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bamboo salt. The atomic composition of unprocessed and 
processed bamboo salts was first analyzed by mass spec-
trometry, and we identified several elements that have not 
been previously reported in other bamboo salt preparations. 
The alkalinity of hydrated samples was also measured and 
determined to be between pH 10 and 11 for bamboo salts. 
The effect of processed bamboo salt solutions on the fluidic 
properties of a supported lipid bilayer on glass was next 
investigated by fluorescence recovery after photobleaching 
(FRAP) analysis. It was demonstrated that, with increas-
ing ionic strength of the bamboo salt solution, the fluidity 
of a lipid bilayer increased. On the contrary, increasing the 
ionic strength of near-neutral buffer solutions with sodium 
chloride salt diminished fluidity. To reconcile these two 
observations, we identified that solution alkalinity is criti-
cal for the effects of bamboo salt on membrane fluidity, as 
confirmed using three additional commercial bamboo salt 
preparations. Extended-DLVO model calculations support 
that the effects of bamboo salt on lipid membranes are due 
to the alkalinity imparting a stronger hydration force. Col-
lectively, the results of this work demonstrate that process-
ing of bamboo salt strongly affects its atomic composition 
and that the alkalinity of bamboo salt solutions contributes 
to its effect on membrane fluidity.

Keywords Cell membrane · Lipid bilayer · Mobility · 
Monovalent cation · Fluorescence recovery after 
photobleaching

Introduction

Bamboo salt has been used as a traditional Oriental medi-
cine for over 1300 years and is widely used in household 
and food applications (Shin et al. 2003; Zhao et al. 2013a). 

Abstract Bamboo salt is a traditional medicine produced 
from sea salt. It is widely used in Oriental medicine and is 
an alkalizing agent with reported antiinflammatory, antimi-
crobial and chemotherapeutic properties. Notwithstanding, 
linking specific molecular mechanisms with these proper-
ties has been challenging to establish in biological systems. 
In part, this issue may be related to bamboo salt eliciting 
nonspecific effects on components found within these sys-
tems. Herein, we investigated the effects of bamboo salt 
solution on supported lipid bilayers as a model system to 
characterize the interaction between lipid membranes and 
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In recent years, in-depth studies have been launched focus-
ing on characterizing the properties of bamboo salt and 
understanding its potential medical efficacy (Ha and Park 
1998, 1999; Kim et al. 1998). Kim et al. reported the antial-
lergic effect of bamboo salt by demonstrating the inhibition 
of IgE antibody production and inflammatory cytokines 
(Kim et al. 2012). In a separate study, Shin et al. (2003, 
2004) also showed the antiinflammatory activity of bam-
boo salt, and Zhao et al. (2013a, b) presented its anticancer 
activity. Numerous studies are ongoing to assess the valid-
ity of the claimed bamboo salt benefits and to understand 
the underlying mechanisms leading to the observed effects. 
Such studies aim to promote awareness of bamboo salt as a 
modern medicine and to delineate the molecular basis for 
its claimed health benefits.

The packaging of beneficial minerals in bamboo salt is 
because of its production procedure. Typically, sun-dried 
sea salt is first placed in a bamboo case, then sealed with 
yellow soil and baked at a temperature of over 1000 °C with 
fire fueled by pinewood and pine resin. Depending on the 
number of baking cycles, amalgamation of purified essen-
tial minerals from the bamboo trunk, yellow soil, pinewood 
and pine resin can be controlled (Shin et al. 2004a; Hu et al. 
2000). Nine-times-baked bamboo salt (BS9x), also called 
purple bamboo salt because of its color, is claimed to have 
the most ideal amounts of minerals, including high concen-
trations of iron, silicon, and potassium, along with minimal 
impurities (Choi et al. 2012). BS9x also contains signifi-
cant amounts of alkaline minerals such as calcium, magne-
sium, and sodium, rendering BS9x solutions alkaline (Ha 
and Park 1998; Shin et al. 2004b). It has been suggested 
that BS9x helps in the reinforcement of cellular protection 
capabilities, specifically through interactions with the lipid 
membrane to combat various diseases such as microbial, 
dental, inflammatory, and cardiovascular diseases, cancer, 
and diabetes (Shin et al. 2003, 2004b; Zhao et al. 2013a, 
b, c; Choi et al. 2012; Moon et al. 2009). However, cellular 
studies have remained inconclusive on the effect of bamboo 
salt on lipid membranes, largely because of the complexity 
of factors at play in biological systems.

Phospholipid assemblies on solid supports provide a 
reductionist approach to investigate the molecular mecha-
nisms involving lipid membranes by using simplified mod-
els (Sackmann 1996; Czolkos et al. 2011). Specifically, 
lipid bilayers mimic the fundamental architecture of the 
cell membrane and can form two-dimensional planar bilay-
ers or a layer of adsorbed lipid vesicles. In combination 
with a wide range of surface-sensitive measurement tech-
niques, these platforms can be useful to study the structure 
and function of lipid bilayers under different environmental 
conditions and for applications such as molecular recogni-
tion and tracking enzymatic activity [see (Mashaghi et al. 
2014) and references therein]. While many studies have 

been performed using different salt conditions (e.g., buffer, 
ionic strength) and delineated the corresponding effects on 
membrane formation and functionality (Böckmann et al. 
2003; Jackman et al. 2013; Reimhult et al. 2003; Zimmer-
mann et al. 2009), there have been no studies that investi-
gate the influence of bamboo salt on artificial lipid mem-
branes. Herein, we address this subject and focus on how 
bamboo salt affects the properties of supported lipid bilay-
ers on glass substrates.

Materials and methods

Salt preparation

Dry samples of salts were prepared as follows: purified 
table salt (PS), sea salt (SS), one-time-baked bamboo salt 
(BS1x), three-times-baked bamboo salt (BS3x), five-times-
baked bamboo salt (BS5x), and nine-times-baked bamboo 
salt (BS9x). Bamboo salt was produced by roasting sea salt 
from the Korean west coast in a bamboo trunk sealed with 
yellow clay over a furnace fueled by native Korean pine-
wood and pine resin. The bamboo was more than 3 years 
old and from the Damyang region in Korea, and the yel-
low clay was prepared from soil (natural illite clay) col-
lected in the Gangwon Province mountains in Korea. The 
number of baking cycles, each consisting of 10 h of roast-
ing (in excess of 900 °C), determined the resulting prod-
uct. For solution experiments, the salts were dissolved in 
deionized water at a stock concentration of 3.75 M solution 
and diluted accordingly before the experiment. In addition, 
three commercial bamboo salt preparations were purchased 
from Kaeam Trading Co., Ltd., and tested. These commer-
cial salts included twice-baked mineral bamboo salt (sam-
ple 1), mulberry bamboo salt (sample 2), and yellow ocher 
bamboo salt (sample 3). Aqueous salt solutions were pre-
pared as described above.

Vesicle preparation

Extruded small unilamellar vesicles (SUVs) were prepared 
using 1-palmitoyl-2-oleoyl-sn-glycero-3-phophocholine 
(POPC) lipid (Avanti Polar Lipids, Alabaster, AL, USA). For 
fluorescence microcopy experiments, 0.5 mol % rhodamine-
conjugated 1,2-dihexadecanoyl-sn-glycero-3-phophoethanol-
amine (Rhodamine-DHPE) (Avanti Polar Lipids) was added. 
Briefly, as-supplied lipids in chloroform were mixed to the 
desired molar amount in a glass tube, and then a dried lipid 
film was formed by drying with a gentle stream of nitrogen 
air followed by storage in a vacuum desiccator. The dried lipid 
film was then hydrated in 10 mM Tris buffer (pH 7.5) with 
150 mM NaCl to a nominal concentration of 5 mg/ml. Lipid 
extrusion was performed using 27 cycles through a 50-nm 
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diameter track-etched polycarbonate membrane (Whatman 
Schleicher, Germany), followed by an additional 27 cycles 
through a 30-nm diameter membrane. The vesicle diam-
eter and polydispersity of 64.5 ± 0.4 nm and 0.041 ± 0.008, 
respectively, were measured by dynamic light scattering meas-
urements. Finally, vesicles were diluted in 10 mM Tris buffer 
to a fixed lipid concentration of 0.2 mg/ml prior to the experi-
ment. All solutions were prepared with 18.2 MΩ cm Milli-Q 
water (Millipore, Billerica, MA).

Epifluorescence microscopy

Fluorescence microscopy imaging of supported lipid bilay-
ers containing 0.5 wt% rhodamine-DHPE was performed 
by using an inverted epifluorescence Eclipse TE 2000 
microscope (Nikon) equipped with a 60× oil immersion 
objective (NA 1.49) and an Andor iXon + EMCCD cam-
era (Andor Technology, Belfast, Northern Ireland). The 
acquired images consisted of 512 × 512 pixels with a pixel 
size of 0.267 × 0.267 μm. The samples were illuminated 
through a TRITC (rhodamine–DHPE) filter set by a mer-
cury lamp (Intensilight C-HGFIE; Nikon Corporation).

Fluorescence recovery after photobleaching (FRAP) 
analysis

For FRAP measurements, a 20-μm-wide circular spot was 
photobleached with a 532-nm, 100-mW laser beam, fol-
lowed by time-lapsed recording. Diffusion coefficients 
were determined by the Hankel transform method (Jonsson 
et al. 2008) along with the immobile fraction. For all fluo-
rescence imaging experiments, glass coverslips (Menzel 
Gläser, Braunschweig, Germany) were used together with 
commercially available microfluidic flow cells (stick-Slide 
I0.1 Luer, Ibidi, Munich, Germany), with an injection flow 
rate of 50 µl/min.

Laser ablation‑inductively coupled plasma (LA‑ICP) 
mass spectrometry

In situ quantitative trace element analyses were performed 
by LA-ICP-MS, which is a highly sensitive technology uti-
lizing fine particles through laser ablation to chemically 
analyze the elements on a solid surface down to parts per 
billion (ppb level) without complicated sample preparation. 
The system consists of an Analyte G2 193-nm ArF exci-
mer laser (Teledyne CETAC-Photon Machines) coupled to 
a iCAP Q mass spectrometer (Thermo Scientific). High-
purity helium was used as a carrier gas. For rock salt sam-
ples (powder form), a 60-μm2 spot was used to perform 
line scans of 300 μm  length across the surface of multi-
ple particles at a rate of 10 mm/s, a pulse rate of 10 Hz, 
and an energy fluence rate of 3.0 J/cm2. For lipid samples, 

a 150 μm2 spot was used to perform line scans of 1 mm in 
length at a rate of 33.10 mm/s, a pulse rate of 10 Hz, and 
an energy fluence of 1.4 J/cm2. The isotopes 7Li, 11B, 23Na, 
25Mg, 26Mg, 27Al, 29Si, 31P, 39K, 42Ca, 44Ca, 49Ti, 51V, 53Cr, 
54Fe, 55Mn, 60Ni, 63Cu, 64Zn, 65Cu, 85Rb, 86Sr, 95Mo, 98Mo, 
and 133Cs were monitored. NIST 610 glass reference stand-
ard was used for external calibration with the preferred val-
ues of Jochum et al. (2005).

Results and discussion

Characterization of bamboo salts

A wide variety of experimental conditions have been 
reported to influence the properties of supported lipid 
bilayers, including ionic strength, solution pH, and tem-
perature. In order to examine the effects of bamboo salt on 
lipid bilayers, we first characterized a series of unprocessed 
and processed bamboo salt solutions. Indeed, there have 
been many reports on different variants of bamboo salt in 
the literature, and establishing fundamental knowledge 
about sample properties is important for comparison across 
different studies. We first measured the solution of bamboo 
salt, which is commonly referred to as an alkalizing agent 
(Zhao et al. 2012). For these experiments, dried salt sam-
ples were hydrated with deionized water to a final concen-
tration of 1.7 M and then the solution pH was determined 
(Table 1). Unprocessed sea salt solution was prepared along 
with BS1x, BS3x, BS5x, and BS9x solutions. The unpro-
cessed sea salt solution was mildly alkaline (pH ~8), while 
the processed bamboo salt solutions had more appreciable 
alkalinity (pH ~10.5), which is in line with previous reports 
(Zhao et al. 2012).

To further determine the chemical composition of the 
bamboo salt samples, laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) experiments were 
conducted using dried samples in powder form. The salts 
mainly consisted of four major alkaline minerals, sodium, 
magnesium, potassium, and calcium, and the chloride salts 

Table 1  Alkalinity of precursor and processed bamboo salt solutions

Standard conductivity measurements were performed in order to 
measure the pH value of bamboo salt solutions. The values are the 
average ± standard deviation of three measurements

Salt (1.7 M) pH

PS 7.00 ± 0.01

SS 7.88 ± 0.02

BS1x 10.26 ± 0.01

BS3x 10.21 ± 0.02

BS5x 10.43 ± 0.02

BS9x 10.61 ± 0.03
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of these four minerals are reported by w/w % percentage 
(Table 2). All other trace elements are reported in units of 
parts per million. Compared to the SS control, BS9x salt 
had slightly higher contents of sodium (97.63 vs. 95.92 %) 
and a fivefold increase in potassium (1.92 vs. 0.43 %). 
However, the magnesium content was reduced by 20-fold 
(0.17 vs. 3.54 %). The fractions of many trace elements 
increased significantly in the BS9x salt, including a 1000-
fold increase in phosphorus, tenfold increase in iron, and 
tenfold increase in manganese. In addition, there was evi-
dence of several minerals (e.g., rubidium, vanadium, etc.) 
that have not been previously identified in bamboo salt 
solutions, and at least some of these molecules are reported 
to have medical benefits (Petanidis et al. 2013; Brewer 
1984; Peng et al. 2010; Reiss et al. 2005). In the context 
of lipid membrane properties, it is unlikely that these trace 
minerals exert an appreciable direct effect on the global 
properties of the lipid membrane. Rather, it appears that the 
alkalinity and/or presence of divalent cations (e.g., Mg, Ca) 
may influence the properties of lipid membranes, and we 
tested this hypothesis by performing FRAP experiments.

Influence of salt type on supported membrane fluidity

In order to investigate the effects of bamboo salt solution 
on lipid membrane properties, a fluorescently labeled sup-
ported lipid bilayer was formed on a glass substrate by the 
vesicle fusion method. Extruded POPC lipid vesicles con-
taining 0.5 wt% rhodamine-POPC fluorescent lipids were 

prepared in 10 mM Tris buffer (pH 7.5) with 150 mM NaCl 
and deposited on the glass substrate. Under these conditions, 
the vesicles adsorb until reaching a critical surface coverage 
and then rupture to form a two-dimensional supported lipid 
bilayer (Keller and Kasemo 1998). Upon vesicle addition, a 
homogenous lipid bilayer was visualized by epifluorescence 
microscopy. FRAP analysis was performed by bleaching a 
20-µm-wide circular spot of lipids in the bilayer, then meas-
uring the return of fluorescence intensity to the spot as a 
function of time. Using the Hankel transform method, a dif-
fusion coefficient of 2.4 ± 0.1 µm2/s was calculated for the 
control POPC lipid bilayer in 150 mM NaCl along with a 
mobile fraction of 90 ± 2 %. Then, a buffer exchange was 
performed in order to introduce 150 mM bamboo salt solu-
tion into the measurement chamber, followed by an equi-
librium period. A FRAP measurement was next performed, 
and the time-lapsed snapshots are presented in Fig. 1. 
Quartz crystal microbalance with dissipation (QCM-D) 
measurements confirmed formation of supported lipid bilay-
ers and demonstrated that the effects of ionic strength on the 
bilayer mass and viscoelastic properties are largely revers-
ible (Figure S1). A series of buffer exchanges followed, with 
increasing concentrations of bamboo salt and FRAP meas-
urements conducted at each condition.

Even at relatively low ionic strength, the bamboo salt 
solution had an appreciable effect on the diffusion coeffi-
cient, shifting the value to 3.2 ± 0.1 µm2/s at 150 mM bam-
boo salt solution. The increase in fluidity is likely due to 
more repulsive lipid-substrate interaction in the more alka-
line condition of bamboo salt solution. At higher bamboo 
salt concentrations, the fluidity increased further. The diffu-
sion coefficient was 3.6 ± 0.2 µm2/s at 1000 mM bamboo 
salt solution, then reached approximately 5.2 ± 0.5 µm2/s 
above 2000 mM bamboo salt solution and higher concen-
trations. With increasing salt concentration, the mobile 
fraction of lipids also increased to greater than 95 %. 
Importantly, the same trends in the diffusion coefficient and 
mobile fraction were reproduced using three commercial 
bamboo salt preparations (Figures S2–S4). Similar results 
were also obtained using Tris buffer solutions with alkaline 
conditions (pH 10.5) (see Figure S5).

To distinguish between the effects of solution pH and 
ionic strength, we also performed FRAP experiments on 
lipid bilayers in saline solutions at pH 7.5, as presented 
in Fig. 2. Interestingly, with increasing ionic strength 
in this case, we observed very different trends as com-
pared with more alkaline conditions. The diffusion coef-
ficient decreased as a function of ionic strength, reach-
ing 1.7 ± 0.1 µm2/s under high ionic strength conditions 
(above 2000 mM NaCl). Furthermore, the mobile frac-
tion of lipids decreased significantly from 90 ± 2 % at 
150 mM to 70 ± 1 % at 3750 mM. A comparison of all 
FRAP measurement results is presented in Fig. 3. The 

Table 2  Elemental analysis of precursor and processed bamboo salt 
solutions

LA-ICP mass spectra were obtained for different bamboo salt solu-
tions. Major elements are reported as weight percentage of chloride 
compounds
a Trace elements are reported in ppm

 n/d not determined

Isotope SS BS1x BS9x

NaCl (%) 95.92 97.13 97.63

MgCl2 (%) 3.54 1.86 0.17

KCl (%) 0.43 0.27 1.92

CaCl2 (%) 0.11 0.75 0.27

P n/d 17.78 1386.02

Fe 190 203.86 1830.35

Mn 11 36.40 124.24

Al 134.00 135.54 13.39

Si 565 853 274.02

Rba 0.7 1.06 17.11

Sra 44 156.62 109.37

Moa 0.12 0.22 81.53

Csa 0.03 0.03 0.15

Va 2.50 1.96 5.61
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observed trends are in good agreement with previous 
experiments reported by Böckmann et al. (2003). Hence, 
the effects of ionic strength depend on the solution pH, 
and it appears that the higher pH preserves the membrane 
fluidity. Specifically, under near-neutral pH conditions, 
higher ionic strength leads to a minor decrease in fluid-
ity and significant drop in the mobile fraction, whereas, 
under alkaline conditions, higher ionic strength leads to 
a significant increase in fluidity and a very high mobile 
fraction.

Extended‑DLVO model of lipid‑substrate interactions

To understand the effects of different salts and correspond-
ing solution conditions, we performed extended-DLVO 

model calculations (Jackman et al. 2013, 2014a; Nabika 
et al. 2008; Tero et al. 2008) that took into account the 
interfacial forces between the supported lipid bilayer and 
solid support and assumed monovalent salt conditions. 
Specifically, the model treats the bilayer and substrate 
as two parallel planes coming into contact and estimates 
the total interaction energy as a function of the separation 
distance between the bilayer and substrate. In an equilib-
rium configuration, the separation distance is predicted to 
be optimized so that it minimizes the interaction energies 
of the van der Waals force (always attractive), the double-
layer electrostatic force (can be either repulsive or attrac-
tive; repulsive in our case based on the conditions and 
materials), and the hydration force (always repulsive; the 
magnitude is important). Accordingly, the total interaction 

Fig. 1  Observation of alkaline 
bamboo salt effects on a sup-
ported lipid bilayer on glass. 
Epifluorescence microscopy 
was performed in order to visu-
alize supported lipid bilayers in 
alkaline bamboo salt solutions. 
Panels a–d present time-lapsed 
fluorescence micrographs and 
intensity profiles of supported 
lipid bilayers incubated in 
bamboo salt solutions of vary-
ing ionic strength between 0.15 
and 3.75 M. Photobleaching 
was performed at t = 0 min, and 
the bleached spot corresponds 
to the dark spot in the center 
of the micrograph. The left and 
right micrographs correspond to 
snapshots recorded at t = 0 and 
t = 90 s, respectively. The fluo-
rescence intensity as a function 
of distance across the bleached 
spot at the two times is pre-
sented below the micrographs
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energy (W) as a function of separation distance (D) is rep-
resented by

where WvdW, WDL, and Whyd correspond to the van der 
Waals, double-layer electrostatic, and hydration interaction 
energies, respectively. The individual interaction energies 
are defined by the following set of equations:

where A132 is the Hamaker constant that is defined by 
A132 = Av=0(2κD)e

−2κD
+ Av>0, with κ representing the 

inverse Debye length. The Prieve-Russell approach was 
followed in order to calculate the Hamaker constant, and

(1)W = WvdW +WDL +Whyd

(2)WvdW = −
A132

12πD2

where NA, k, T, I, e, Ψ, and κ represent the Avogadro con-
stant, Boltzmann constant, temperature, ion strength, 
elementary charge, surface potential, and Debye length, 
respectively, and

where the values λ and P0 depend on the experimental con-
ditions, e.g., solution pH, ionic strength, and substrate type. 
P0 was fixed as 1.15 × 108 N/m3, and the decay length, λ, 
of the hydration force was varied.

Based on these equations, we performed a series of 
calculations to estimate how ionic strength influences the 

(3)
WDL = 64000NAkTI tanh

(

eψs

4kT

)

tanh

(

eψb

4kT

)

e−κD

κ

(4)Whyd = �P0e
−

D
�

Fig. 2  Influence of ionic 
strength on the fluidity of a 
supported lipid bilayer on glass 
under near-neutral solution con-
ditions. Similar epifluorescence 
microscopy experiments were 
conducted in order to visual-
ize supported lipid bilayers 
in pH 7.5 Tris buffer solution 
with added sodium chloride. 
Panels a–d present time-lapsed 
fluorescence micrographs and 
intensity profiles of supported 
lipid bilayers incubated in pH 
7.5 Tris buffer solutions of vary-
ing ionic strength
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lipid-substrate interaction. With increasing ionic strength, 
there was a minimal effect on the van der Waals force (Fig-
ure S6) and an appreciable effect on the double-layer elec-
trostatic force (Figure S7). High salt concentrations lead to 
shielding, which retards the electrostatic force. In addition 
to these two forces, Jackman et al. (2014b) recently showed 
that the magnitude of the hydration force is a particularly 
sensitive indicator of the lipid-substrate interaction on tita-
nium oxide. Cremer and Boxer (1999) have also previously 
reported that ice-like hydration layers form on silicon oxide 
under alkaline conditions and impede vesicle adhesion. 
Considering these points, we performed the model calcula-
tions by choosing two different magnitudes of the hydra-
tion force via changing the decay length of the force. The 

reported range (Kanduč et al. 2014) is between 0.1 and 
0.6 nm, and we chose two values, 0.15 and 0.25 nm, which 
correspond to a relatively weak and strong hydration force, 
respectively, for a lipid bilayer on silicon oxide (see Figure 
S8).

Under a relatively weak hydration force (i.e., the near-
neutral pH case), we observed that the lipid-substrate 
interaction was always attractive and had an equilibrium 
separation distance predicted to be around 0.7 nm (Fig. 4a). 
Interestingly, the ionic strength had an appreciable effect on 
the estimated total interaction energy of the system at the 
equilibrium position. At 150 mM salt, the total interaction 
energy was −70 µJ/m2. With increasing salt concentration, 
the total interaction significantly decreased to −130 µJ/m2 
at 300 mM salt followed by reaching a maximum saturation 
value around −140 µJ/m2 for higher salt concentrations. 
Importantly, Mager et al. (2008) have established a rela-
tionship between the bilayer-substrate separation distance 

Fig. 3  FRAP analysis of supported lipid bilayers in the presence of 
different salts. Panels a and b present the experimentally measured 
diffusion coefficient and mobile fraction values, respectively, for sup-
ported lipid bilayers incubated in the presence of different salt solu-
tions as a function of ionic strength. Each value is the average of 
three measurements, and the error bar represents the standard devia-
tion

Fig. 4  Effects of ionic strength on the lipid-substrate interaction of a 
supported lipid bilayer. The lipid-substrate interaction between a sup-
ported lipid bilayer and silicon oxide was investigated as a function of 
separation distance by an extended-DLVO model. In the model cal-
culations, the ionic strength condition was varied, with a fixed decay 
length of the hydration force. Panels a and b present the total inter-
action energy as a function of separation distance assuming either 
a weak (0.15-nm decay length) or strong (0.25-nm decay length) 
hydration force, respectively
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(in turn reflecting the lipid-substrate interaction) and mem-
brane fluidity, and our FRAP and extended-DLVO model 
calculations are consistent with the proposed relationship. 
In particular, we observe that membrane fluidity decreases 
with increasing ionic strength, and this finding is consist-
ent with the prediction that the lipid-substrate interaction 
becomes stronger with increasing ionic strength. Hence, 
due to the stronger lipid-substrate interaction, the diffusion 
coefficient decreases along with an increase in the immo-
bile fraction.

On the contrary, under a relatively strong hydration 
force (i.e., the alkaline case), we observed that the lipid-
substrate interaction was attractive, albeit much weaker, 
and the energy minimum was very shallow (Fig. 4b). For 
150 mM salt, the total interaction energy was −15 µJ/m2 
at the equilibrium position. With increasing salt concen-
tration, the total interaction energy reached −22 µJ/m2 at 
300 mM salt and above. Interestingly, in the FRAP experi-
ments, we observed that the membrane fluidity continued to 
increase as a function of ionic strength in this salt concen-
tration regime for bamboo salt solutions. Together with the 
model calculations, this evidence supports that the increase 
in membrane fluidity under alkaline conditions is due to 
both lipid-substrate and lipid-salt interactions. Hence, the 
data suggest that bamboo salt increases the fluidity of lipid 
membranes by imparting an alkaline environment along 
with additional effects, the specifics of which remain to be 
further investigated in future work. Considering that many 
types of bamboo salt are known to promote alkalizing envi-
ronments (Ha and Park 1998; Shin et al. 2004b), we antic-
ipate these other salts would have similar effects on lipid 
membranes. From a human health perspective, it is well 
established that the body operates well in a slightly alka-
line environment. Bamboo salts help to ensure this condi-
tion, and it will be important to understand the interplay of 
membrane fluidity and alkaline conditions in the context of 
optimal cellular function.

Conclusion

In this work, we have investigated the effect of bamboo salt 
on lipid membranes by employing supported lipid bilay-
ers. Compared to previous bamboo salt studies, this work 
is, to the best of our knowledge, the first that employs a 
reductionist approach using a simplified model membrane 
system that permits characterization by surface-sensitive 
characterization tools, e.g., the FRAP and QCM-D meas-
urement techniques. Using this approach, we identified 
that alkaline bamboo salt solutions, including commer-
cial samples, increase membrane fluidity with increas-
ing ionic strength. Similar observations were made using 
alkaline buffer solutions with saline solutions. By contrast, 

near-neutral saline solutions yielded less-fluid bilayers, and 
high ionic strengths in this case retarded membrane fluidity. 
Our theoretical extension of this work with extended-DLVO 
model calculations support that the hydration force plays 
an important role in influencing bilayer fluidity. Based on 
the findings of this work, including the identification of 
novel elements in bamboo salt and observed influence of 
alkalinity on membrane fluidity, one can envision several 
interesting lines of future research related to the investiga-
tion of bamboo salt with supported lipid membranes.
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