be achieved at high resolution.

To visualize the ionic properties, other powerful tools

must also be used: a variety of bioimaging probes including

Ca2? indicators such as fluo-4 and ratiometric fura-2, pH

sensing 20,70-Bis-(2-carboxyethyl)-5-(and-6-)carboxyfluo-

rescein (BCECF), Na?-sensing sodium-binding benzofuran

isophthalate (SBFI), and K?-detecting potassium-binding

benzofuran isophthalate (PBFI) [15–18]. Nevertheless, a

special modification of the probes will be necessary to

avoid their diffusion to the bulk phase. To address this

issue, a basic technology has been developed by

researchers including one of the authors of the present

article [19]. They conjugated rhodamine nanoparticles to

lectin, which has high affinity for sialic acid residues

(Fig. 3a). Because these residues are located at the distal

end of glycans of the membrane proteins, the fluorescent

probes remain in the unstirred layer. A recent work has

shown that the lectin-conjugated probe clearly labels sialic

acids of the H?,K?-ATPase b-subunit stably expressed

together with the a-subunit in live LLC-PK1 cells (Fig. 3b)

[20]. This tool may also help to visualize the distribution of

mucus that contains numerous glycans. Moreover, replac-

ing rhodamine with other compounds may enable us to

fabricate imaging probes for monitoring of different ions in

the unstirred layer.

Nanointerface

In the nanointerface that lies immediately above the

membrane surface, unusual structure of water molecules

has been recently demonstrated by advanced technologies

such as sum frequency generation (SFG) spectroscopy and

atomic force microscopy (AFM). SFG is a second-order

nonlinear optical process, in which two photons of fre-

quencies x1 and x2 generate one photon of sum frequency

(xSFG = x1 ? x2) [21, 22] (Fig. 4a). By means of visible

light of fixed wavelength and tunable infrared light as two

input light sources, the SFG signal is resonantly enhanced

when the energy of the infrared beam becomes equal to that

of a vibrational state of surface species. SFG spectroscopy

is ineffective in a medium with inversion symmetry under

the electric dipole approximation and is thus allowed only

at the interface where the inversion symmetry is neces-

sarily broken. Thus, an SFG signal can be a surface-sen-

sitive form of vibrational spectroscopy. Theoretically, this

method can detect the profile of submonolayer structures of

the molecules in the interface [22]. The properties of a

water molecule were examined by SFG spectroscopy in the

interface between the medium and the substrate coated by a

polymer brush, highly condensed polymer chains like a

forest [23] (Fig. 4a). The results indicate that when

2-methacryloyloxyethyl phosphorylcholine (MPC) poly-

mers, which mimic phosphorylcholine groups of the
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cellular plasma membrane, are used as the material, the

water molecules in the interface strongly interact with the

brush (Fig. 4b). Furthermore, the structure of the water

molecules is likely to depend on the types and concentra-

tions of phospholipids constituting the brush [23].

Water structure in the nanointerface is also investigated

by frequency modulation-AFM (FM-AFM) that employs a

sharp cantilever with a tip diameter of several nanometers as

a force sensor. In this method, a piconewton force can be

detected at subnanometer spatial resolution. This excellent

performance has enabled visualization of a distribution of

water with its one layer sensitivity at the interface as follows

[24]. Fukuma et al. analyzed water properties in the interface

on a dipalmitoylphosphatidylcholine (DPPC) bilayer using

FM-AFM and revealed two hydration layers with marked

force emergence. The precise 3D analyses of these layers

then visualized their corrugations, which likely mirror the

architecture of the lipid headgroups of DPPC. This patterned

structure was stably detectable throughout the membrane.

The authors suggest that the hydration layers can serve as an

energy barrier for the ions and proteins approaching the

membrane as well as a component controlling their

physicochemical dynamics in the interface [24].

Identification of the strong interaction of water molecules

with the MPC polymer brush by SFG spectroscopy and

detection of the particular hydration layers on a DPPC

membrane by FM-AFM imply existence of a highly ordered

water structure in the nanointerface (see Fig. 4a). This pro-

file may be involved in interfacial ion dynamics, which is

clearly different from the unstirred-layer’s physicochemical

properties governed primarily by a diffusion process.

Heberle et al. extracted a planar membrane expressing a H?-

secreting transporter, bacteriorhodopsin, from Halobac-

terium salinarum and examined the behavior of the ion

released from the transporter. In this assay, Cys36, a residue

localized in the transporter’s intracellular loop in close

a

c

b

Fig. 2 Scanning ion-conductance microscopy (SICM). a, b The

operating principle of SICM. A nanopipette, which is provided with a

voltage, approaches the surface of the cell, as shown in panel (1) of

a. In this process, the current begins to decrease (b). The nanopipette

is stopped when the current reaches a certain value [panel (2) in a and

point (2) in b]. This step is repeated multiple times; the cell surface is

scanned with the probe to create an image on the computer. For

details, see the main text. In b, the current was normalized to the bulk

steady-state tip ion current, whereas the distance between the probe’s

tip and sample’s surface was normalized to the inner radius of the tip.

c Images obtained by SICM. Surface morphologies of hippocampal

neurons of a rat and cochlear hair cells of a guinea pig were examined

by SICM and displayed in left and right panels, respectively. The

experiments were performed using protocols published elsewhere

[12, 13, 14]
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vicinity of the outer leaflet of the membrane, was bound to an

H?-sensitive probe, fluorescein, whereas the extracellular

solution exposed to the membrane also contained the other

probe, pyramine. H? released in response to illumination

migrates to the bulk extracellular compartment as well as

along the outer leaflet and then inner leaflet of the bacterial

planar membrane. Monitoring of the change of light intensity

of the two different probes revealed that the released H?

diffused along the membrane surface much faster than

toward the bulk phase [25]. Similar rapid H? movement is

also observed in ice, which consists of water molecules

assembled with highly ordered hydrogen bond (H-bond)

networks. In this solid, H? can be displaced between

neighboring water molecules within the H-bond networks

and therefore move much faster than in the liquid [26]. This

‘‘proton hopping’’ mechanism may account for the high

speed of the lateral diffusion of H? on the bacterial planar

membrane because its nanointerface is expected to harbor

highly ordered water molecules, as in the aforementioned

data from SFG spectroscopy and FM-AFM [27, 28]. Further

studies will be needed to validate this hypothesis.

Functional importance of water molecules in the

nanointerface has been ascribed to the gating of K? channels,

as reported by Syeda et al. [29]. In that study, the pore

structure without the voltage sensor was reconstituted in

lipid bilayers, and the channel activity was measured at

different compositions of lipids. When phosphoglycerides

located on the extracellular leaflet contained glycerol or

inositol, the channel conductance was reduced and the

opening time was prolonged. The mechanisms underlying

a

b

Fig. 3 A bioimaging probe targeting the interphase. a The design of

fluorescent probes that specifically detect a sialic acid residue. The

manufacturing process is schematically described in the upper panel.

Nanoparticles were composed of 2-methacryloyloxyethyl phospho-

rylcholine (MPC)-based polymers namely poly(MPC)-co–n-butyl

methacrylate (BMA)-co–o-nitrophenyloxycarbonyl polyethylene gly-

col methacrylate (MEONP)-co-p-methacryloxyethyl thiocarbonyl

rhodamine B (MTR). This PMBNR probe is biocompatible because

of the coating with MPC polymers. Reproduced from [19]. Reprinted

with permission from Cho et al. [19]. Copyright 2014 American

Chemical Society. b Visualization of sugar chains in the interphase.

LLC-PK1 cells coexpressing a and b subunits of H?,K?-ATPases

were treated with the fluorescent probes described in a. Note that the

b subunit is glycosylated and contains sialic acid groups. Left panel

shows a representative example of a vertical scan image of the cell.

Right panel is a schematic illustration demonstrating the binding of

the probes to the sugar chains of the b subunit
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these observations were proposed as follows; the presence of

glycerol or inositol caused depletion of water from the exit of

the ion conductance path in the channel, and this phe-

nomenon prevented K? from exiting the filter gate from

rehydration. In support of this notion, similar effects on

channel activity were observed when small amounts of

ethylene glycol or mannitol, which are cryoprotectants that

modulate water structure by interacting with hydrogen

bonds, are added to the bath solution. In any case, modulation

of the channel is likely to be related to the neighboring

extracellular water molecules present in the nanointerface.

Perspectives

To further study the iMES, bioanalytical technologies must

be developed more actively. For example, the unstirred

layer should also contain solutes such as hormones and

peptides as mentioned above. For monitoring of the

dynamics of these bioactive substances, electrochemical

approaches may be applicable. For instance, microelec-

trodes composed of carbon or conductive diamond can

measure concentrations of monoamines [30, 31]. Modifi-

cation of the surface of the materials with particular

compounds may allow the electrodes to detect specific

substances in the unstirred layer. An important issue in the

development of bioimaging and electrochemical probes

will be to avoid their interference with the conditions and

milieus of the interphase as much as possible. To this end,

coating of the probe’s surface with biocompatible phos-

pholipid polymers would reduce nonspecific absorption of

proteins and other substances. This modification was used

for the aforementioned fluorescent nanoparticles targeting

sialic acid residues, thus resulting in improved sensitivity

and specificity [19].

It is also necessary to clarify how the detected physic-

ochemical phenomena in the unstirred layer and nanoint-

erface are regulated by membrane proteins and how they

affect cellular and tissue functions. In situ and in vivo

assays should be designed to directly examine the relation

between events in the interphase and tissue or organ

activities. Experimental and theoretical approaches using

phospholipid polymer brush membranes and computational

models are also needed. In particular, several simulations

of macroscopic ionic dynamics based on ion channels and

transporters have been recently described [32, 33]; these

could be combined with calculations of microscopic ion

dynamics in the iMES. Consolidation of all the data will

unveil the physiological and pathological significance of

the interphase. These endeavors may establish a new

interdisciplinary field of research in life sciences.
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