
Regular Article

pH dependent electrical properties of the inner- and outer- leaflets of
biomimetic cell membranes

Vitalii I. Silin a,⇑, David P. Hoogerheide b

aUniversity of Maryland, Institute for Bioscience and Biotechnology Research, Rockville MD 20850, USA
bCenter for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899, USA

g r a p h i c a l a b s t r a c t

HighpHLow

HighpHLow

O
u

te
r 

le
a

fl
e

t
In

n
e

r 
le

a
fl

e
t

M
a

x
 R

 p
H

 6

Na+ 

H3O+ 

M
a

x
 R

 p
H

 3

a r t i c l e i n f o

Article history:

Received 15 October 2020
Revised 16 February 2021
Accepted 3 March 2021
Available online 10 March 2021

Keywords:

Biomembranes
EIS
SPR
Neutron reflectometry
Phospholipid interactions
pH

a b s t r a c t

Composition and asymmetry of lipid membranes provide a means for regulation of trans-membrane per-
meability of ions and smallmolecules. The pH dependence of these processes plays an important role in the
functioning and survival of cells. In this work, we study the pH dependence of membrane electrical resis-
tance and capacitance using electrochemical impedance spectroscopy (EIS), surface plasmon resonance
(SPR) and neutron reflectometry (NR) measurements of biomimetic tethered bilayer lipid membranes
(tBLMs). tBLMs were prepared with single-component phospholipid compositions, as well as mixtures of
phospholipids (phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine, sphingomyelin and
cholesterol) that mimic the inner- and outer- leaflets of plasma cell membranes. We found that all studied
tBLMs have a resistance maximum at pHs near the pKas of the phospholipids. SPR and NR indicated that
surface concentration of phospholipids and the thickness of the hydrophobic part of the membrane did
not change versus pH. We postulate that these maxima are the result of protonation of the phosphate oxy-
gen of the phospholipids and that hydronium ions play a major role in the conductance at pHs < pKas while
sodium ions play the major role at pHs > pKas. An additional sharp resistance maximum of the PE tBLMs
found at pH 5.9 and most likely represents the phosphatidylethanolamine’s isoelectric point. The data
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show the key roles of the characteristic parts of phospholipidmolecules: terminal group (choline, carboxyl,
amine), phosphate, glycerol and ester oxygens on the permeability and selectivity of ions through the
membrane. The interactions between these groups lead to significant differences in the electrical proper-
ties of biomimetic models of inner- and outer- leaflets of the plasma cell membranes.

� 2021 Elsevier Inc. All rights reserved.

1. Introduction

Lipids form a mechanical, biochemical and electrical barrier
between the cells and the main compartments inside the cell.
Lipids provide the means for signal transduction, serve as energy
storage and as secondary messengers [1–2]. They can also play a
role as cofactors to modulate protein activity [3]. More than
40,000 naturally occurring lipids have been found with modern
lipidomics tools to fulfill the multi-faceted functions of the mem-
brane [4], and many physical chemical properties of lipids in the
membranes of living cells are well understood [1,5]. The mem-
brane’s lipid composition defines its structure, as well as its inter-
actions with ions, proteins, peptides, and other biomolecules. The
lipid composition and pH play the major role in vesicle trafficking
inside the cell and in the processes of endocytosis and exocytosis
during viral infections [6]. Direct fusion of SARS corona viruses
[7] with the cell membranes or endosome-assisted endocytosis of
flaviviruses [8] depend on PL composition and pH.

In general, membranes are nonconductive and maintain electri-
cal potential [2] by creating a barrier to electrolytes. However,
background membrane currents are known to provide an addi-
tional function [2] of transporting ions and small molecules
through this barrier. Specific ion transport depends on the struc-
ture and the dynamics, the composition, the asymmetry of the
bilayer, the nature and concentration of the electrolyte ions, and
on the pH [2], which can range [9–10] from 4 to 8 for most cells;
although the pH outside of the bacterial cell membranes [11] can
range from 1 for acidophiles [12] to 9 for alkaliphilic [13] bacteria.

pH plays an important role in membrane function [14–15]. In
general, the influence of pH on the hydrogen bonding, the charge
of the lipids head groups and phase transition temperatures is
known [1]; however, there is little experimental work that system-
atically studies the dependence of membrane electrical properties
[16–23] on pH. In many cases, when studying membrane-protein
or -peptide interactions, the influence of pH and lipid composition
on the properties of the membrane is not taken into account,
although the influence of pH and PL composition on mechanical

and electrical properties [24] and on the many membrane pro-
cesses must be taken in consideration [2].

One of the major lipid components of cell membranes are glyc-
erophospholipids [5] (PLs). Phosphatidylcholines, phos-
phatidylethanolamines, phosphatidylserines, together with
sphingomyelin and cholesterol, are the main (accounting for more
than 90% of all lipids) building blocks of the plasma membranes
[3]. The distribution of these PLs in the inner and outer membrane
leaflets is asymmetrical [12]: phosphatidylethanolamine and phos-
phatidylserine are enriched in the inner leaflet, phosphatidyl-
choline and sphingomyelin in the outer. Cholesterol is generally
found to be distributed in both leaflets [25]. The asymmetry of leaf-
let composition has important biological functions, however stud-
ies of these membranes are limited mostly due to experimental
difficulties [1,5,26].

In this work, the effect of pH and the composition of PLs on the
electrical resistance and the capacitance of biomimetic planar
phospholipid membranes, so called tethered bilayer lipid mem-
branes (tBLMs), are examined. The PL compositions in the tBLMs
mimic the steady state compositions of the inner- and outer- leaf-
lets of plasma membranes [3]. To limit the number of variables in
the experiments and to isolate the impact of the head groups of
phospholipids, we use PLs with aliphatic chain lengths of 16:0–
18:1 (Fig. 1); we also keep the temperature and concentration of
salt ions constant. We employ an experimental platform that was
developed in our lab for tBLMs: simultaneous surface plasmon res-
onance (SPR) and electrochemical impedance spectroscopy (EIS)
measurements [see Fig. S1–Fig. 3S supplemental material section].

2. Experimental section

2.1. Reagents for tBLM preparations

Powders of the lipids (purity > 99%) 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(10-rac-glycerol) (sodium salt) (PG), 1-palmitoyl-2-

Fig. 1. Lipids used to form biomimetic tBLMs.

V.I. Silin and D.P. Hoogerheide Journal of Colloid and Interface Science 594 (2021) 279–289

280



oleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (PS), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (PE), 1,2-d
ioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP),
N-palmitoyloleoyl-D-erythro-sphingosylphosphorylcholine (SM),
an ether PC: 1-O-hexadecanyl-2-O-(9Z-octadecenyl)-sn-glycero-3-
phosphocholine (ePC) and cholesterol (Chol) were purchased from
Avanti Polar Lipids (Alabaster, AL) and dissolved in anhydrous
ethanol (purity > 99.5%) (Sigma-Aldrich, St. Louis, MO) or, if not
soluble in ethanol, in distilled chloroform (purity > 99.5%)
(Sigma-Aldrich, St. Louis, MO), to a final concentration of 10 mM
(M = mol/L). Mixtures of PLs were prepared in chloroform. A lipid
thiol lipid mimic 1,2-di-O-myristyl-3-[x-mercaptohexa(ethylene
oxide) glycerol] (WC14), synthesized and purified (purity > 99%)
in our laboratory [27], was used as a tethering molecule to form
the tBLMs on gold surfaces. 2-Mercaptoethanol (bME) (purity > 99%)
(Sigma-Aldrich, St. Louis, MO) was used as a space-filling compo-
nent between WC14 molecules and was distilled before use. Buf-
fers (50 mM) used are shown in Table 1 all contained sodium
chloride (150 mM) (purity > 99.5%). Glycine (purity > 99%), acetic
acid and sodium acetate (purity > 99%), 4-(2-Hydroxyethyl)pipera
zine-1-ethanesulfonic acid (HEPES) (purity > 99.5%), 2-(N-
morpholino)ethanesulfonic acid (MES) (purity > 99.5%) were pur-
chased form Sigma Aldrich St. Louis, MO. For buffer preparation,
purified water with resistance 18.2 MX/cm was used.

2.2. SPR/EIS setup and tethered bilayer lipid membrane formation

Fig. 1S-Fig. 3S SPR/EIS measurements were conducted with a
home-built SPR instrument combined with an electrochemical
impedance spectroscopy station (Solartron Analytical, Farnbor-
ough, U.K.), using a saturated silver � silver chloride MI-401F ref-
erence electrode (Microelectrodes, Inc., Bedford, NH). EIS
measurements were taken at 0 potential. The details on the SPR/
EIS measurements system, SPR calibration for thickness measure-
ments and EIS data collection and analysis have been previously
described [28].

Detailed procedures for tBLM formation on gold has been
described previously [28]. Briefly, the SPR/EIS chips comprise sap-
phire substrates (Rubicon Technology, Inc., Bensenville, IL) that are
coated by magnetron sputtering on a Denton Vacuum Discovery
550 Sputtering System at the NIST Center for Nanoscale Science
and Technology cleanroom Gaithersburg, MD USA with 0.5 nm
chromium and 46 nm gold films, then incubated overnight in a
0.2 mM ethanol solution of WC14/bME (20/80 M ratio) to form a
mixed self-assembled monolayer (SAM) of WC14/bME. After rins-
ing with ethanol and drying in nitrogen stream, the SAM-coated
chip was installed in the SPR/EIS cell [(1 mL volume) equipped
with a perfluoro elastomer Kalrez O-ring (i.d. = 6 mm)]. A tBLM
was formed with the fast solvent exchange method [29] using a
buffer at pH 7.5. To form the tBLM, 40 mL of a PL solution was
injected into the SPR/EIS cell with the SAM-coated chip, incubated
for 2 min, and then rigorously washed with 100 mL of HEPES buffer
at pH 7.5. Overlayers of PL molecules were removed from the tBLM
by incubation in a 10% to 20% ethanol solution in water for 10 min
(Fig. 4S). Fig. 2S C shows the characteristic small semicircle in Cole-
Cole plots of the EIS spectra of a fully-formed tBLM in comparison

with EIS spectra that do not have a tBLM (large gray line semicircle
in Fig. 2S C). Because EIS is not very sensitive to overlayers, the
changes in this small semicircle were monitored during the wash-
ing to remove overlayers in order to prevent thinning of the tBLM.

The absolute values of capacitance and resistance of tBLMs
depend strongly on the surface density of tethering molecules at
the surface. We chose the lowest molar ratio (20/80) of WC14/
bME for tBLM formation that provided stable membranes for the
duration of our experiments to minimize the influence of tethering
molecules on the structure of the proximal (to the gold) leaflet of
the tBLM, ensuring that proximal and distal leaflets have maxi-
mum compositional symmetry.

To change buffers in the cell, 950 mL of the buffer was taken
from the cell (50 mL was left to keep the tBLM intact) and was
replaced with 950 mL of the new buffer. This procedure was
repeated 5 times. As shown in Fig. 5S A, immediately after the buf-
fer was replaced with a different pH, the resistivity of the bilayer
changed and only stabilized after approximately 60 min. Moreover,
as shown in Fig. 5S B, there is significant hysteresis when changing
pH. Thus, for consistency, measurements were conducted after
changing the pH incrementally (0.5 units) in one direction. After
tBLM preparation at pH 7.5, buffer was changed to pH 3 and the
tBLM was incubated overnight. Measurements started at the low-
est pH (pH = 2) after incubation (~30 min) or until the resistance
stabilized. During tBLM incubation in a particular buffer (Table 1),
EIS measurements were conducted every 2–3 min for 10–15 min
or until the resistance of the membrane did not change (<7–10%).
After the completion of the measurements (pH = 10), the pH was
returned to 3, incubated overnight, and EIS data obtained to con-
firm tBLM stability. Examples of EIS data and the fit to the equiva-
lent circuit model (shown in the Fig. 1S) to obtain the resistance
(Rm) and the capacitance (Cm) of the tBLMs at different pHs are
shown in Fig. 2S.

SPR measurements (Fig. 3S), conducted every 2 s for the dura-
tion of the experiment, were used for tBLM thickness measure-
ments and to ensure that the tBLM was stable after buffer
substitutions. The changes in the SPR signal for different buffers
(Fig. 3S) is due to the differences in the buffer bulk refractive index.
After the completion of each experiment, SPR was used to measure
the tBLM thickness. For this, the SPR/EIS chip was washed with
ethanol or chloroform and the difference in SPR response before
and after the wash indicated the amount of the PL in the tBLM.
To ensure complete PL removal the buffer was initially replaced
with water, then the cell was rinsed with ethanol (5 mL for
5 min), followed by a water wash, (10 mL) and, finally, the last buf-
fer (Fig. 6S A). For PLs soluble in chloroform two additional steps
were used: ethanol rinse followed with chloroform rinse for
5 min, then back: with ethanol, water and buffer. An additional
control for PL removal was provided by the EIS measurement of
the sample surface (Fig. 6S B) which insured that the EIS signal
was identical to the EIS spectra on the surface of the chip that
was not used for tBLM preparation.

Reproducibility of the tBLM formation and thickness measure-
ments was 8% as measured at four independently formed PC
tBLMs. All measurements were conducted at 25.0 ± 0.3 �C.

2.3. Sample preparation for neutron reflectometry

Silicon wafers (100, n-doped to a conductivity of 1–100 O cm) of
5 mm thickness and 75 mm diameter were coated with 40 Å Cr fol-
lowed by 140 Å Au by magnetron sputtering, just as for the SPR/EIS
samples. The substrate was then immersed for 8 h in an ethanolic
solution of the thiol-lipid linking molecule [30] WC14 and bME in a
3:7 M ratio and a total concentration of 0.2 mM. The resulting SAM
was rinsed in ethanol and dried in a nitrogen stream. The coated
surface of the sample wafer was mounted facing a 100 mm

Table 1

Buffers used for pH adjustment.

Buffers, 50 mM pH range

Glycine 1.74–3.24
Acetate 3.75–5.35
HEPES 5.72–6.6
MES 6.83–8.02
Glycine 8.56–10
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reservoir defined by a 65-mm inner diameter cylindrical Viton gas-
ket separating the sample wafer from a rough backing wafer. The
backing wafer was perforated by single inlets and outlets, which
were coupled by flat-bottomed fittings (IDEX Health and Science
Oak Harbor, WA) to external tubing for solution exchanges, which
were performed using at least 7.5 mL flowing at 2.5 mL/min. A
10 mg/mL solution of PG was prepared in a pH 3 buffer and sub-
jected to bath sonication for 40 min, at which time the solution
was translucent. The lipid solution was injected into the flow cell
and allowed to incubate for 1.5 h before rinsing with a heavy water
(purity > 99.5%) (Sigma-Aldrich, St. Louis, MO) solution of 150 mM
NaCl buffered to pD 1.95 with 25 mM glycine.

2.4. Neutron reflectometry

NR experiments were carried out on the NG7 horizontal reflec-
tometer at the National Institute for Standards and Technology
(NIST) Center for Neutron Research (NCNR). A monochromatic

beam of wavelength k ¼ 4:768Å impinged on the interface
between the coated surface of the sample wafer and the liquid in
the reservoir. The pre-sample collimating slits were chosen to
maintain a constant illuminated interface area for each measured
angle h. The post-sample collimation was chosen to allow the
entire reflected beam to impinge on the detector, which was posi-
tioned at an angle 2h relative to the incoming beam direction to
measure specular reflection. Each reflectivity curve covered a range

in scattering wavevector Q z ¼ 4pk�1sin hð Þ from 0.008 Å�1 to
0.239 Å.

The reflectivity was calculated as R ¼ I Q zð Þ � IB Q zð Þð Þ=I0 Q zð Þ.
Here I Q zð Þ is the measured count rate (normalized to a much larger
monitor count rate to account for fluctuations in beam intensity).
IB Q zð Þ is the background intensity, which arises primarily from
incoherent scattering from the liquid reservoir and is calculated
by linear interpretation of the scattering intensity measured by
rotating the sample to �Dh ¼ � 2Q z þ 0:15ð Þ, for h in degrees and
Q z in Å�1, relative to the specular condition. I0 Q zð Þ is the incident
beam intensity and is directly measured through the silicon

substrate at h ¼ 0 with the detector positioned in line with the
incident beam.

2.5. Composition space modeling

For each sample condition, the reflectivity was measured in
both D2O and H2O-based buffers. Use of two ‘‘solvent contrasts”
allow the physical parameters of the sparsely tethered bilayer to
be precisely determined, as described elsewhere [31]. NR data
were modeled using the composition space modeling procedures
described previously for supported lipid bilayers [32]. Because all
data were collected on the same physical substrate, all models
were optimized with shared parameters for the substrate; only
membrane-defining parameters such as surface-membrane sepa-
ration and hydrophobic thickness were allowed to vary for individ-
ual bilayers. Optimizations were performed on the Bridges [33–34]
high performance computing system using the DREAM Markov
Chain Monte Carlo (MCMC) algorithm [35] implemented in the
software package Refl1D [36]. Confidence intervals (CI) on param-
eters and model predictions were calculated from parameter dis-
tributions derived from at least 2.4 million DREAM samples after
the optimizer had reached steady state.

3. Results and discussion

3.1. Single component membranes

Electrical resistance depends on the type of ions, ion concentra-
tion, and the mechanism of ion transport through the membrane
[1]. Fig. 2A and B shows the dependence of the electrical resistance
and capacitance on pH for single component PL tBLMs. The data
show that all tBLMs have the smallest resistance at the highest
and the lowest pHs and have maximum resistances at pHs
between 3 and 4 (Table 2). PE has an additional maximum at 5.9
and will be discussed subsequently. The values of the resistance
Rm versus pH differ significantly (for example, more than 10 times
for PC and ePC tBLMs) for tBLMs over this set of phospholipid
molecules (Fig. 2 A and Table 2). The capacitance Cm shows a

Fig. 2. Dependence on pH of (A) resistance and (B) capacitance of tBLMs prepared using individual PLs. Error bars were estimated from the covariance matrix derived from
the optimization of the circuit equivalent model (Fig. 1S) to 51 impedance data points using a Levenberg Marquardt algorithm. Points are experimental data, lines –guide the
eye.
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similar complex dependence on pH (Fig. 2 B). In sharp contrast to
Rm and Cm, differences in the thickness (dm) of the tBLMs measured
by SPR [SPR data (Table 2)] are not significant (±10%), agree well
with literature values [1] and do not change versus pH (Fig. 3S).
The dms of PE and ePC show somewhat larger values which can
be attributed to the angle of acyl chains with respect to the PL layer
[2], i.e., PC = ~17�, PE � 0�. Also, the PE tBLMs, formed at pH 4.09,
may contribute to a larger PL thickness.

Our resistance and capacitance data for PC are in good agree-
ment with previous data [17], which showed � 30 fold decrease
in resistivity from pH 5 to 9 and a � 4% increase in capacitance.
The surge in resistance with Rm from pH 10 to pH 4.0 is the result
of protonation and a decrease in the charge of the PL phosphate
groups. This is strongly supported by the fact that DOTAP tBLMs,
which do not have a phosphate group, do not show a maximum
at pH 4.0 (Fig. 7S). Phosphate protonation decreases the surface
potential [1,37] of the PC tBLMs, which results in (a) a decrease
in the concentration of Na+ near the tBLM surface and inside the
head groups [37–38], and (b) an increase in the density of the PC
hydrocarbon chains; thus, giving rise to the increased resistance
of the membrane. In the Ref. [17] the increase in tBLM resistance
is attributed to the ‘‘existing toroidal pores” model. The size of
the pores decreases when lowering the pH from 9 to 5 leading to
increase in resistance [17]. Taking into consideration this model
and a decrease in concentration of Na+ near the PL surface [39] it
might be expected that membrane resistance at pHs < 4 would
increase or level off due to the positive charge of the choline group.
This is not the case. As can be seen in Fig. 2A, the resistance
decreases significantly at pHs below the maxima for all tBLMs.
The existence of a Rm maximum can most likely be attributed to
an increase in concentration of hydronium ions (H3O

+) at the lower
pHs. The concentration of H3O

+ at pH 7 is very small (0.1 mM), but
at pH 2 is 20 mM and comparable with the concentration of Na+ in
the buffer. Furthermore, our data is in accord with the fact that the
membrane permeability coefficient of H3O

+ is at least 6 orders of
magnitude larger than that for sodium ions [5]. It is well known
[1] that the first two carbons of the sn-2 chain are parallel to the
PL membrane plane and the carbonyl oxygen in this chain is avail-
able for hydrogen bonding as suggested from molecular dynamics
(MD) simulations [19] at lower pHs. MD simulations [18] also
show that, at low pHs, H3O

+ ions are concentrated at/near this car-
bonyl oxygen facilitating H3O

+ translocation through the mem-
brane. These data may be relevant to earlier theoretical
discussions suggesting hydrogen-bonded chains of water extend-
ing across the bilayer that promote the H3O

+ transfer through the
membrane [5,40–42].

The importance of the carbonyl oxygens for the permeability of
ions is further evidenced in the data for ePC [43] (Fig. 2 A) that has
a phosphate group but lacks the ester functionality (Fig. 1). The ePC
tBLMs have a resistance maximum ~10 times smaller than the PC
tBLMs despite previous conclusions that the ePC lipids can attain
a more densely packed, more rigid bilayers than the diester PC
bilayers [43–44]. Significantly, our SPR data shows that the ePC
tBLMs are thicker than those for PC (Table 2), in agreement with

the above statement. Large differences are also seen in the capac-
itance data for these two tBLMs (Fig. 2 B). While the capacitance
for the PC tBLMs is in very good agreement with earlier results
[17,27], the capacitance for the ePC tBLMs is very different and
shows a significant increase from lower to higher pHs (>2 times)
in comparison to the increase for the PC tBLMs (~4%). From Eq.
(1) [1], one would predict lower capacitance for the ePC tBLMs rel-
ative to the PC tBLMs since the thickness (d) and the rigidity of ePC
bilayers are larger.

C ¼ e0 � e � A=d ð1Þ

where e0 is the permittivity of free space, e is dielectric constant of
PL membranes and A is the area of the working electrode.

Using our capacitance data and assuming e ¼ 2:2, [38]
d = 2.6 nm for the PC tBLMs at pH 7.5. This number is significantly
lower that the dm measured by SPR (3.68 nm, Table 2) because it is
assumed e = 2.2 reflects only the thickness of the hydrophobic part
of the PC [42]. The value d = 2.6 is also smaller than previously
reported [45], due to the lower ratio of tethering molecules in
the tBLMs [20:80 (tether:BME), compared with 30:70 [45]). Using
e = 2.2 in Eq. (1) to calculate the thickness for the ePC tBLMs we
will get an unrealistically small d. By SPR, d = 4.1 (Table 2), suggest-
ing that the dielectric constant of the ePC tBLM is very different
from 2.2. Furthermore, it was suggested [2] that the dipole poten-
tial created by the carbonyl oxygens in the esters of the PC are
responsible for the preferred conductance of sodium ions over
chloride ions. The absence of carbonyl oxygens in ePC can be
expected to result in an increase in the permeability of chloride
ions, which, in turn, would lead to the much smaller resistance
of ePC versus PC. These results suggest that the nature of the head
groups exhibit significant gating properties for ions through mem-
brane bilayers in the comparison with the gating properties of
hydrocarbon chains in total bilayer resistance.

Thus, for all the PLs, the consistent feature of resistance
increases from pH 10 to the Rmaxs for the tBLMs at pHs near 3–4
is attributed to the depletion of sodium ions in the PLs head groups
due to decreasing the charge of the phosphate groups as one low-
ers the pH. The resistance decreases from pH 3–4 to 2 is the result
of an increase of hydronium ion concentration that form hydrogen
bonds with the oxygen atoms (ether or ester) inside the head
groups and may cross the membrane with the help of a hydrogen
bonding net, as discussed theoretically earlier.

The PS tBLMs (Fig. 1) exhibit a maximum Rm at the lowest pH
2.8 (Table 2) that is less than half the maximum Rm for the PC
tBLMs. These tBLMs contain the PL possessing the lowest pKa value
of 1.2, due to the acidity of the phosphate [1] and the carboxyl
group. From pH 2 to 10 the capacitance of the PS tBLMs steadily
and significantly increases (about 6 times) as compared to the PC
tBLMs (4%). Since SPR measurements (Fig. 3S) showed no signifi-
cant changes in the amount of the material at the surface for the
PS tBLMs over this pH range, the dramatic changes in the capaci-
tance most likely reflect changes in dielectric constant e of the PS
tBLM head groups as a function of pH. The dielectric constant
[1,37] of membranes depends on the microstructure and the polar-
izability of the lipid composition. Polarizability is a function of
charges, concentration of ions, water in the bilayer, and hydrogen
bonds [1]. The increasing negative charge induces preferential
interaction with Na+ ions [46] of the PS head group at high pHs,
due to the presence of the carboxyl group and the possibility of
stronger hydrogen bonds [5] at lower pHs. This results in
microstructural changes in the lipid layer more complex than that
expected in the head group of PC. Our data for the PS and PC tBLMs
provide evidence that the terminal groups of the phospholipids (in
PS case serine group) and microstructural changes in head groups
of the lipids play an important gating role in permeability of ions
through the membrane.

Table 2

pHmax at resistance maxima Rmax, pKa values of PLs and thicknesses dPL of tBLMs
measured with SPR.

PL pHmax Rmax, kX pKa
1 dPL, nm

PC 4.0 451.0 2–3 3.68±6%
ePC 3.9 40.2 – 4.10
PE1 3.4 93.7 2–3 4.59
PE2 5.9 109.8 8–10 4.59
SM 3.1 343.0 – 3.78
PS 2.8 190.0 1.2 3.57
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SM, on the other hand, differs from PC, not in the head groups
but in the acyl chains on the side of the phosphate group closer
to the bilayer center (Fig. 1). Whereas PC consists of two vicinal
ester linkages to a glycerol moiety, this PL exhibits the ceramides
structural features, i.e., lacking a glycerol segment and adding
one amide linkage, and a simple hydroxyl group b to the phos-
phate. As a result, SM bilayers can be expected to more readily
form intra- and inter-molecular PL hydrogen bonds [47]. In the
membrane, the SM alkyl segments are oriented normal to the
bilayer surface [48]. The SM tBLMs show a maximum Rm at pH
3.1, closer to that for the PS tBLMs than the PC tBLMs (Fig. 2 A).
The SM tBLMs exhibit a significantly higher capacitance (~2.5 times
Fig. 2 B) than PC with a maximum Cm around pH 6. However,
despite a much larger capacitance, the resistivity of the SM tBLMs
is quite high in comparison with PS (as well as PE), and only about
25% less than PC at its maximum Rm.

The most interesting changes in resistivity and capacitance as a
function of pH are for the PE tBLMs, which exhibit two maxima, at
pH 3.4 and at 5.9. We hypothesize that the pH 3.4 maximum is
attributed to the changes in the ionic character of the phosphate
group, as is the case for all the PLs. The Rm at 5.9 is sharp, which
is unusual for a pH dependent response, and is larger than the
Rm at 3.4. Moreover, the PE tBLMs exhibit a capacitance minimum
at pH 5.9 (Fig. 2 B). The capacitance below this pH is essentially the
same as for the PC tBLMs, but increases sharply around 7 with irre-
versible disintegration of the tBLM above pH 8 (SPR shows a reduc-
tion in the signal suggesting that some PEs are removed from the
surface (data not shown)). We speculate that at this pH the PE
tBLM attempts to change curvature of the membrane and as result
distorts the planar character of the tBLM. The sharp Rm maximum
and capacitance minimum at 5.9 occurs at a value close to an
expected isoelectric point (pI) for PE (pKa ~ 3 and 8–9 [5] for the
phosphate and the amine groups, respectively), the greatest con-
centration of electrically neutral molecules, which, in turn, may
lead to a decreased surface potential as well as the formation of
intramolecular hydrogen bonding [5]. At the higher pHs, the con-
centration of the protonated amines decrease and the PE molecules
are subject to the repulsive negative charge of the phosphate
reducing the number intermolecular hydrogen bonds [5] that sta-
bilize the membrane bilayer in spite of previously data (X-ray crys-
tallographic) showing that the amine can form two different types
of intermolecular hydrogen bonds [5].

The bilayer structural considerations for the PE tBLMs are sup-
ported by comparison with the PG tBLMs (Fig. 8S). Like the PE
tBLMS, the PG tBLMs exhibit a large capacitance change at ~ 7
but do not disintegrate at pH � 8. When the pH is changed back
to 7.5, its electrical characteristics almost completely restore (data
not shown). SPR data do not show removal of material from the
surface before and after change of the pH. To confirm this we con-
ducted NR measurements on PG tBLM that also show no changes in
the tBLM hydrophobic thickness versus pH (Table 3; Table 1S;
Figs. 9S-13S) of a magnitude that would account for the electrical
measurements. The NR measurements do show increased undula-
tion (rms roughness) of the tBLM bilayer at pH 2 and 9, suggesting
an increased flexibility that is likely related to the ~ 10% decrease in

thickness observed at these pH values. The vicinal OH groups in the
PG molecules can be expected to sustain an intermolecular hydro-
gen bond most likely due to a reduction of water-hydroxyl groups
interactions with the increase in [Na+], as has been suggested ear-
lier [37–38], forming bilayer-stabilizing framework, essentially
independent of the pH. Together the PE and PG tBLM data show
that the amine group of the PE head group, protonated to the
NH3

+ ionic state, contributes significantly to the stability of the
membrane, largely through charge-charge interactions. When the
amine group is not protonated at higher pHs these interactions
are reduced and, if the PE bilayers cannot change curvature, the
planar membrane disintegrates. The role of the charge of the amine
and phosphate groups is further supported by experiments with
divalent ions like Ca2+ (Fig. 14S). When calcium chloride is added
to the PE tBLMs, at pH 6.2 ([NH3

+] � [NH2]), the resistance of the
membrane increases 20-fold.

Our data thus support models [1,5] which attribute the gating
properties of the membrane to an the interplay between
hydrophobic, electrostatic and hydrogen bond forces between the
phospholipid molecules of the membrane. pH modulates repul-
sive/attractive electrostatic forces that, in turn, may change the lat-
eral interactions and structure of the hydrophobic chains of the
membrane and reduce or increase the extent of intermolecular
hydrogen bonding between the PLs. Taking into consideration that
all PLs in this study: 1) have a maximum in resistance, 2) have the
same size and composition of acyl chains and, 3) as shown in SPR
and NR measurements, have relatively small differences in the
tBLM thickness, it’s plausible to assume that the gating properties
of membranes depend predominately on the nature of the building
blocks of PL head group: the ester oxygens, glycerol or ceramides
structural features, phosphate groups and terminal groups (serine,
choline, amines, hydroxyls). The pH affects the surface electrical
potential generated by the PL head group by attracting or repelling
ions (Na+ or H3O

+) and water molecules into the membrane, which,
in turn, result in changes in the electrical properties of the
membrane.

Real cell membranes are composed of mixtures of different
types of lipid molecules [2]. Moreover, the composition of bilayers
may be asymmetrical, i.e. in plasma membranes, the outer leaflet
may consist of mainly one type of lipid, such as PC, SM and Chol,
while the inner leaflet consists of other lipids, such as PE, PS,
and/or small amounts of signaling PLs such as phosphatidylinositol
(PI) [2].

3.2. Model of the plasma membrane outer leaflet

Fig. 3 shows the dependence of the electrical properties of
tBLMs composed of PL mixtures known to reflect the compositions
of natural plasma membranes versus pH. Although overall the
maximum Rms and Cms that are observed are close to those
observed in Fig. 2, i.e., near pH 4, there are clearly significant differ-
ences in the Rms magnitudes, with large increases in Rm when Chol
is in the mixture. It is noteworthy that the dependence of PC/Chol
tBLM at pHs > 7 is very close to pure PC tBLM. Cholesterol is known
to modulate PL interactions in the membrane [49] in the
hydrophobic core of the membrane, largely through void filling
inside of the hydrophobic chains, leading to membrane thickening,
increased PL packing density, and membrane rigidity [1,49–50]. In
addition, the hydroxy group of cholesterol can form hydrogen
bonds with the sn-2 acyl chain ester carbonyl oxygens of the PC
[1] thus modifying the hydrogen bonding interactions between
PLs. Our data (Fig. 3), showing significantly higher resistance (x
1.6) and decreased capacitance in comparison to the PC tBLM
(Fig. 3 B) for the PC/Chol tBLMs is in complete accord with these
cholesterol-induced structural considerations.

Table 3

Neutron reflectometry measurements of the effect of pH on the hydrophobic
thickness and rms roughness of PG tBLM at different pHs.

pH Thickness, nm RMS roughness, nm

pH 2 2:725þ0:016
�0:056 0:408þ0:016

�0:019

pH 4 3:089þ0:010
�0:057 0:240þ0:029

�0:026

pH 7 3:067þ0:008
�0:051 0:287þ0:022

�0:027

pH 9 2:623þ0:013
�0:030 0:476þ0:012

�0:017
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In contrast, the PC/SM mixture shows a destabilizing effect on
the tBLMs (Fig. 3). Mixing SM with PC significantly reduces the
membrane resistance (~�10) and dramatically increases the capac-
itance (��3 at pHs � 6), compared to the single component PC or
SM tBLMs (Fig. 2). It is known [51] that SM in PL mixtures may
induce phase separations, promote the formation of negative cur-
vature, make bilayers permeable to small and large solutes, pro-
mote flip-flopping of lipids between the leaflets, and induce
coupling between membrane leaflets [52] through inter-
digitation of the SM aliphatic chains. Any of these effects may
result in the resistance decreases and capacitance increases
observed in our mixed SM/PC tBLMs.

The triple mixture of PC/SM/Chol tBLMs that mimics the outer-
leaflet of plasma cell membranes shows an increase in maximum
Rm and a decrease in Cm compared with the PC/Chol tBLMs. The
addition of SM to the PC/Chol mixture also increases the width of
the pH dependence curve and results in steeper resistance changes
between pH 4 and 10 when compared with the PC only and PC/
Chol tBLMs. Capacitance dependence on pH for the triple mixture
is similar to PC/Chol, but is approximately linear, increasing
slightly (~5–6%, a bit larger than for the PC only tBLMs) from lower
to higher pHs. Overall, the interactions of PC, SM and Chol in mix-
tures are extremely complex [51,53–54] and greatly depend on the
lipid ratios, affecting electrostatic, the hydrophobic and hydrogen
bond interactions [47].

3.3. Model of inner leaflet of the membrane

The dependence of tBLM Rms made with known inner leaflet
compositions (Fig. 4) of plasma cells differ markedly from the
tBLMs representing outer leaflet compositions. Of the binary tBLMs
indicated in Fig. 4, the PE/PS tBLMs exhibit the largest resistance
change (>40�) versus pH suggesting that interactions between
the PE amine/ammonium groups and the PS carboxyl/carboxylate
groups contribute strongly to the gating properties of these tBLMs.
Three additional features are noteworthy. 1) The resistance values
from pH 7 to 10 for the PE/PS tBLMs are almost the same as for
pure PC (Fig. 2A) and PC/PE tBLMs (Fig. 4). 2) Although the PE/PS

tBLMs contained 70% PE, no clear Rm maximum was detected at
pH 5.9 as was observed for the pure PE tBLMs. 3) The Rm maximum
is at pH 2.8 similar to that for the pure PS tBLM (Fig. 1). Lastly, the
capacitance of the PE/PS tBLMs is below the capacitance of the PC/
Chol tBLMs (Fig. 4B) and is the lowest of all the tBLMs measured in
this study.

Although the maximum Rms of the PS and PS/Chol tBLMs
(Fig. 2&4A) are essentially the same, the magnitude of the PS/Chol
tBLMs Rm is twice as large as that of the PS tBLMs and the decrease,
with increase of pH, is more gradual when compared with pure PS
tBLMs, which essentially did not change from pH 5 to 10 (Fig. 2).

The PC/PE tBLM has an Rm dependence similar to that of pure
PC, with a maximum shift toward pH 5. The maximum value of
Rm is approximately the same as for PC, but the dependence is a lit-
tle bit broader. The shift of the resistance maximum toward a high
pH is most likely the result of the interplay of maxima for PE at pH
5.9 and phosphates of PE and PC at pH 4 and relative concentra-
tions of these PLs in the mixture.

The PE/Chol tBLMs have a pH dependence of Rm with two max-
ima at pH 4.5 and 5.9 (Fig. 4A). The magnitude of the resistance at
the maximal Rm is larger than for the PC/Chol tBLMs (Fig. 2) (1.7�)
as is the capacitance (~2� larger). In comparison to pure PE tBLMs
that disintegrate above pH 8, Chol provides a strong stabilization
effect for the PE membrane.

For the model of inner membrane PL mixtures, changes in the
Cms versus pH (Fig. 4B) are significantly smaller than the single
component tBLMs (Fig. 2B), as well as for the outer membrane
tBLM models (Fig. 3B), and are in between the capacitance values
of pure PC and the PC/Chol tBLMs.

Fig. 5 shows the data for tBLMs composed of triple mixtures of
PLs and Chol and one quadruple PLs/Chol mixture. The PE/PS/Chol
and the PE/PS/Chol/PC tBLMs mimic compositions and ratios of
inner leaflet lipids. Fig. 5A (blue line) also shows for comparison
data for PC/SM/Chol tBLMs (This is the same curve as in Fig. 3A)
that models the outer leaflets of plasma membranes [2].

The pH dependence of the PE/PS/Chol tBLMs (red line Fig. 5)
exhibits a sharp, pronounced maximum at pH 5.9 corresponding
to the amine group of PE, and a broader maxima at pH 3.5–4, which

Fig. 3. Dependence on pH of (A) resistance and (B) capacitance of outer leaflet model membrane compositions. tBLMs prepared using mixtures of PLs. Error bars were
estimated from the covariance matrix derived from the optimization of the circuit equivalent model (Fig. 1S) to 51 impedance data points using a Levenberg Marquardt
algorithm. The purple line, marked PC, is the same as in Fig. 2 and shown here for comparison. Numbers are the ratios of PLs in the mixture. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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appears as a shoulder in the lower pH (pH < 6) part of the curve,
attributed to deprotonation of the phosphate groups of the PLs.

Surprisingly, despite the fact that the ratio of PE/PS in the triple
mixture did not change significantly in comparison with binary
mixture tBLMs (2.5 (Fig. 5 A red line) and 2.3 (Fig. 4 A light blue
line)) PS phospholipids influence on the electrical properties of
the triple PLs membrane containing Chol is significantly (3�)
diminished in comparison with a binary mixture of PE/PS. This sug-
gests that Chol also plays an important role in fine tuning interac-
tions in the head groups of the phospholipids in the inner leaflet of
membranes.

Dependences of Rm and Cm on pH for a PE/PS/Chol tBLM and the
tBLM model of the outer membrane (red and blue lines correspon-

dently in Fig. 5 A) at the pH range above 6 are approximately the
same, however at lower pHs (3–4), the tBLM model of the outer
membrane has a resistance more than 3 times larger. Capacitance
for the triple PE/PS/Chol mixture has a broad minimum around pH
6 (Fig. 5 B).

To produce a four-component inner membrane model, we
mixed PE/PS/Chol/PC, by adding 10% PC to the PE/PS/Chol tBLMs,
reducing the Chol by 10% (Fig. 5, black curve). This relatively small
change in the tBLM composition dramatically changed the resis-
tance dependence on pH. The resistance increase at maximum
Rm was four times the magnitude compared to the ternary tBLMs
(Fig. 5A red line) and is comparable with the maximum Rm of the
PE/PS tBLMs (Fig. 4A light blue line). Notably, the maximum

Fig. 4. Dependence on pH of the (A) resistance and (B) capacitance of binary mixtures of PLs from the plasma membrane inner leaflet. Error bars were estimated from the
covariance matrix derived from the optimization of the circuit equivalent model (Fig. 1S) to 51 impedance data points using a Levenberg Marquardt algorithm. Numbers are
the ratios of PLs in the mixture.

Fig. 5. Dependences on pH of resistance (A) and capacitance (B) of inner (red and black lines) leaflets of plasma membranes. Error bars were estimated from the covariance
matrix derived from the optimization of the circuit equivalent model (Fig. 1S) to 51 impedance data points using a Levenberg Marquardt algorithm. Outer leaflet model (blue
line PC/SM/Chol) is the same as in Fig. 4 and shown here for comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Rm for the four component mixture is at pH 6, very close to that
found for the single component PE tBLMs (Fig. 2 A, green curve),
the PE/Chol tBLMs and the PE/PS/Chol tBLMs (Fig. 4A, black curve
and Fig. 5, red curve). For the inner membrane, the slope of change
of the resistance at the physiological pHs (6 to 8) is the largest in
comparison to all measured tBLMs and differs significantly from
the model of the outer membrane (Fig. 5 A, blue line). This may
be correlated with important role of PE as a key regulator of mem-
brane fluidity in eukaryotic cells [55].

Comparison of the changes for the inner leaflet model composi-
tions with the outer leaflet model compositions is also informative.
Most notably here is that the outer membrane models (Fig. 3 A and
Fig. 5, blue line) have the maximum Rm = 1.2MX at pH 3.5 in con-
trast to Rm = 3.2 MX at pH 6 for tBLM of inner membrane (Fig. 5
black line). The inner and outer leaflet models appear to have
remarkable similar resistance values from pH 2 to 4 (Fig. 5, com-
pare black and blue curves). From these comparisons, it is clear
that the resistance properties of the inner and outer leaflets may
vary in dramatically different ways with pH.

Capacitance data for the inner and outer model compositions
(e.g., Fig. 5 B, black and blue lines) do not differ significantly. The
outer membrane model (PC/SM/Chol tBLMs) exhibits an almost
linear change with increasing pH whereas the four-component
inner membrane model has a small minimum around 6. The two
capacitance values cross at pH 4.9.

The above observations indicate that very small changes in con-
centration or composition of the PLs in the inner and outer mem-
branes lead to dramatic changes in the properties of the cell
membranes. This strongly suggests that when studying interac-
tions of biomolecules with biomimetic membranes these effects
must be taken into account.

4. Conclusions

Our work complements and extends recent reports [17–19] on
the pH dependence of the permeability of ions through the phos-
pholipid membranes. We demonstrate dramatic effects of pH and
lipid composition on the electrical properties of membrane models
of the inner and outer leaflets of the plasma membrane over a wide
pH range. Lipid compositions varied from individual lipid compo-
nents to more complex plasma membrane-mimicking mixtures.
To emphasize the influence of the building blocks of phospho-
lipids—ester oxygens, glycerol, phosphate and terminal head
groups—we kept the aliphatic part of all phospholipids identical.

The resistance of the model membranes reports on the perme-
ability of the membrane to ions. All model membranes, whether
composed of single phospholipid species or mixtures, are observed
to have resistance maxima at pH values near the pKa values of the
phosphate group, such that these maxima correlate with protona-
tion of the phosphate group. At high pH, the phosphate is nega-
tively charged, resulting in an increase of [Na±] in the head
groups and smaller membrane resistances. At pH values close to
the pKa, the phosphate is more protonated, the sodium ion concen-
tration is depleted, and the resistance increases. At pH values
below the pKa, the resistance decreases again, due to the increase
in hydronium ion concentration and the increase in permeability
of these ions, through hydrogen bonding interactions between
H3O

± and the phosphate and/or carbonyl oxygens of the acyl
chains. Single component PE, membranes have additional sharp
maxima at pH 5.9 that corresponds to the pI of PE. The resistance
values and positions of the Rm maxima, as well as the capacitances
of the membranes that contain mixtures of phospholipids differ
significantly from single component membranes. Resistance data
show the importance of cholesterol in the mixtures, which not only
influences the structure of the phospholipids’ aliphatic chains, but

also fine tunes the head group interactions. The most dramatic
changes with membrane composition are seen in the models of
inner membranes that contain PE. The presence of PE in these
membranes induces the shift of maximum Rm to pH 6. By contrast,
the models of the outer leaflet of the membranes have maximum
resistance at pH 3—a dramatic difference between the inner and
outer leaflets of the membrane.

The membrane capacitance depends both on the membrane
thickness and its average dielectric constant. SPR and neutron
experimental data show only minor changes in the tBLM thickness
over this extensive pH range and agree with previous studies for all
compositions. The membrane capacitance, however, does not cor-
relate in a straightforward way with the SPR and NR thicknesses.
We thus conclude that our data reflect structural changes in the
head groups of the phospholipid molecules and changes in the con-
centration of salt and hydronium ions due to the collective influ-
ences of hydrophobic, electrostatic and hydrogen bond
interactions of the lipid molecules.

Taken together, the data reported in this manuscript strongly
suggest that electrical properties of the membranes cannot be
explained only by changes in the density of the aliphatic chains of
the membranes. Changes in charge/hydrogen bonding of the head
groups of PLs from pH 2 to pH 10 controls the concentration and
permeability of ions through the head groups and the membrane
as a whole. Further surface plasmon, electrochemical impedance,
and neutron reflectometry studies are underway to understand
the influence of concentration of sodium, potassium and divalent
ions on pH-dependent membrane electrical properties.
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