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Abstract: Artificial ion channels with specific organelle-
targeting capabilities have been scarcely investigated.
Here, we report the first-in-class mitochondria-targeting
anion channels derived from a structurally simple tetra-
benzylphosphonium framework, in stark contrast to its
phenyl-based counterpart, which lacks anion transport
activity. Structural and computational analyses under-
score the critical role of the methylene (CH2) linkers
in the benzyl groups. These CH2 units reduce positive
charge delocalization to enhance σ -hole–anion interac-
tions, while also enabling H-atoms from both the CH2

linkers and aromatic rings to cooperatively form multiple
C─H�anion H─bonds. In further conjunction with the
rigid benzene rings, they help create sufficient spatial
voids to accommodate anion translocation, collectively
facilitating and energizing the anion transport process.
Among the series studied, those bearing methyl and tert-
butyl substituents exhibit the highest transport activity
via a channel mechanism, with a conductance value as
high as 26.5 ± 0.8 pS. Furthermore, leveraging the cationic
nature of the quaternary phosphonium center, this family
of anion channels readily achieves targeted mitochondrial
localization, demonstrating potent anticancer activity,
with IC50 values ranging from 1.42 to 3.04 µM across three
cancer cell lines.

The transmembrane transport of anions (e.g., Cl−, HCO3
−,

NO3
−) plays a vital role in maintaining cellular homeosta-

sis, regulating acid—base balance, controlling cell volume,
facilitating neuronal signalling, and supporting metabolite
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transport.[1–2] The directional flow of Cl−, primarily mediated
by the cystic fibrosis transmembrane conductance regulator
(CFTR), is essential for fluid secretion and absorption.[3–6]

Meanwhile, HCO3
− transport is critical for intracellular pH

regulation and carbon dioxide transport.[7–9] Importantly,
disruptions in anion transport are directly associated with
diseases such as cystic fibrosis, congenital myotonia, and renal
tubular acidosis.[1] Systematic studies of natural anion trans-
port proteins (e.g., CFTR, ClC, AE1) reveal that these protein
families have evolved highly ordered 3D structures, leverag-
ing noncovalent interactions—electrostatic forces, H─bonds,
ion-dipole effects and hydrophobic interactions—to achieve
efficient and selective anion transport under dynamic regula-
tory mechanisms, including voltage gating, ligand gating, or
pH responsiveness.[10–12]

To emulate the functions of natural proteins while
addressing their limitations—such as structural complexity,
high production costs, and poor stability—artificial anion
transporters have become one of central focuses in the
field of artificial membrane transporters.[13–30] These syn-
thetic systems open new avenues in both fundamental
and applied research, demonstrating significant potential in
treating anion transport-related disorders, designing stimuli-
responsive materials, constructing synthetic biological sys-
tems, developing anticancer therapeutics, and advancing
industrial ion separation technologies.[31–35]

A common feature of natural anion transport proteins
is their use of positively charged amino acid residues (e.g.,
Arg, Lys) to electrostatically complement anion charges,
forming selective filters.[36] Inspired by this, researchers
have incorporated cationic groups (e.g., ammonium,[37–41]

pyrrolinium,[42–43] imidazolium[44–46]) into artificial channels
or carriers to reduce the energy barrier for anion transport
and enhance selectivity through strategic charge distribution.
However, such systems often suffer from pH sensitivity and
chemical instability.

The σ -hole—a region of positive electrostatic potential
along the covalent bond axis of certain atoms (e.g., halogens,
sulfur, and phosphorus)—was first proposed by Brinck,
Murray, and Politzer.[47] This feature enables directional
interactions with electronegative species and offers several
advantages in anion transport, including pH stability, strong
directionality, tunable lipophilicity, and enhanced selectivity.
To date, a series of anion transporters based on halogen
bonds,[48–51] chalcogen bonds,[52–56] and pnictogen bonds[57–61]

have been developed. Among these, Group 15 elements are
particularly attractive due to their possession of three σ -holes
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and variable oxidation states, which enable fine-tuning of
anion transport properties.[57] Current research has primarily
focused on antimony- and bismuth-based anion carriers.[57–61]

Triphenylphosphonium (TPP+), a classic mitochondria-
targeting moiety, is widely used in diagnostics, therapy
and drug delivery.[62–63] However, TPP+ has traditionally
been considered to possess insufficient σ -hole strength for
effective anion recognition, due to delocalization of its
positive charge into the adjacent benzene rings. To date, no
anion transport activity has been reported using the TPP+

or tetraphenylphosphonium scaffolds, and the development
of efficient phosphorus-based σ -hole transporters remains
an elusive frontier in the field of biomimetic membrane
transport.

Although phosphorus atom exhibits a comparatively
weaker σ -hole, its moderate binding strength may facilitate
faster anion release. Moreover, its significantly lower biotox-
icity relative to antimony or bismuth enhances its suitability
for biomedical applications.[64]

We hypothesized that incorporating flexible aliphatic CH2

spacers, as found in the tetrabenzylphosphonium framework
(1–5, Figure 1a), would confer three key advantages to
enhance the otherwise weak anion transport activity: (1)
markedly minimizing conjugation-induced charge delocaliza-
tion into the benzene rings as found in 6 and 7, thereby
concentrating nearly all the positive charge on the phosphorus
atom to strengthen σ -hole strength and its electrostatic
interactions with anions; (2) enabling H-atoms from both the
CH2 unit and benzene ring from the benzyl group to coop-
eratively participate in the formation of multiple H─bonds;
and (3) increasing CH2-mediated rotational freedom, likely
promoting efficient molecular self-assembly and favorable
σ -hole–anion alignment.

Here, we report that replacing phenyl groups with benzyl
groups yields the first examples of phosphorus-based σ -
hole/multihydrogen bond synergistic anion channels derived
from the tetrabenzylphosphonium scaffold. These channels
also represent the first mitochondria-targeting anion channels
with potent cancer cell-killing activity, distinguishing them
from Gale’s first-in-class organelle-targeting anion carriers.[65]

Furthermore, unlike Gale’s carriers, which relies on two
separate functional units—one for organelle targeting and
another for anion transport—our dual-function organelle-
targeting channels seamlessly integrate both capabilities
within a single functional motif. Among the series, the top-
performing channel 5 exhibits potent anticancer activity, with
IC50 values as low as 1.4, 2.2, and 3.04 µM against HepG2,
MDA-MB-231, and NCI-H1299 cells, respectively.

As shown in Figure 1a, we designed and evaluated five
tetrabenzylphosphonium bromides (1–5), bearing different
substituents. These compounds were synthesized following
previously reported methods.[66] For comparison, we included
control molecules 6 and 7, which lack CH2 units, and 8, which
likely lacks the ability to form a three-dimensional porous
structure. We envisioned that molecules 1–5 could assemble
into a 3D porous structure to facilitate transmembrane anion
transport (Figure 1b).

High-quality colorless single crystals for 3 and 5 were
obtained by slow evaporation of their CHCl3 solutions

over the course of a few days (for crystallographic data,
see Table S1).[67] In the crystal structure, the presence of
four tetrahedrally arranged relatively rigid benzyl groups
enables molecules 3 and 5 to self-assemble into 3D porous
frameworks, forming Br−-containing channels (Figures 1c,d,
S1 and S2). Similarly, molecules of 6 also pack into a 3D
porous structure, with Br− ions enclosed within the channels
(Figures 1e and S1c).[68]

A detailed analysis of the noncovalent interactions
between the Br− anion and surrounding molecules of 3,
5, or 6 in the solid state reveals distinctive features that
support our hypothesis. Specifically, the Br− anion forms
a greater number of shorter noncovalent interactions with
two molecules of 3 or three molecules of 5 than with four
molecules of 6 (Figure 1f–h). In particular, the C─H�Br−

H─bonds and P+�Br− contacts in (3)2•Br− and (5)3•Br−

range from 2.43 to 3.56 and 4.02 to 5.43 Å, respectively.
In contrast, the corresponding distances in (6)4•Br− exceed
3.56 Å or measure 6.24 Å, respectively, indicating significantly
weaker interactions.

At the B3LYP-D3/6–31G(d) level of theory, the H─bonds
and ion-pair interactions collectively yield substantial binding
energies of −165.3 and −137.9 kcal mol−1 for 3 and 5,
respectively, which are markedly greater than both the
−76.3 kcal mol−1 calculated for 6 and the hydration energy
of around −80 kcal mol−1 for bromide ion. These pronounced
differences in binding energy imply that 3 and 5 are likely to
display greater anion transport activity than 6.

1H NMR titration experiments, in which up to 30 equiv.
of TBACl were added to a 0.5 mM solution of 4 in CDCl3,
reveal downfield shifts of 0.027 ppm for the benzyl protons
and 0.018 ppm for one of the aromatic protons (Figure S5).
These shifts suggest the involvement of multiple C─H�Cl−

H─bonding interactions in binding the chloride ions by 4.
Prompted by these computational and titration results,

we investigated the ion transport activities of 1–8 using
a vesicle-based kinetic HPTS (8-hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt) assay, which employs the
pH-sensitive HPTS dye encapsulated within DOPC (dioleoyl
phosphatidylcholine)-based LUVs (large unilamellar vesicles,
Figure 2a). The normalized fluorescence intensity data clearly
demonstrate that tetrabenzylphosphonium compounds 1–
5 possess enhanced ion transport capabilities relative to
tetraphenylphosphonium compounds 6–8. This underscores
the pivotal role of the benzyl motif in strengthening
intermolecular interactions with anions and promoting the
formation of a three-dimensional porous network conducive
to efficient ion translocation. Notably, compounds 4 and
5 exhibit the highest transport activities, reaching 82%
and 81%, respectively, while chlorine-substituted 3 shows
moderate activity at 59%.

Aside from the Cl−/OH− antiport mechanism illustrated
in Figure 2a, other transport pathways and ionic species—
such as Na+/H+ antiport, Na+/OH− symport and Cl−/H+

symport—-may also contribute to the observed enhancement
in fluorescence intensity. To elucidate the most likely trans-
port mechanism and species, we performed two lipid bilayer
experiments. First, the Cl−-sensitive SPQ ((6-methoxy-N-(3-
sulfopropyl))quinolinium) assay was performed to determine
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Figure 1. a) Chemical structures of anion-transporting tetrabenzylphosphonium bromides (1–5) and control compounds (6–8) that lack anion
transport ability. b) Schematic illustration of the self-assembly of 5 within the bilayer membrane, forming a transmembrane pathway for facilitated
anion transport. c–e) illustrates crystal structures of 3•Br−, 5•Br−, and 6•Br−. f–h) shows that, in the crystal structures, every Br− anion interacts with
two, three, and four cationic phosphorus centers as seen in(3)2•Br−, (5)3•Br−, and (6)4•Br−, with the C─H�Br− H─bonds and P+�Br− distances
found in (3)2•Br− and (5)3•Br−) much shorter than those found in (6)4•Br−. Consequently, the binding energies for the crystal lattice to stabilize the
Br− anion are −165.30 kcal−1mol for (3)2 and −137.89 kcal mol−1 for (5)3, values that are markedly higher than −76.27 kcal mol−1 calculated for (6)4.
All structural optimizations and energy calculations were performed at the level of B3LYP-D3/6–31G(d).
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Figure 2. Transmembrane transport activity and mechanism study of 1–8. a) Ion transport activities of 1–8 are evaluated using a DOPC-based
pH-sensitive HTPS assay over a 5-min duration at 0.5 µM. b) The chloride-sensitive SPQ assay for evaluating the anion transport ability of 1–8. c) The
HPTS assay for ion transport study of 3–5, employing different extravesicular salts (MCl, where M = Li, Na, K, Rb, and Cs) to evaluate cation
transport activities. d) The HPTS assay using a proton carrier FCCP to compare the transport rate between H+ and Cl− mediated by 3–5 at 0.5 µM. e)
CF dye leakage assay to confirm the membrane integrity in the presence of 3–5. [Total lipid] = 97.5 µM.

whether chloride ions were being transported (Figure 2b).
SPQ, a chloride-sensitive dye, exhibits fluorescence quenching
in the presence of Cl− ions. Using this assay, we observed
that compounds 1–5 induce varying degrees of fluorescence
quenching, with 4 and 5 showing the most pronounced
effects at 66% and 71%, respectively. These results confirm
the ability of 4 and 5 to facilitate efficient Cl− transport.
Conversely, 6–8 exhibit negligible changes in fluorescence,
indicating minimal or no Cl− transport activity. Second, the
HPTS-based assays conducted with different extravesicular
MCl salts (M = Li, Na, K, Rb, and Cs) reveal insignificant
differences in ion transport activity (Figure 2c), suggesting
that the observed anion transport is not strongly dependent
on the nature of the accompanying cation. Together, these
two lines of evidence exclude the involvement of Na+/OH−

symport and Na+/H+ antiport ion transport mechanisms.
Accordingly, the predominant ion transport pathway is either
Cl− /H+ symport or Cl−/OH− antiport. Using a similar HPTS
assay (Figure S7), we found both 3 and 5 transport ClO4

−,
NO3

−, and Br− more efficiently than Cl−.
To compare the relative transport rate between Cl− and

H+/OH−, a highly active proton transporter FCCP (carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone) was intro-
duced in the HPTS assay (Figure 2d). It should be noted

that the FCCP experiment can’t be used to verify either
Cl−/H+ symport or Cl−/OH− antiport mechanisms since H+

and OH− can’t be differentiated. In this assay, if H+ or
OH− transport either through passive transport or channels
was the slower step, FCCP—by accelerating H+ movement—
should alleviate this rate-limiting rate, leading to a significant
enhancement in fluorescence intensity. After subtracting the
baseline activities of FCCP alone and in its absence, an
increase in transport efficiency by 4–14% for compounds 3–5
in the presence of FCCP therefore suggests a synergistic effect
between compounds 3–5 and FCCP activity. Nevertheless,
such a modest increase indicates that Cl− transport may be not
that much faster than H+ or OH−. Hill analyses of transport
data gave the EC50 values of 0.17 µM or 0.17 mol% relative
to lipids for 4 (Figure S8a) and 0.12 µM for 5 (Figure S8b),
respectively, confirming high Cl− transport activities.

We further conducted a CF (5(6)-carboxyfluorescein)
leakage assay to evaluate the LUV membrane integrity in
the presence of 3–5. As shown in Figure 2e, 3–5 at 0.5 µM
do not induce any measurable increase in fluorescence,
indicating no CF dye leakage or membrane destruction.
By comparison, melittin—a pore-forming peptide—induces
substantial fluorescence increases of 55% and 100% at
even lower concentrations of 5 and 25 nM, respectively.

Angew. Chem. Int. Ed. 2025, 64, e202511936 (4 of 7) © 2025 Wiley-VCH GmbH

 15213773, 2025, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202511936 by Fuzhou U

niversity, W
iley O

nline L
ibrary on [20/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Communication

Figure 3. a) and b) present single channel current traces and current–voltage (I–V) curves (cis chamber = trans chamber = 1 M NaCl) from which
chloride conduction rates (γCl−) for 4 and 5 were determined to be 10.6 ± 0.4 and 26.5 ± 0.8 pS, respectively. c) and d) show I–V curves (cis
chamber = 0.5 M NaCl or 0.5 M KCl, trans chamber = 1 M NaCl or 1 M KCl) from which the permeability ratios of PCl−/PNa+and PCl−/PK+ for 4
and 5 were determined. e) Colocalization of MitoTracker Red and 1-NI fluorescence in 4T1 cells: 4T1 cells were treated with 8 µM 1-NI for 12 h,
followed by staining with MitoTracker Red and finally by capturing and merging the images using ImageJ (version 1.8.1) to assess colocalization of
the red and blue signals. f) IC50 values (µM) for 5 against HepG2, MDA-MB-231, and NCI-H1299 cancer cells. For equations used for calculations of
γCl− and selectivity, see Supporting Information. All single channel current traces were measured in a diPhyPC-based bilayer membrane.

These results unequivocally confirm that the integrity of
the LUV membrane is preserved in the presence of these
compounds, and that the observed ion transport activities
are not attributable to membrane-disruptive effects of the
tetrabenzylphosphonium derivatives.

Single-channel electrophysiological experiments were per-
formed for 4 and 5 in diPhyPC (1,2-diphytanoyl-sn-glycero-3-
phosphocholine)-based planar lipid bilayer membrane using
a planar lipid bilayer workstation (Figures 3a,b and S9). Con-
sistent with expectations, both 4 and 5 display characteristic
square-shaped signals, confirming that Cl− transport proceeds
through a channel mechanism. Based on the plotted I–V
curves, the chloride conductance rates (γ Cl

−) for 4 and 5 were
calculated to be 10.6 ± 0.4 and 26.5 ± 0.8 pS, respectively,
indicating their high efficiency in Cl− transport.

The Cl−/Na+ and Cl−/K+ transport selectivity (PCl
−/PM

+)
for 4 and 5 was determined using single-channel conductance
measurements under asymmetric conditions, with the cis
chamber containing 0.5 M MCl and the trans chamber 1.0 M
MCl (M = Na or K, Figures S10–S13). From the plotted
I–V curves for 4 (Figure 3c), the reversal potentials were
determined to be −34.4 and −84.0 mV under NaCl and KCl

gradients, respectively. Based on these values, the Cl−/Na+

and Cl−/K+ selectivity factors were calculated to be 3.6
and 2.1, respectively, indicating a preferential transport of
Cl− over Na+ and K+. Similarly, for 5, the Cl−/Na+ and
Cl−/K+ selectivity factors were determined to be 2.3 and 2.8,
respectively (Figure 3d).

To validate the intrinsic mitochondria-targeting capability
of these cationic tetrabenzylphosphonium derivatives, com-
pound 1 was conjugated with a naphthalimide moiety to yield
a fluorescent probe, designated as 1-NI (Figure 1a and Scheme
S1). 4T1 cells were then co-incubated with 1-NI and the
commercially available mitochondrial dye MitoTracker Red.
Fluorescence imaging reveal a strong colocalization between
the green fluorescence of 1-NI and the red signal from Mito-
Tracker, resulting in a merged pink fluorescence in the cells
(Figure 3e) and a Pearson’s correlation coefficient value of
0.83. These findings confirm the selective and nearly exclusive
mitochondrial localization of 1-NI, attributed to the targeting
ability of the cationic tetrabenzylphosphonium group.

Given that transmembrane Cl− transport can induce
apoptosis by disrupting cellular ion homeostasis, it is antic-
ipated that these self-assembled Cl−-transporting channels

Angew. Chem. Int. Ed. 2025, 64, e202511936 (5 of 7) © 2025 Wiley-VCH GmbH
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may exert cytotoxic effects on cancer cells.[35,51,69] To explore
this potential, 5 was selected for evaluation of its anticancer
activity against several common cancer cell lines, including
HepG2, MDA-MB-231, and NCI-H1299. As summarized in
Figure 3f and S14, the results reveal potent cytotoxicity,
with IC50 values of 1.42, 2.19, and 3.04 µM, respectively—
comparable to those of established chemotherapeutic agents
such as doxorubicin (IC50 = 1.5 µM for HepG2) and paclitaxel
(IC50 = 8.2 µM for HepG2).[70]

Through a strategically devised approach that transforms
intrinsically weak anion transporters into highly potent
ones, we have developed a novel class of unconventional
artificial anion channel systems based on the self-assembly
of quaternary tetrabenzylphosphonium salts. Crystal structure
and computational analyses reveal that the benzyl groups
in the structure not only give rise to a supporting three-
dimensional porous architecture but also facilitate stronger
intermolecular hydrogen bonding and ion-pair interactions
with anions than their phenyl counterparts, resulting in
markedly enhanced anion-binding affinity. Notably, the alkyl-
substituted tetrabenzylphosphonium derivatives 4 and 5
exhibit higher anion transport activities, highlighting the
importance of a more spacious three-dimensional porous
framework that supports transmembrane anion transport via
a channel mechanism. Beyond their transport properties,
these quaternary phosphonium salts possess intrinsic and
robust mitochondrial-targeting capabilities, ensuring precise
and spatially predominant distribution at the subcellular level.
Furthermore, this compound series shows promising anti-
cancer potential, as exemplified by 5, which exhibits IC50 val-
ues of 1.42–3.04 µM against three cancer cells—comparable
to conventional chemotherapeutics—underscoring its poten-
tial for cancer treatment applications. This study rep-
resents the first demonstration of phosphorus-based σ -
hole anion channels with intrinsic mitochondria-targeting
capabilities, offering a promising platform for therapeutic
applications.
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