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Molecular nanopores allowing passage through bilayer lipid
membranes (BLM) have recently attracted much attention for
applications in sensors, separation, reactors, and drug delivery
systems.1 Natural nanopores are generally defined as pores having
diameters larger than 1 nm. They are significantly wider than
conventional ion channels.2 Although selective ion permeation is
not expected through such a large pore, permeation of large
molecules may open new possibilities. R-Hemolysin from natural
sources provides a large pore (minimum diameter, D, 1.4 nm),3

and modification of inner pores4 allowed selective sensing of
biologically important molecules, such as DNA5 and inositol 1,4,5-
trisphosphate.6 Single-channel measurements are also powerful tools
for detecting dynamic analyte transport behavior with single-
molecule sensitivity.7 Creation of a pore large enough to exclude
highly associative lipid components is generally difficult, and only
smaller synthetic ion channels have been reported so far.8,9 As a
limited example, Matile and his co-workers reported a barrel-stave
nanopore (D ∼ 1.5 nm) based on p-octiphenyl staves.10,11

Recently, we reported porphyrin-based supramolecular mac-
rocycles as mimics of photosynthetic light-harvesting antenna.12–14

The rigid skeletons of porphyrin, connected by orthogonal
m-phenylene moieties, must be robust enough to keep their ring
structure even in BLM. Herein, we designed a synthetic nanopore
composed of C-(1-acid)3, having six carboxylic acid groups
directed up and down. The height of (1-acid)3 is estimated as 21 Å
from the molecular model (Figure S1), corresponding to almost half
the thickness of a BLM. Therefore, if two macrorings interact within
a BLM by three cooperative hydrogen bonds, a transmembrane
nanopore will be generated. Three carboxylic acids at the other ends
will be appropriate as terminal ionic groups exposed to the aqueous
layer.

Trisporphyrin ester 1-ester was synthesized by palladium-catalyzed
Suzuki-Miyaura coupling reaction of boronic ester appended imida-
zolylporphyrin 2 (2 equiv), meso-dibromoporphyrin 3 (1 equiv), and
subsequent zinc ion insertion (Scheme S2). Trisporphyrin 1-ester was
organized into the cyclic trimer, N-(1-ester)3 according to an established
method.13,14 The N-(1-ester)3 includes geometric isomers concerning the
imidazole-zinc coordinations.13,14 The trimers were covalently linked by
olefin metathesis using a first-generation Grubbs catalyst to give C-(1-
ester)3. Six ester groups in C-(1-ester)3 were hydrolyzed to yield C-(1-
acid)3 (Schemes 1 and S3). The MALDI-TOF mass spectrum of C-(1-
acid)3 showed the corresponding hexacarboxylic acid derivative peak, and
the UV-vis spectrum of C-(1-acid)3 was almost identical to those of N-(1-
ester)3 and C-(1-ester)3, indicating that the ring structure was maintained
through the reaction sequence.

Soybean lecithin based BLM containing C-(1-acid)3 was prepared
at a pinhole on a plastic cell (Figure 1, left). Since C-(1-acid)3 was
premixed in soybean lecithin, hydrogen bonds might be formed before
its introduction into the cell. Then, only carboxylic acid groups exposed

to the aqueous layer were deprotonated during preparation of BLM.
The ion channel current was recorded under symmetric salt conditions
(trans/cis 500 mM KCl, pH 7.2) by applying various voltages. A
typical ion current profile and I-V plot are shown in Figure S2 and
Figure 1 (right), respectively. Very stable ion current was observed,
and no open-close transition was detected. Conductivities, determined
from slopes of I-V plots, varied from several tens of picosiemens to
a few nanosiemens for different experimental runs. The fluctuation
probably reflects differences in the number and/or the states of open
pore(s) in each experimental run. These phenomena are generally
observed in synthetic ion channels.15–17 No ion channel current was
observed when C-(1-ester)3 was used instead of C-(1-acid)3. Thus,
the carboxylic acid groups are essential for forming the transmembrane
nanopore. Ion currents were observed also for solutions of symmetric
500 mM LiCl and CaCl2 as well as KCl. The large hydration energy
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Scheme 1. Synthesis of C-(1-acid)3

Figure 1. (Left) Schematic image of sample chambers separated by bilayer
lipid membrane (BLM) including C-(1-acid)3 as an ion channel. (Right) A
typical I-V plot of ion channel current of C-(1-acid)3 under 500 mM KCl
symmetric conditions at pH 7.2. The slope indicates the conductivity of
1.98 nS.
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of lithium and calcium ions (-131 and -397 kcal/mol), respectively,2

normally prohibits these ions from passing through ion channels.
Observation of large ionic current for these ions is strong evidence
for the formation of a large pore in BLM. In addition, hydrophobic
and bulky quaternary ammonium ions, tetramethylammonium and
tetrabutylammonium chlorides (500 mM), also passed through the pore.
Cation/anion selectivity was examined by using asymmetric salt
conditions of cis 10 mM and trans 100 mM tetramethylammonium
chloride. The reversal potential was negative (-28 mV), indicating a
moderate cation selectivity (Figure S3).

To gain further insights into the nanopore, blocking and
deblocking of the ion channel current were examined using a
PAMAM dendrimer.18 A schematic image of the experiment is
shown in Figure 2. During ion current observation with positive
voltages applied, fourth-generation PAMAM dendrimer (G4, 26.7
Å radius)19 was added to the trans side. After the ion current was
blocked, the applied potential was reversed and concentrated buffer
solution was added to recover the ion current. The time profile and
I-V plots of ion channel current are depicted in Figure 3. After
confirming the ohmic I-V response (filled circles, 270 ps), 56 nM
of G4 was added at point A. Ion current decreased to less than
half the original value. Ohmic response was observed between
points B and F (120 ps). The current drifts observed at C, E, and
others on investigating the bias potentials are due to charging current
during formation of an electric double layer. Further addition of

dendrimer at F blocked the ion current almost completely. At G,
the applied potential was inverted to make the trans side negative.
The former conductivity was regenerated. The open state continued
even if the applied potential was inverted to positive again (H and
I). Blocking occurred again upon addition of G4 at J, but reversal
of potential application did not recover the open state (K). One
drop of concentrated HEPES-Tris buffer was added to both cis and
trans compartments to adjust the concentration to 10 mM at point
L. Ion current was recovered again. Similar close and open
transitions were repeated again at S and U.

The above experiment clearly shows that G4 acted as a
channel blocker. Blocking and deblocking mechanisms are
explained as follows. Below pH 7.2, amino groups in the
dendrimer are protonated and, thus, the dendrimers become
polycationic. On the contrary, carboxylic acid groups in C-(1-
acid)3 are deprotonated at pH 7.2 and exposed to the aqueous
phase. At positive applied voltages, polycationic dendrimers
move toward the opposite electrode. They interact electrostati-
cally with carboxylates at the pore entrance to block or perturb
the ion flux. Application of reverse voltage or increased buffer
concentration weakens the electrostatic interaction. Transitions
between open and blocked states are clearly demonstrated by
observing transmembrane ion current.

The present study clearly demonstrates stable nanopore formation
from rigid porphyrin-based macrorings, through which large
molecules are transferred across BLM.
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Figure 2. Schematic image of blocking by PAMAM dendrimer G4 (G4).

Figure 3. (Top) Time profile of blocking and deblocking of ion channel current.
Conditions: 500 mM Me4NCl, pH 7.2. (Bottom) I-V plots of the profile: (A)
addition of G4 (56 nM) at+100 mV, decrease of conductivity; (B) addition of G4
(56 nM), no response; (C) -100 mV; (D) -50 mV; (E) +50 mV; (F, J) addition
of G4 (56 nM), closing channel; (G) -50 mV, then opening channel; (H) +50
mV; (I) +91 mV; (K) -91 mV, no response; (L, U, W) addition of HEPES-Tris
buffer (5 mM), opening channel; (M) -59 mV; (N) +59 mV; (O) +100 mV; (P,
Q, R, S) addition of G4 (56 nM), closing channel at S; (T)-100 mV, no response;
(V) spontaneous closing of the channel.
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