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Abstract A liposome containing the B-cyclodextrin (B-
CD) complex of norfloxacin (NFLX) was prepared and its
ternary structure characterized. Structural information
about the NFLX/B-CD complex was obtained by infrared
spectroscopy and powder X-ray diffraction. Nuclear mag-
netic resonance (NMR) ROESY experimental results con-
firmed the inclusion structure, with the results well
matching those of molecular docking studies. The stoi-
chiometry and the association constant of the complex
were also determined. Free multilamellar vesicles com-
posed of soybean phospholipids and cholesterol as mem-
brane materials were prepared and loaded with NFLX,
B-CD, and the NFLX/B-CD complex. Diffusion coeffi-
cients measured by '°F NMR spectroscopy were compared.
In addition, saturation transfer difference NMR ex-
periments were performed to elucidate the structural dif-
ferences of these liposomes. The results confirmed the
formation of the ternary inclusion system comprising the
liposome and the NFLX/B-CD complex. Transmission
electron micrographs showed the morphological features
and particle size differences of these liposomes.
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Introduction
Chemical compounds studied in this article

Norfloxacin (PubChem CID 4539), -cyclodextrin
(PubChem CID 444041)

Cyclodextrins (CDs), cyclic oligosaccharides consisting of
six—eight glucopyranose units linked by a-(1, 4) bonds, have
a truncated cone shaped structure with a hydrophobic cavity.
The secondary and primary hydroxyl groups of the anhy-
droglucopyranose moieties are arranged on the exterior of
CD molecules rendering their external surfaces polar while
the internal surface is apolar. The CD cavity can accom-
modate small or medium-sized molecules to form inclusion
complexes. These complexes are of particular interest in the
pharmaceutical industry because incorporation of drug
molecules into the cavity of CDs significantly changes the
properties of the drug, enhancing, for example, its chemical
stability, bioavailability, and solubility [1-3].

A liposome is an artificial spherical vesicle composed of
a lamellar phase lipid bilayer. Liposomes can be used as
vehicles to administer nutrients and pharmaceutical drugs.
While hydrophilic drugs can be encapsulated within
aqueous compartments of liposomes, lipophilic drugs are
usually entrapped within the lipid bilayer. The concept of
“drugs-in-cyclodextrin-in-liposome” systems combines
the advantages of both CDs (e.g., increasing drugs solu-
bility) and liposomes (e.g., targeting of drugs) into a single
system thus circumventing problems associated with each
of them. This concept, first introduced by McCormack and
Gregoriadis in 1994, has been successfully applied to
several drugs and different CD derivatives [4-7].

Norfloxacin (NFLX) is one of the second-generation
fluoroquinolone drugs known to cause phototoxicity
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in vivo. Liposomes containing the riboflavin/y-CD com-
plex reportedly have a highly protective effect on the
photosensitive riboflavin molecule [8]. It is therefore likely
that incorporation of the CD complex of NFLX into a li-
posome may also improve the photostability of this
fluoroquinolone. The molecular structures of NFLX and
B-CD are shown in Fig. 1.

This paper reports the preparation and characterization
of the ternary inclusion structure of the NFLX/B-CD
complex in a liposome. The NFLX/B-CD complex was
characterized by powder X-ray diffraction, infrared (IR)
spectroscopy, and nuclear magnetic resonance (NMR)
spectroscopy. Liposomes containing NFLX, B-CD, and the
NFLX/B-CD complex were prepared independently from
free multilamellar vesicles (MLVs). By comparing the
diffusion behavior of NFLX in the drug containing systems
through '’F NMR spectroscopy and investigating the
saturation transfer difference (STD) NMR spectra of these
liposomes, the structure of the ternary system could be
characterized. This study is the first to investigate the
structure of complex between a fluoroquinolone drug and
B-CD and a liposome containing this complex by NMR
spectroscopy.

Experimental
Materials

NFLX (HPLC purity >99.8 %) and cholesterol (HPLC
purity >99 %) were purchased from Aladdin Reagents,
Shanghai, China. B-CD (content >99 %) was purchased
from Tianjin Chemical Reagents Co., Tianjin, China.
Soybean phospholipids (PC content >90 %) were pur-
chased from Shanghai Taiwei Pharmaceutical Co., Ltd.,
Shanghai, China. D,O was purchased from Cambridge
Isotope Laboratories, Inc., Andover, USA. All chemicals
used were analytical grade. All of the materials were di-
rectly used without further purification.

Preparation of NFLX/B-CD complex

Solid NFLX (0.319 g, 100 mmol) and B-CD (1.135 g,
100 mmol anhydrous) were dissolved in 25 mL of
100 mM NaOH solution. This solution was magnetically
stirred for 24 h at room temperature before it was freeze-
dried. The solid product was then collected and vacuum-
dried at 60 °C to obtain NFLX/B-CD complex.

Characterization of NFLX/B-CD complex via IR
spectroscopy and powder X-ray diffraction

IR spectroscopy spectra were obtained by using a Nicolet
6700 Fourier-transform IR (FTIR) spectroscopy with KBr
pelleting. The spectra ranged from 400 to 4000 cm ™' at
4 cm ™! resolution. Powder X-ray diffraction was measured
in a Rigaku diffractometer using Cu Ko (A = 1.5406 A)
with 40 mA, 40 kV, and 3°/min scanning rate.

Stoichiometry of NFLX/B-CD complex through
the continuous variation method (Job’s plot)

B-CD and NFLX (both 20 mM, in 100 mM NaOH-D,0O
solution) were mixed to a standard volume in various molar
ratios (e.g., 75:525 pL and 150:450 pL), while maintaining
the total concentration constant. Eight samples were pre-
pared. All the samples were maintained at room tem-
perature overnight until equilibrium was reached. The 'H
NMR spectra were acquired at 298 K using a presaturation
pulse sequence to suppress the residual water signal. The
chemical shifts were calibrated using sodium 2,2-dimethyl-
2-silapentane-5-sulfonate (DSS). The signals of Hz, H,
and H® of NFLX were compared to obtain the Job plots.

Molecular modeling (geometry optimization
and molecular docking)

The initial molecular structure of NFLX was created using
the GaussView program. The B-CD structure was extracted
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Fig. 1 Molecular structures of NFLX and $-CD
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from a 3CGT protein crystal structure file [9]. Both of the
initial structure files were converted to Gaussian input files,
and the geometries of the files were optimized using the
semi-empirical PM3 method with the Gaussian 03 program
package [10]. The output files (NFLX and f-CD) were set
to be the ligand and macromolecule of the AutoDock
program, respectively. Molecular docking was performed
with a Lamarckian genetic algorithm using the AutoDock
4.2 program [11]. The AutoDockTools program was used
to set the docking parameters and analyze the docking files.

Preparation of the NFLX, B-CD, and NFLX/B-CD
complex liposomes

Soybean phospholipids (100 mg) and cholesterol (25 mg)
were dissolved in 10 mL of CHCIl; in a 50 mL flask.
Subsequently, NaOH in D,O (100 mM, 5 mL) was added.
The organic solvent was removed via rotary evaporation
under vacuum at 38 °C, leaving a thin layer of lipids on the
wall of the flask. This thin layer was removed from the
flask via ultrasonic oscillation, and the lipids were diluted
with D,O (5 mL) to compensate for the loss during rotary
evaporation. Through ultrasonic oscillation of the opaque
liquid, uniform MLVs were generated. Subsequently,
1 mM of 100 mM NaOH in D,O was added to 1 mL of the
MLV. The sample was dispersed via ultrasonic probe
(300 W, 5 s on and 15 s off) for 10 min to obtain a ref-
erence liposome for the STD NMR experiments. By re-
placing the aqueous phase with 1 mL NFLX, 1 mL B-CD,
and 1 mL NFLX/B-CD complex (each 20 mM in 100 mM
of NaOH in D,0), the liposomes of the NFLX, B-CD, and
NFLX/B-CD complex were prepared. The free liposome
and liposome of NFLX were filtered using a 0.22 um filter
membranes (aqueous phase). The liposomes of B-CD and
NFLX/B-CD complex could not be filtered through
0.22 um filter membranes because particle sizes were
larger than the filter pores. Therefore, these liposomes were
filtered using 0.45 pm membranes instead. All the lipo-
somes were colorless colloidal solutions. Except for the
reference sample, all of the other liposome samples had the
same concentration of encapsulated NFLX, B-CD, or
NFLX/B-CD complex (10 mM).

NMR spectroscopy

All of the NMR experiments were performed at 298 K by
using a Bruker Advance II 500 MHz spectrometer with a
band observed probe head, operating at the frequency of
500.13 MHz (lH NMR). Tetramethylsilane was used as an
internal standard. The 'H NMR details were as follows:
spectral width 5000 Hz, scan number 16, relaxation delay
2 s, and data points 64 K. The '"H NMR chemical shifts
were calibrated using DSS. The NFLX concentration to

measure the chemical shifts and diffusion coefficients was
20 mM in 100 mM NaOH/D,O0, and the concentration of
the NFLX/B-CD complex for the NMR ROESY ex-
periments was 50 mM.

To perform “F NMR DOSY experiments, the resonance
frequency was set to 470 MHz, and a combination of
bipolar gradient pulses and longitudinal eddy delay pulse
sequence was used. A series of spectra was acquired with a
gradient strength ranging from 2 to 95 % of the maximum
gradient amplitude output with 2.5 % steps. The data ob-
tained were processed using the TopSpin T,/T, package.

For the STD NMR experiments, a pseudo-2D pulse
program with a spin-lock filter and water suppression via
gradient-tailored excitation (WATERGATE) were used.
The total saturation time was set to 2 s. The saturation
frequency for the selective pulse was applied with on-
resonance at 0 ppm and off-resonance at —30 ppm. The
spectra were recorded internally via phase cycling. The
spin-lock pulse length was set to 150 ms. The relaxation
delay was set to 2 s. Free induction decay was acquired in
32 K complex data points, which covered a spectral width
of 8000 Hz. All the STD NMR spectra were acquired after
512 scans. For processing, an exponential window function
of 0.3 Hz and two times of zero filling were used prior to
Fourier transformation.

Transmission electron micrograph

The free liposome, NFLX liposome, and B-CD and NFLX/
B-CD complex samples (20 pL) were transferred separately
into copper grids (200 mesh) using filter paper. Ten min-
utes later, 1 % phosphotungstic acid solution (10 pL for
each copper grid) was added for dyeing at room tem-
perature. The copper grids were transferred into a trans-
mission electron microscope (JEOL, JEM-2100). The
particulate appearances were observed and photographed.

Results and discussion
FTIR spectroscopy and powder X-ray diffraction

Comparison of the FTIR spectra, and the powder X-ray
diffractions of B-CD, NFLX, and the NFLX/B-CD complex
indicated the formation of the inclusion structure (Fig. 2).

The powder X-ray diffraction patterns of NFLX and
B-CD revealed the existence of crystalline material, while
the sample obtained for the NFLX/B-CD complex from
freeze-drying possessed an amorphous form. In the IR
spectrum of the NFLX/B-CD complex characteristic sig-
nals of both components were observed, but the B-CD
bands were dominant because of the molar excess of an-
hydroglucose moieties in the sample with respect to NFLX.
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Fig. 2 a Powder X-ray [
diffraction patterns and b FTIR (a)
spectra of B-CD, NFLX, and the

NFLX/B-CD complex
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A clear indication for the presence of NFLX in the complex
is the peak at 1630 cm™".

"H NMR spectroscopy

The "H NMR spectra of p-CD, NFLX, and the NFLX/pB-
CD complex in 100 mM NaOH/D,O are shown in Fig. 3.

Comparison of the spectrum of the complex with the
ones of the free components revealed that complex for-
mation causes small, but visible shifts of the signals of
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NFLX and B-CD. Downfield shifts were observed for the
following signals: H> (87.71, 1H, d), H? (88.27, 1H, s), H',
H'* (33.05, 4H, m), H'P (82.90, 4H, m), and H'® (34.15,
2H, t) of NFLX; and H? (83.50, 1H, d), H* (33.44, 1H, t),
and H' (84.94, 1H, d) of B-CD, while the following signals
shifted upfield: H® (56.86, 1H, d) of NFLX; and H> (53.86,
1H, t), H, and H® (83.82-3.74, 3H, m) of B-CD. The large
shielding effect on Hjz (63.86-3.80), H’, and H°
(83.82-3.74 to 83.78-3.70) of the B-CD molecule indicate
the incorporation of NFLX in the B-CD cavity.
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Fig. 3 "H NMR spectra of B-
CD, NFLX and the NFLX/ B-CD NFLX.B-CD Complex
complex (the concentration of
each sample was 20 mM in
100 mM NaOH/D,O solution,
the spectra were measured at
298 K. The 'H NMR details are
as follows: spectral width
5000 Hz, scan number 16, “ l | ‘_A §
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responds to the complex stoichiometry [12]. Here, we used > o °
NMR spectroscopy to quantify complex concentration in a 0.01 4 . :
set of samples containing NFLLX and B-CD. Accordingly, *
samples with different molar ratios of NFLX to 3-CD were 0.00 -

prepared. By following the signal shifts of the aromatic H?,
H>, and H® protons of NFLX, the Job plots shown in Fig. 4
was obtained. The maxima of the curves were observed at a
molar fraction of 0.5, which indicates that the NFLX/3-CD
complex has a 1:1 stoichiometry.

Association constant of the NFLX/B-CD complex
in 100 mM NaOH/D,O

The diffusion coefficient (D) of a substance is a physical
parameter associated with its Brownian molecular motion
in solution. The Stokes—Einstein equation relates the dif-
fusion coefficient to factors such as molecular size and
shape, temperature, and viscosity. Diffusion coefficients
can be measured by DOSY NMR experiments [13].

T T
0.2 0.4 0.6

Molar Fraction of NFLX

0.0 o8

Fig. 4 Job plots of the NFLX/B-CD complex (X molar fraction of
NELX, Adg Adxprx)

In the case of equilibria that involve the formation of a
complex between two components, which are fast on the
NMR time scale, the diffusion coefficient observed in the
DOSY NMR experiment represents the weighted average
(Dgps) of the diffusion coefficients of the bound molecule
(Dpouna) and the free guest (Dyee).

Dobs == XDbound + (1 - X)Dfreey

where y is the molar fraction of the bound guest.
Since the molecular size of NFLX is smaller than that of
B-CD, the diffusion coefficient of the NFLX/B-CD

@ Springer



316

J Incl Phenom Macrocycl Chem (2015) 82:311-321

complex can be assumed to be similar to that of free B-CD.
By measuring the diffusion coefficients of NFLX (Dgps)
and B-CD (Dpoung) and of NFLX in the presence of a
known amount of B-CD (Dge.), the association constant K,
can be calculated by using the following equation [14, 15]:

Ko =1/((1 =) ([Glo—x[Hlp)).

where y is the molar fraction of the bound guest, [H], is the
total concentration of the host, and [G], is the total con-
centration of the guest. On this basis, the D-values of
NFLX (10 mM), B-CD (10 mM), and NFLX/B-CD com-
plex (10 mM) were measured and averaged over three in-
dependent measurements. From the obtained results
(Diree = 4.32 x 1071 m/s, Doy = 4.17 x 1071 m/s, and
Dyouna = 2.67 x 10710 m/s) the stability constant K, of the
NFLX/B-CD complex was calculated to amount to
NI

NOE measurements of the NFLX/B-CD complex

2D ROESY NMR spectroscopy is an important tool to
obtain information about the structure of non-covalently
stabilized complexes. The presence of NOE correlation
peaks between the signals of guest and host protons indi-
cates that they are arranged at a maximum distance of
0.5 nm in space. In addition, the relative intensities of the
NOE peaks correlate with the number of absorbing protons
and their distance. In the case of CD complexes, crosspeaks
between guest signals with the signals of the H> and H’
protons of the B-CD molecule are particularly informative
because these protons are located inside the B-CD cavity.
Partial contour plots of the ROESY NMR spectrum of the
NFLX/B-CD complex are shown in Fig. 5. Correlation
peaks of H?, B>, and H® of NFLX with H> and H® of B-CD
were observed. The signal intensity of the crosspeak to H’
was the strongest, whereas that to H? was the weakest.
Correlation peaks between the signals of H’* and HP of
NFLX with H® and H> of B-CD were also observed.
However, no correlations were found between H'! and H'?
of NFLX with any of the B-CD signals. These results
suggest that upon formation of the inclusion complex be-
tween NFLX and B-CD the piperazine and 4-quinolone of
the NFLX molecule are located inside the B-CD cavity.
The absence of correlation signals between the ethyl and
B-CD H® and H’ protons furthermore indicates that the
ethyl group remains outside the cavity. The aromatic H’
and H® protons yielded the strongest NOE peaks, indicating
that the benzene ring of NFLX resides inside the center of
the cavity. Driven by either hydrophobic interactions or
van der Waals forces, the NFLX piperazine moiety seem to
approach the apolar wall near the larger B-CD rim. To
allow their inclusion, the piperazine and 4-quinolone
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Fig. 5 Partial contour plots of the ROESY spectrum of the NFLX/(-
CD complex [(/) weak correlation peaks between H? of NFLX and H?
and H® of B-CD, (2) strongest correlation peaks between H® of NFLX
and H? and H® of B-CD, (3) strong correlation peaks between H® of
NFLX with H® and H® of B-CD, (4) weak correlation peaks between
H”* of NFLX with H> and H® of B-CD and (5) strong correlation
peaks between H'P of NFLX and H> and H® of B-CD]

groups of NFLX are considered to adopt a folded ar-
rangement inside the B-CD cavity.

The NOE results thus indicated that the NFLX molecule
enters the cavity of B-CD from the larger rim and that the
4-quinolone group and piperazine groups reside inside the
B-CD cavity.

Molecular modeling (geometry optimization
and molecular docking)

To obtain further structural information about the inclusion
structure of the NFLX/B-CD complex and to rationalize the
experimental ROESY NMR spectroscopic results, we
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performed molecular modeling studies using the AutoDock
program. The docking results generated two structures
representing two families of similar conformations. The
lowest energy conformations are shown in Fig. 6.

In both conformations, the NFLX molecule penetrates
the B-CD cavity from the larger rim of the truncated cone.
Inside the cavity, the benzene ring of NFLX is located at
the center and the piperazine group tilted approaching the
larger rim. These molecular modeling results therefore
agree well with the results of the ROESY NMR spectro-
scopic experiments.

Diffusion coefficients of free NFLX, the NFLX/B-CD
complex, NFLX in a liposome, and the NFLX/B-CD
complex in a liposome

The rate of Brownian motion of NFLX molecules can be
expected to be reduced when these molecules form inclu-
sion complexes with B-CD or are incorporated into lipo-
somes. By comparing the diffusion coefficients of free
NFLX with the diffusion coefficients resulting after in-
clusion into B-CD and/or a liposome, information about the
state of the drug in the different systems can be obtained.

The large amounts of phospholipids and cholesterol in
the investigated liposomes cause the corresponding 'H
NMR spectra to be very complex. However, the NFLX
molecule has a fluorine atom at the sixth position and none
of the other components of the investigated systems con-
tain fluorine atoms. Thus, '”F NMR spectroscopy provides
selective information about the state of NFLX without in-
terference of the other compounds present in the mixtures.
The D values obtained for free NFLX, for NFLX com-
plexed at the same concentrations by B-CD or incorporated

Fig. 6 Conformations of the
NFLX/B-CD complex
calculated by using molecular
docking studies

Table 1 Diffusion coefficients of NFLX in the different systems

in a liposome, and of the B-CD of NFLX in the liposome
were therefore measured using '’F NMR. The results in-
cluding the standard deviations of the measurements, ob-
tained from three independent measurements, are
summarized in Table 1.

The decreasing D values indicate restriction of the
molecular motion upon complexation of NFLX or incor-
poration into liposomes. Taking the free form of NFLX as
reference, the molecular motion gradually slows down in
the direction NFLX/B-CD complex > NFLX in lipo-
some > NFLX/B-CD complex in liposome.

STD NMR

STD NMR spectroscopy is extremely useful to elucidate
the bound conformation of a ligand in a protein/ligand
complex [16-31]. If a protein proton is selectively excited
by '"H NMR spectroscopy until saturation, spin diffusion
occurs quickly dispersing the saturation to other protons,
including the ones of the ligand through magnetization
transfer at the binding site. Deducting the obtained spec-
trum from a reference spectrum obtained by setting the
irradiating frequency beyond the normal region of the
chemical shifts (e.g., —30 ppm) generates the STD NMR
spectrum. STD signals reflect proximities of ligand protons
to ones of the protein thus help identifying the binding
epitopes. In the systems investigated here the same method
can be used to obtain information about potential NFLX—f3-
CD-liposome contacts [16, 32].

The STD NMR spectra of NFLX incorporated into the
liposome, the free liposome, and the 'H NMR spectrum of
NFLX are shown in Fig. 7(1). No differences were ob-
served between the spectra of the liposome containing

NFLX (10 mM) Free In NFLX/B-CD complex

In liposome of NFLX In liposome of NFLX/B-CD complex

D (1071 m/s) 3.97 + 0.01 3.68 £ 0.01

3.52 £ 0.01 3.47 £ 0.01
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Fig. 7 (1) STD NMR spectra of
NFLX in the liposome, of the
free liposome, and the '"H NMR
spectrum of NFLX, (2) STD
NMR spectra of B-CD in the
liposome, of the free liposome,
and the "H NMR spectrum of B-
CD, (3) STD NMR spectra of
the NFLX/B-CD complex in the
liposome, of the free liposome,
and the "H NMR spectrum of
the NFLX/B-CD complex
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Fig. 8 a Transmission electron micrographs of free liposomes, b NFLX containing liposomes, ¢ B-CD containing liposomes, and d liposomes

containing the B-CD/NFLX complex. The scale bar represents 500 nm

NFLX and that of the free liposome indicating that the
NFLX molecules do not have direct contact with the li-
posome membrane. Thus, NFLX is not entrapped within
the phospholipid bilayer and has no close contact to the
bilayer inside the liposome.

The STD NMR spectra of B-CD in the liposome, the
free liposome, and the '"H NMR spectrum of B-CD are
shown in Fig. 7(2). Except for H', which is shielded by the
carbohydrate rings, all other protons of B-CD exhibit STD
signals. The broad line shapes and shifted resonances
indicate that the B-CD molecules are in close contact with
the liposome membrane.

The STD NMR spectra of the NFLX/B-CD complex
incorporated into the liposome, the free liposome, and the
"H NMR spectrum of the NFLX/B-CD complex are shown
in Fig. 7(3). The STD signals of the B-CD moiety of the
NFLX complex are similar to those of free B-CD in lipo-
some. Unlike in the spectrum of NFLX inside the

liposome, some protons of NFLX generated clear and
strong STD signals, including the H>, H?, and the methyl
protons. The H’P atoms of piperazine exhibit weak STD
signals, while other protons do not generate any signal. The
relative intensities of the observed signals are Hpenyi:Hs:
Ho:Hpiperazine7p = 100:66:52:35.

STD NMR signals originate from the NOE transfer,
which depended on spatial proximity. The results therefore
suggest that after incorporation into the liposome, the in-
clusion complex between B-CD and NFLX is maintained
and the NFLX/B-CD complex is completely entrapped.
When irradiating the signals of the phospholipid molecules,
protons H? and H” of the NFLX molecule that are in close
contact with the internal wall of the B-CD molecule ac-
cepted the NOE transfer. Thus, magnetization occurs from
the phospholipid molecules to B-CD, and then to NFLX.
The methyl group of NFLX outside the B-CD cavity has
residual degrees of freedom through rotation around the
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C-C bond leading to a weak STD NMR signal. It is pos-
sible that the methyl group approaches the phospholipid
hydrophobic chain and accepts the NOE transfer directly
from the phospholipid molecules. These STD NMR results
thus provide strong evidence for the presence of the ternary
structure of the NFLX/B-CD complex incorporated into the
liposome.

Transmission electron micrograph

In the transmission electron micrographs shown in Fig. §,
the black spots indicate the presence of hollow vesicles of
spherical liposomes. Since both free liposomes and NFLX
liposomes were filtered by using a 0.22 um filter mem-
brane, particle sizes of the liposomes were below 220 nm.
In contrast the particle sizes of the liposomes containing
only B-CD or the NFLX/B-CD complex are larger, which
could be a consequence of the larger size of B-CD mole-
cules with respect to NFLX.

Conclusions

In this work, the inclusion complex between NFLX and
B-CD was characterized by various techniques. The mea-
surements indicated that the complex has a 1:1 stoichio-
metry and they provided information about complex
structure. In addition, the NFLX/B-CD complex was in-
corporated into liposomes using MLV. Diffusion coeffi-
cients measured by '°F NMR spectroscopy provided strong
evidence about incorporation of this complex into the li-
posomes. In addition, STD NMR was used to obtain
structural information about the ternary system formed.
Notably, these measurements showed that the NFLX/B-CD
is retained in the liposome and located close to the bilayer
membrane.
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