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a b s t r a c t

Shape-persistent arylene ethynylene molecular cages have been investigated as transmembrane chan-

nels for ions and small molecules. The molecular cages were obtained starting from tetrayne monomers

through alkyne metathesis cyclooligomerization. We found these porphyrin-based rigid molecular cages

can insert into the lipid bilayer and efficiently transport ions and small molecules (e.g., calcein). Our study

reveals longer hydrophobic alkyl chains on the cage molecule promote the channeling efficiency, while

shorter and/or more polar side chains impair such activity. Kinetic analysis shows linear correlation be-

tween the rate of proton transport and the concentration of the cage, suggesting the active species is

likely a monomeric cage. We found that C70-encapsulated cages are nearly inactive for transmembrane

ion transportation, indicating that ions are likely transported through the internal cavity of the cage. Dis-

crete shape-persistent organic cages represent highly stable synthetic ion channels or pores, which could

have interesting applications in biomimetic signaling and drug delivery.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Natural transmembrane channels play a vital role in a wide

range of biological functions, including cellular communication

[1], signal transduction [2-4], and the maintenance of osmotic

pressure and pH [5-7]. Defects in natural transmembrane chan-

nels can result in a class of medical conditions termed chan-

nelopathies, examples of which include cystic fibrosis and epilepsy

[8,9]. Artificial systems for transmembrane transport could poten-

tially serve as treatments for such disorders through channel re-

placement therapies. Although several synthetic transmembrane

channels or carriers have been discovered that can mimic their

biological counterparts, maintaining their functionality in a bio-

logical environment remains a challenge, limiting their industrial

and biomedical applications [10-13]. In recent years, numerous

artificial transmembrane transporters have been developed from

small organic molecules [14-17], macrocyclic compounds [18-27],

metal-organic frameworks (MOFs) [28-31], polymers [32-38], pep-
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tide mimics [39-43], foldamers [44-47], and molecular machines,

such as molecular shuttles or molecular swings [48-50]. These

structures primarily rely on supramolecular interactions such as

metal-coordination bonding, π–π stacking, hydrophobic interac-

tions, electrostatic forces, and hydrogen bonding to form channel-

like structures [51,52]. These relatively weak non-covalent in-

teractions can pose challenges in precisely controlling the self-

assembly of individual molecules and can compromise their stabil-

ity in biological environments [53,54]. Owing to the limitations of

supramolecular structures, the development of discrete monomeric

transmembrane channels constructed from covalent molecules has

garnered interest. Such ion channels offer precise control over

structure and function, which would be challenging to achieve us-

ing a supramolecular approach.

Since the first example in 2009, well-defined, purely organic

cages connected by covalent bonds, known for their high chemical

and thermal stability and referred to as covalent organic polyhe-

drons (COPs) [55-57], have garnered significant attention because

of their unique properties and broad applications. Various COPs

have been developed for applications such as host-guest chemistry

https://doi.org/10.1016/j.cclet.2024.109966
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Scheme 1. Synthesis of molecular cages. Conditions: (a) Mo catalyst, CHCl3,

5 Å molecular sieves, reflux; (b) Zn(OAc)2, CHCl3/MeOH, reflux; (c) KOH,

THF/MeOH/H2O, reflux.

[58,59], gas adsorption [60-62], chemical sensing [63,64], cataly-

sis [65-67], and nanoparticle growth [68,69]. Kim and coworkers

pioneered the use of a series of imine-linked COPs as monomeric

transmembrane transporters for selectively transporting iodide and

glucose [70,71]. This approach could potentially be used to sense

cells with knocked-out genes. However, direct cell-imaging lever-

aging the internal cavity of the COPs remains an uncharted terri-

tory, and the structure-property relationship guiding the COPs’ de-

sign is still not fully understood. It’s worth noting that most bio-

logical systems operate in an aqueous environment, so the chemi-

cal resistance of these structures towards hydrolysis should also be

considered. Over the past decade, our group has successfully syn-

thesized multiple shape-persistent arylene-ethynylene COPs via dy-

namic alkyne metathesis [72-74], achieving high yields. The result-

ing COPs, which feature good solubility, functional group tunability,

rigid backbones, accessible internal cavities, and robust linkages,

are potentially well-suited as candidates for transmembrane chan-

nels.

Herein, we designed and synthesized a series of porphyrin-

based, shape-persistent arylene-ethynylene COPs via one-step

alkyne metathesis. These COPs have the same backbone but fea-

ture functional groups of varying lengths and polarities on eight

vertices. These groups form unimolecular channels in lipid bilayer

membranes, transporting protons with varying efficiencies. We ob-

served reduced transportation efficiency when we intentionally al-

tered the electronic environment of the channel via metalation of

the porphyrin panels (with Zn2+). Furthermore, when we deliber-

ately blocked the internal cavity of the cage (with C70), the trans-

membrane transport activity was completely terminated. Both of

these observations highlight the importance of the void space in-

side the cage-based transporters. Molecular dynamics simulations

were used to model the conformation of the COPs when inserted

into lipid bilayers, confirming the monomeric nature of these

transporters. Additionally, transportation of calcein was made pos-

sible due to the large cavity of the COPs, and direct cell-imaging in

a living-cell system was demonstrated.

A series of porphyrin-based rectangular prism shaped-

persistent cages with a large internal void (1.8×1.2 nm) were

synthesized. Substituents with different lengths and polarities

were installed on eight vertices. A highly active multidentate

Mo(VI) complex was used as the metathesis catalyst [75]. Utilizing

adsorption-driven alkyne metathesis for cage formation resulted in

high isolation yields of 80%−91% (Scheme 1). The zinc-metalated

Fig. 1. (A) Schematic representation of the ion transport experiment using LUVs

loaded with the pH-sensitive fluorophore HPTS and exposed to a pH gradient (in-

side pH 7.0, outside pH 7.6). (B) Normalized (Norm.) HPTS fluorescence traces as

a function of time in the presence of various concentrations of C1. Extravesicular

buffer solution: 10mmol/L HEPES, 100mmol/L NaCl, pH 7.6; intravesicular buffer

solution: 10mmol/L HEPES, ∼0.1mmol/L HPTS, 100mmol/L NaCl, pH 7.0. Triton X-

100 (16 μL, 20% v/v) was added at 480 s to achieve complete disruption of LUVs. (C)

Norm. HPTS fluorescence traces as a function of time in the presence or absence

of C1 (20 μmol/L). Extravesicular buffer solution: 10mmol/L HEPES, 100mmol/L

MX, pH 7.6; intravesicular buffer solution: 10mmol/L HEPES, ∼0.1mmol/L HPTS,

100mmol/L NaX, pH 7.0. Triton X-100 (16 μL, 20%, v/v) was added at 480 s to

achieve complete disruption of LUVs. (D) Linear correlation between the observed

ion transport rate and the concentration of C1.

cage (Zn-C1) was prepared by reacting C1 with Zn(OAc)2. The

carboxylic acid functionalized cage C5 was obtained from the

hydrolysis of its ester derivative C3.

We used a pH-sensitive dye, 8-hydroxypyrene-1,3,6-trisulfonate

(HPTS) as the fluorescence probe to evaluate the channeling ac-

tivities of the cages. HPTS-encapsulated large unilamellar vesicles

(LUVs) or liposomes were prepared as previously reported from l-

α-phosphatidylcholine and HPTS [76]. The aqueous interior of the

LUVs was buffered at pH 7.0 (10mmol/L HEPES, 100mmol/L NaCl,

∼0.1mmol/L HPTS), and the exterior was initially buffered at pH

7.0 (10mmol/L HEPES, 100mmol/L MX, M=Na+, Li+, K+, Rb+, or
Cs+, X=Cl− or Br−). A solution of one of the cages in organic sol-

vent (1.0mmol/L; C1, Zn-C1, C2, C3, C5: THF, C4: DMF) was then

added into the above suspension of HPTS-encapsulated LUVs and

incubated for 3min. After the incubation period, 1.0mol/L NaOH

was added (4 μL) to generate the pH gradient between the in-

travesicular and extravesicular buffers. The fluorescence emission

of the dye was immediately monitored at room temperature for

500 s.

After 480 s, Triton X-100, a surfactant, was added to completely

disrupt the LUVs and achieve the maximal fluorescence emission of

HPTS as the 100% reference point. As shown in Fig. 1B, when the

exterior buffer solution consists of NaCl (M=Na+, X=Cl−), rapid
increase of HPTS fluorescence emission was observed in the pres-

ence of 20 μmol/L (1.5 mol% relative to lipid) of C1, which reaches

70% of the maximal level within 500 s. Such increase of HPTS fluo-

rescence suggests possible proton efflux or hydroxide influx in re-

sponse to the transmembrane pH gradient (�pH=0.6), thus the

increase of intravesicular pH. In order to confirm the fluorescence

intensity increase is associated with the presence of the cage, we

performed a blank experiment in the absence of the cage under

otherwise identical conditions. A very small increase (≤10%) of flu-

orescence intensity was observed in the blank experiment even af-

ter 480 s. This supports that the cage is indeed responsible for the

observed increase in fluorescence intensity. As low as 2.5 μmol/L
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(0.38 mol% relative to lipid) of C1 could reach 45% maximal flu-

orescence intensity within 500 s (Fig. 1B). Such activity of C1 is

comparable to many reported synthetic ion channels. A Hill Anal-

ysis was performed in order to gain more insight into the trans-

port behavior. The analysis confirmed that the cage can form a

highly active transmembrane channel with an EC50 (the effective

monomer concentration needed to reach 50% activity) equal to 5.17

μmol/L (0.75 mol% relative to lipid) [77,78]. In order to confirm the

integrity of the LUVs was maintained upon exposure to the cages,

dynamic light scattering (DLS) measurements were performed on

the vesicles before and after being exposed to the cage. The data

confirmed that the membranes were not disturbed and that the

size of the vesicles only increased slightly (<5%), which may indi-

cate successful insertion of the cage into the lipid bilayer (Fig. S1

in Supporting information).

We observed significantly slower increase of HPTS fluorescence

emission when the extravesicular cation was changed from Na+

to K+ (Fig. 1C). This suggests that cations are involved in the

ion transport process. Since our HPTS assay is sensitive to exter-

nal cation change, the cage likely mediates cation antiport (i.e.

H+/M+). To further investigate, we also monitored proton trans-

port with the Li+, Rb+, and Cs+ as the external cations. As ex-

pected, when the external cation was Li+ the proton transport in-

creased, reaching over 75% fluorescence intensity within 500 s with

the same cage loading (Fig. 1C). Furthermore, as the cation size in-

creased the maximal fluorescence intensity reached decreased as

shown in Fig. 1C. When the external cation was Rb+ with the

same loading of C1 much lower transport efficiency was observed,

showing approximately 25% increase in fluorescence intensity. This

decreased further to less than 10% increase in fluorescence when

the external cation was Cs+. This further supported the idea that

the mechanism of transport is cation antiport (i.e., H+/M+). Anion
antiport of OH−/X− and the osmotically disfavored unidirectional

symports of H+/X− or M+/OH− are less likely. In order to further

confirm the cation transport selectivity of the cage, we performed

the HPTS assay in the presence of a different anion, bromide. Wu

and Gale demonstrated that the ‘dual gradient’ method is unreli-

able for anions when cation transport is rate limiting [79]. There-

fore, the anion was changed to bromide in both the exterior and

interior buffer solutions. No significant change in the rate of in-

crease of fluorescence intensity was observed with the anion re-

placement of Cl− with Br− (M+ =Na+ in both cases) as shown in

Fig. 1C. Such insensitivity of the HPTS assay to anion change fur-

ther supports that the cage preferably transports cations (i.e., H+

efflux and M+ influx) rather than anions.

In order to further confirm the transport mechanism of the cage

and examine the proton transport selectivity of the cage, we also

monitored the combined action of the potassium carrier valino-

mycin and C1 on the decay of the transmembrane pH difference

in the HPTS assay with KCl as the external salt. We found that in

the absence of cage, valinomycin (0.2 mol%, relative to lipid) ex-

hibits low activity, showing only around 20% increase of fluores-

cence intensity within 500 s (Fig. 2A). However, the combination

of valinomycin and C1 (20 μmol/L) significantly enhances the ion

transport rate, reaching over 80% of HPTS fluorescence emission

within 500 s (Fig. 2A), which is approximately a two-fold increase

in fluorescence intensity compared to the case of the HPTS assay

in the presence of C1 alone (45%, Fig. 2A). These results indicate

that the rate limiting step of the H+/K+ antiport mediated by the

cage is not the proton efflux but the disfavored influx of K+, sup-
porting the proton selectivity of such cage-based ion channel. This

trend was consistent with the Zn-metalated version of C1 (Fig. S9

in Supporting information). Furthermore, this testing was carried

out with the more active cage, C2. When the external salt was

KCl, C2 (20 μmol/L) only displays a 50% increase in fluorescence

intensity (Fig. S10A in Supporting information). However, as seen

Fig. 2. (A) Norm. HPTS fluorescence traces as a function of time in the pres-

ence or absence of C1 (20 μmol/L). Extravesicular buffer solution: 10mmol/L

HEPES, 100mmol/L MCl, pH 7.6; intravesicular buffer solution: 10mmol/L HEPES,

∼0.1mmol/L HPTS, 100mmol/L NaCl, pH 7.0. Triton X-100 (16 μL, 20%, v/v) was

added at 480 s to achieve complete disruption of LUVs. V stands for valinomycin.

(B) Norm. HPTS fluorescence traces as a function of time in the presence or absence

of C1 (20 μmol/L). Extravesicular buffer solution: 10mmol/L HEPES, 100mmol/L

MCl, pH 7.6; intravesicular buffer solution: 10mmol/L HEPES, ∼0.1mmol/L HPTS,

100mmol/L NaCl, pH 7.0. Triton X-100 (16 μL, 20% v/v) was added at 480 s to

achieve complete disruption of LUVs. (C) Snapshot from a 10ns molecular dynamics

simulation. The cage is shown in blue and lipids are in light green. Oxygen atoms of

water molecules are in red and hydrogen atoms are in white. (D) Normalized HPTS

fluorescence traces as a function of time in the presence of C1 (light blue), Zn-C1

(blue), C2 (lightest green), C3 (green), C4 (light green), C5 (dark green), and C1-C70

(dark blue). The concentrations of the cages in total lipids in (D) were 20 μmol/L

(1.50 mol% relative to lipid).

with C1, in the presence of both valinomycin and C2, the fluores-

cence intensity can reach 100%. This further confirms the transport

mechanism of the cage and supports that cation antiport is rate

limiting.

In addition to the valinomycin testing, we also confirmed

that the transport of the cation was rate limiting using car-

bonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), a proton

transporter, with KCl and NaCl as the external salts. We found that

in the absence of the cage, FCCP (0.2 mol% relative to lipid) ex-

hibits low activity, showing only around 10% increase of fluores-

cence intensity within 500 s in the presence of either external salt

(Fig. 2B). Additionally, the combination of FCCP and C1 (20 μmol/L)

did not significantly enhance the ion transport rate and showed

only an 80 increase in fluorescence intensity when the external

salt was NaCl. This is approximately a 10% increase compared to

the cage alone (Fig. 2B). Likewise, when the external salt was KCl,

the combination of FCCP and C1 led to a 48% increase in fluores-

cence intensity. This is only a 9% increase in fluorescence inten-

sity compared to the cage alone. Similarly to the valinomycin test-

ing, the FCCP testing was carried using C2 as a comparison. Analo-

gously to C1, C2 did not display an increase in transport efficiency

when combined with FCCP. The combination of FCCP and C2 (20

μmol/L) did not significantly enhance the ion transport rate and

showed only an 82% increase in fluorescence intensity when the

external salt was NaCl. This is only a 5% increase compared to the

cage alone (Fig. S10B in Supporting information). Also, when the

external salt was KCl, the combination of FCCP and C2 led to a

56% increase in fluorescence intensity. This is only a 7% increase in

fluorescence intensity compared to the cage alone (Fig. S10B). The

combination of the results from the valinomycin and FCCP testing

further confirm the transport mechanism of the cage and indicate

that the rate limiting step is of the H+/K+ antiport mediated by

3
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the cage is disfavored influx of K+.

kobsd = ln(2)/t1/2 (1)

kobsd = k[cage]
n
/K (2)

Next, the kinetics of proton transport were investigated using

C1. The kinetic analysis procedure for transmembrane channeling

process reported by Regen was followed [80]. The observed rate

constants kobsd were obtained from the fluorescence traces using

Eq. 1, where t1/2 is the time required for the fluorescence intensity

to reach 50% of the observed maximum. We assume n molecules

of the cage form the active species that function as ion channels

and define K as the equilibrium constant between monomer and

the active channel species. Then the obtained kobsd and the corre-

sponding cage concentration can be fitted in Eq. 2, where k rep-

resents the proton transport rate constant through the channels.

As shown in Fig. 1D, the kinetic profile shows apparent first-order

rate constant for the proton transport process, which can be fit-

ted by a linear correlation (n=1.0) with the concentration of C1.

The kinetic results suggest that the active species for proton trans-

port is likely a monomeric cage. The cages insert into the lipid bi-

layer membrane with the aid of long hydrophobic side chains (e.g.,

hexadecyl in C1), which are capable of interacting with lipid tails

and long enough to span the lipid bilayer. Shorter and more polar

chains that are inadequate to span the full thickness of the bilayer

membrane (3–5nm) likely lead to decreased channel efficiency due

to their limited partition and transient blockage of the channel by

the dynamically flowing lipids (e.g., C3 and C5) [81].

A Molecular dynamics (MD) simulation was employed to model

such a structure. Fig. 2C shows the MD simulation snapshot af-

ter a 10ns simulation. The bulk lipid bilayer has a thickness of

5 nm, consistent with the literature, but becomes as thin as 2nm

in the region with the cage [81]. The porphyrin segments of the

cage are parallel to the lipid tails and stabilized by the hydropho-

bic interaction between them. A water chain is observed in the

middle of the channel created by the cage, connecting the bulk

water regions separated by the lipid bilayer. In order to exam-

ine the stability of this water chain, we further extended our

simulation for another 10ns, and found that this water channel

still exists (details can be found in Supporting information). This

channel-spanning water chain is consistent with what has been

seen in other proton-selective transmembrane channels. Specifi-

cally, Liu and Zeng recently published a foldamer-based proton-

selective channel in which they noticed a similar water chain form

and span the entire channel length [44].

Interestingly, the ionophoric activities of cages are considerably

influenced by the peripheral substituents. Higher activity was ob-

served with cages containing longer and less polar alky chains (C1

and C2) (Fig. 2D). This may be due to the long alkyl chains mim-

icking lipid tails allowing for greater interaction with the interior

of the lipid bilayer. The dodecyl-ester substituted cage, C2, had an

EC50 =2.32 μmol/L (0.35 mol% relative to lipid), which showed en-

hanced proton transport compared to C1. This may be due to the

increased length of the sidearm, as well as an increase in ability to

interact with the phospholipid. The butyl–ester substituted cage,

C3 [R= -CH2CH(Et)2)], with the same loading (20 μmol/L) shows

almost no increase of HPTS fluorescence emission (<20% after

500 s). The triethylene glycol (Tg) substituted cage, C4, shows di-

minished activity (EC50 =13.02 μmol/L (1.8 mol% relative to lipid))

compared to C1 even though it possesses a long Tg chain as the

sidearm. This indicates that the polarity of the sidearm is impor-

tant to consider and that more polar sidearms show diminished

transport activity likely due to less favorable interactions with the

lipid tails. The COOH-substituted cage, C5, with even shorter and

more polar side chains (R= -COOH) displays minimal channel ac-

tivity, reaching only up to 15% of the maximal fluorescence regard-

less of the loading amount (5 μmol/L - 30 μmol/L) (Fig. 2D and

Fig. S7 in Supporting information). This is in great contrast to the

previously reported example of tetraporphyrin metallacycle-based

ion channels, where the peripheral carboxylic acid residues were

critical for the channeling activities. It has been reported that such

metallacycles form dimers through hydrogen bonding and function

as transmembrane nanopores when substituted with carboxylic

acids, whereas their methyl ester analogs show no such activity

[76]. However, on the contrary to the reported porphyrin contain-

ing metallacycles, C5 is inactive, although the formation of dimers

that can span the entire depth of the membrane and function as

transmembrane channels is expected. Our results therefore suggest

that the active channels in the present work are not likely a dimer

of the cage formed through supramolecular interactions, but rather

a unimolecular channel.

It is interesting to note that the metalated analogue Zn-C1

with long alkyl substituents (R=C16H33) displays decreased pro-

ton channeling activity (EC50 =7.87 μmol/L (0.875 mol% relative to

lipid)) compared to the parent cage, C1 (Fig. 2D). When the same

loading was applied (20 μmol/L), Zn-C1 reaches only 50% maximal

fluorescence intensity at 500 s, whereas C1 reaches 70% maximum

within 500 s. In order to understand the limiting factor of proton

transport efficiency in regard to Zn-C1, we performed the HPTS as-

say in the presence of valinomycin (0.2 mol% relative to lipid) (Fig.

S9). In the absence of Zn-C1, no significant increase of fluorescence

intensity was observed in the HPTS assay in the presence of valino-

mycin alone. However, upon the addition of Zn-C1, rapid and dra-

matic increase of HPTS fluorescence emission was observed (70% of

maximum), indicating the disfavored potassium influx is responsi-

ble for the observed slow proton transport by Zn-C1. Presumably,

metalation of two porphyrin moieties of the cage interfere with

K+ transport by electrostatic repulsion and may also have a nega-

tive effect on the insertion of the cage into hydrophobic lipid bi-

layer. In order to further confirm this, we also metalated C1 with

nickel to obtain Ni-C1. The transport behavior of Ni-C1 was simi-

lar to the zinc metalated cage. When the same loading is applied

(20 μmol/L), Ni-C1 reaches only 55% maximal fluorescence at 500 s

(Fig. S4 in Supporting information).

In order to investigate whether the ions are transported

through the internal cavity of the cage, we blocked the inside

cavity of the cages with C70 [42]. Our previous study shows that

C1 is an excellent fullerene receptor, forming a 1:1 host–guest

complex with exceptionally high binding affinity (e.g., C70 Kassoc

=1.5×108 L/mol in toluene). Furthermore, based on previous titra-

tion experiments performed, the solubility of the cages is not af-

fected after incorporation of C70 into the internal cavity [42]. We

prepared the C70-encapsulated cage compounds as previously re-

ported and measured its proton transport activity by the HPTS

assay. As shown in Fig. 2D, C70@C1 shows almost no ionophoric

activity, indicating a successful channel blockage by C70. Further-

more, none of the cages showed significant ionophoric activity

when blocked by C70, supporting that the mechanism of transport

is consistent between cage compounds (Fig. S8 in Supporting infor-

mation). These results suggest that the internal cavity of the cages

plays a critical role in the transport of ions. It also provides co-

herent evidence supporting our proposed monomeric channeling

mechanism, in which the channeling process is mediated through

the cage cavity rather than a barrel stave or carpet-like rupture.

To the best of our knowledge, this is the first report of using

fullerenes to shut down synthetic transmembrane channels, thus

providing another regulatory mechanism to those widely investi-

gated ones, such as enzyme-gated [82], voltage-gated [83], ligand-

gated [84], and photochemically switchable approaches [81].
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Fig. 3. (A) Normalized fluorescence traces from the calcein transport assay for vari-

ous concentrations of C1. (B) Normalized fluorescence traces from the calcein trans-

port assay in the presence of C1 (light green), Zn-C1 (lightest green), C2 (green), C4

(Dark green). (C) Fluorescence image of HEK 293 T cells after the exposure to cal-

cein in the presence of C1. (D) Fluorescence image of HEK 293 T cells after the

exposure to calcein in absence of C1.

Other than protons, transportation of small molecules across

cell membranes has also attracted long time interest in the field

of synthetic transmembrane channels/pores. Based on the com-

puter modelling study, the dimension of the cage internal cavity

is 1.8×1.2 nm, which is large enough to transport small molecules

like calcein (a hydrated radius of approx. 0.6 nm) [85]. In order to

investigate whether the cages can act as synthetic pores, we per-

formed a calcein transport assay with calcein-encapsulated LUVs

(40mmol/L calcein, internal buffer 10mmol/L HEPES, 100mmol/L

NaCl, pH 7.4; external buffer 10mmol/L HEPES, 100mmol/L NaCl,

pH 7.4). As with the HPTS encapsulated LUVs, the integrity of the

calcein-encapsulated LUVs was checked by dynamic light scatter-

ing (DLS) measurements. Similarly, the data confirmed that the

membranes were not disturbed and that the size of the vesicles

only increased slightly (<10%), which may indicate successful in-

sertion of the cage into the lipid bilayer (Fig. S11 in Supporting

information).

After incubation for 3min with C1, we observed steady increase

of fluorescence intensity (Fig. 3A), indicating the export of calcein

from the LUVs and thus reduced self-quenching. The calcein assay

in the absence of cage molecules under otherwise identical condi-

tions shows <5% increase even after 500 s, suggesting C1 is respon-

sible for the observed transmembrane transport of calcein. As be-

fore, a Hill Analysis was performed and revealed the EC50 for C1 to

be 13.55 μmol/L (1.8 mol% relative to lipid) (Fig. S12 in Supporting

information). The remaining 3 cages (Zn-C1, C2, C4) also showed

varying levels of calcein transport based on their substituents. Sim-

ilar to the trend seen in proton transport, the cages with longer

and less polar sidearms (C1, Zn-C1, C2) displayed superior trans-

port activity compared to the cages with more polar sidearms (C4).

This further supports the proposed idea that the sidearms play a

crucial role in insertion into the lipid bilayer and therefore the

channeling capabilities of the cages. C2 which showed the great-

est proton transport capabilities showed similar calcein transport

activity (EC50 =13.21 μmol/L (1.75 mol% relative to lipid)) when

compared to C1. As before, Zn-C1 showed reduced small molecule

transport (EC50 =25.85 μmol/L (4.0 mol% relative to lipid)) com-

pared to its free-base counterpart C1 (Fig. 3B). This may be due to

unfavored interactions between the cage and the hydrophobic lipid

bilayer as discussed previously.

In order to further confirm the calcein transport activity of the

cages, we examined the transport of calcein by C1 into human em-

bryonic kidney (HEK) 293 T cells by fluorescence imaging. HEK 293

T cells were cultured at 37 °C with 5% CO2 in Dulbecco’s modi-

fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine

serum (FBS). The solution of C1 was added into the cell suspension.

After 10h of cell adhesion, calcein was added into the medium and

incubated for a further 30min. The free calcein was removed by re-

peated washing with phosphate-buffered saline (PBS) and the cells

were imaged by a fluorescence microscope. As shown in Fig. 3C,

for the cells with C1 supplemented, fluorescence emission was ob-

served for majority of cells. However, in the absence of the cage

(Fig. 3D), most of the cells exhibited background fluorescence. In

order to confirm the dye molecules are internalized into the cells

in the presence of cage molecules, we measured fluorescence of

the respective cell lysates (Fig. S16 in Supporting information).

Consistent with the fluorescence imaging results, the fluorescence

intensity of the sample with both C1 and calcein added was sig-

nificantly higher (15-fold) than that of the sample without the

cage, further supporting that C1 is capable of acting as artificial

channels to transport small molecules like calcein into cells. Con-

sidering that calcein can pass through the channel composed of

cages, similar HPTS efflux might be possible. However, considering

the large concentration of cations/anions (100mmol/L) and their

much smaller size, compared to HPTS (<0.1mmol/L), the transport

of small ions is likely much more rapid and dominant than HPTS

transport in the previously discussed HPTS assay.

Together the above evidence corroborates that the molecular

cages with a rigid backbone and hydrophobic cavity are able to

function as transmembrane channels via insertion into the lipid

bilayer. Long alkyl side chains installed at the vertices of the

cages provide hydrophobic interactions with the lipid tails of sim-

ilar molecular structure and create a corridor for channeling. The

cages are likely oriented with two porphyrin rings parallel to the

lipids, thus exposing the cavity for the passage of ions and small

molecules, as shown in Fig. 2C. Although we prefer to refer to the

cages as channels, the possibility that they act as carriers cannot

be ruled out. Further mechanistic studies (e.g., conductance exper-

iment) on the ion/small molecule transport mediated by the cage

will be conducted and reported in due course.

In summary, a series of porphyrin-based, shape-persistent

molecular cages, substituted with various flexible side chains, have

been constructed through alkyne metathesis, and their channeling

activities have been investigated. We found that C1 and C2, which

feature eight long alkyl side chains, function as efficient proton and

small molecule channels. In contrast, whereas cages C3, C4, and C5,

with shorter and/or more polar side chains, exhibit impaired chan-

neling activity. These results suggest that hydrophobic arms, capa-

ble of interacting with lipid tails and long enough to span both

ends of the lipid bilayer, are critical to the formation of an effective

channel. Kinetic analysis indicates that the rate of proton transport

linearly correlates with the cage concentration. This suggests that

a monomeric cage likely forms the individual active channel, and

the channeling mechanism is unlikely to resemble a barrel stave

or carpet-like rupture. We observed inactivation of the channeling

activity when C70 was encapsulated inside the cage, indicating that

ions and small molecules are transported through the cages’ cav-

ity. Furthermore, we have demonstrated that ion transport selec-

tivity can be modulated by altering the electronic environment of

the cavity through metalation of the porphyrins. Overall, our study

introduces a new class of unimolecular artificial channels, achiev-

able through alkyne metathesis, that form shape-persistent cova-

lent organic molecular cages with isolated accessible internal cavi-
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ties. This work could also guide the design of novel artificial trans-

membrane channel molecules with promising applications in bio-

logical systems.
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