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SUMMARY

The acidic microenvironment of solid tumors is a potential source of
selectivity in the anti-cancer activity of ionophores, which requires
delicate control of their biophysical properties. In this context, we
have systematically studied fluorine substitutions in the aromatic
side chains of HCl-binding pseudopeptidic cages. Interconnected
factors like chloride binding, protonation, lipophilicity, and confor-
mation and diffusiveness of the cages can impact their ability to
transport HCl through the aqueous-lipid interphase, as demon-
strated by robust experimental (X-ray, nuclear magnetic resonance
[NMR], fluorescence) and theoretical results. The fine-tuning of
these properties allows the modulation of their pH-dependent cyto-
toxicity against cancer cells, from essentially non-cytotoxic at pH 7.5
(like the extracellular surroundings of healthy tissues) to highly toxic
in slightly acidic microenvironments (like those around solid tu-
mors). Thus, a distal fluorine substitution produces a big impact on
the physicochemical and biological properties of the cages,
improving their selectivity as potential therapeutic ionophores.

INTRODUCTION

Cancer is among the deadliest human diseases,1,2 making the discovery of new ap-

proaches for therapies a hot topic in scientific research.3–6 Although the use of

synthetic molecules to kill cancer cells is still one of the most widely used therapies

(so-called chemotherapy),7–9 it still has to overcome important drawbacks. First of

all, most of the used anti-cancer molecules show low specificity,10–12 thus producing

serious and sometimes unacceptable side effects. Besides, the high mutation rate of

cancer cells allows them to rapidly evolve and develop chemoresistance13–16 by cir-

cumventing the action of the administered drug on the biochemical target.

Regarding this last issue, the use of synthetic ionophores as anti-cancer prospective

drugs17–20 has appeared as a promising option20–26 since their mechanism of action

hampers the easy development of resistance by cancer cells.17,19,27,28 However, very

often, these ionophores show little selectivity, thus being also toxic to healthy cells

and therefore unsuitable for further development as real-life drugs.19,23 Paradoxi-

cally, the appealing mechanism of action of ionophores targeting cell membranes

complicates the necessary implementation of selectivity.

On the other hand, pH dysregulation is a hallmark of cancer,29,30 with abnormally

reversed pH gradients between extracellular and intracellular values (Figure 1A).

Thus, cancer cells are characterized by intracellular alkalinization and extracellular

acidification.31 As a consequence, solid tumors are surrounded by a slightly acidic
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Figure 1. Biological and chemical background

(A) Reversal of extra-/intracellular pH gradient in cancer cells.

(B) Chemical structures of the pseudopeptidic cages.

(C) X-ray diffraction results of the crystals of the tetra-HCl salt of cage 1h. The chloride included in the cage cavity is shown as a green space-filling

sphere. Solvent molecules and additional chloride anions in 1h$4HCl are omitted for clarity.
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microenvironment.32 Additionally, in many cases, and especially for anion transport,

the ion influx/efflux is strongly coupled to proton transport.33–41 According to these

facts, there is room for implementing selectivity in anion transporters to selectively

kill cancer cells by making an anionophore work more efficiently in slightly acidic mi-

croenvironments.12,42–46 This relatively simple idea is difficult to translate into spe-

cific chemical entities.41,47 In most cases, the difference in pH required to display

measurable anion transport differences leading to clear-cut on-off biological activity

is larger48–56 than those observed in cancer cell biology.57 Moreover, the actual
2 Cell Reports Physical Science 5, 102152, September 18, 2024



ll
OPEN ACCESSArticle
anion transport mechanism of synthetic ionophores through cell membranes is a

complex process at the molecular level, depending on many interconnected factors

still not fully understood.27,58–60 In this regard, we have previously reported small

tripodal pseudopeptidic cages61 that strongly encapsulate a chloride anion when

their amine groups are protonated.62 These cages efficiently transport chloride

through lipid bilayers by a H+/Cl� symport mechanism,63 with a more efficient trans-

port at slightly acidic pH.64 This pH-dependent HCl transport nicely correlates with

pH-dependent cytotoxicity against cancer cells with pH-switching values close to

those found in cancer biology.64 The most selective cage was the one derived

from 4-F-phenylalanine amino acid (1c in Figure 1B), suggesting that fluorine substi-

tution could subtly modulate the physicochemical properties of the cages (basicity,

chloride binding, lipophilicity, diffusiveness, chloride exchange rate, etc.) with a

strong impact on their biological activity.65,66 Actually, fluorine is a very peculiar

element: its small size, high electronegativity, and hydrophobicity has promoted

the development of fluorine-substituted molecules for studies at the chemistry-

biology interface.67,68 Besides, 18F is a radioisotope widely used for labeling radio-

pharmaceuticals.69,70 Moreover, endogenous fluorinated organic compounds are

absent, making fluorine substitution a very popular process in medicinal chemistry

and chemical biology.71,72 In the current study, we have systematically studied the

effect of fluorine substitution on the pseudopeptidic cages (Figure 1B) in order to

better understand the process at the molecular level. Besides, we have unraveled

the impact of the structural factors on the biological activity, allowing the identifica-

tion of a more pH-selective cytotoxic cage with very promising in cellulo anti-cancer

activity.

RESULTS AND DISCUSSION

Design and synthesis of the pseudopeptidic cages

Taking into account our previous results64 with a pseudopeptidic cage derived from

4-F-phenylalanine (1c in Figure 1B), we decided to systematically test the effect of an

increasing number of fluorine substitutions on the aromatic residues (1c and 1h–1o).

Also, the position of the F atoms was considered to be an important structural

parameter (1c, 1h, 1i, and 1j–1m, respectively). With this in mind, we synthesized

molecules 1h–1o to compare with the previously described 1c. The syntheses of

the cages were carried out following slight variations of our reported procedure,

for which the key macrobicyclization step is a chloride-templated triple nucleophilic

substitution.62–64 In all cases, themolecules were obtained with good yields after pu-

rification and characterized using standard spectroscopic (nuclear magnetic reso-

nance [NMR], electrospray ionization mass spectrometry [ESI-MS]) and analytical

(high-performance liquid chromatography [HPLC]) techniques (see details in the

supplemental information).

Chloride binding

When protonated, the tripodal pseudopeptidic cages strongly bind chloride.62–64

We performed 1H NMR titration experiments of the fully protonated cages with tet-

rabutylammonium chloride (TBACl) in 5% aqueous deuterated acetonitrile to study

the effect of the fluorine substitution on chloride recognition. Since complexes with

1:2 cage:chloride stoichiometry were detected in some cases, we used the BC50
�

parameter73 to compare the binding efficiency (Table 1). The fitting of the NMR titra-

tion data shows that chloride recognition is only slightly affected by the position of

the fluorine atom at the side chains (entries 1–3 in Table 1) or even the presence of

two fluorine atoms at each residue (entries 6 and 7 in Table 1). These results agree

with a conserved binding site for chloride at the inner cavity of the cage. A further

demonstration was obtained by X-ray diffraction of the single crystal of 1h$4HCl,
Cell Reports Physical Science 5, 102152, September 18, 2024 3



Table 1. Properties of the fluorinated pseudopeptidic cages

Entry Cage Logb1
a [Logb2] BC50

� (mM)b cLogPc tR (min)d J0 pH/s
e

CC50 (mM)f

pH 6.2
CC50 (mM)f

pH 7.2 CC50 (mM)f pH 7.5

1 1c (4-F) 3.82(3) [6.0(1)] 148 G 5 4.00 9.44 0.02354 29 G 4 58 G 10 166 G 35

2 1h (2-F) 3.75(9) 173 G 4 4.00 8.02 0.02773 14 G 2 17 G 3 13 G 2

3 1i (3-F) 4.4(1) [6.5(2)] 36 G 8 4.00 9.22 0.02280 13 G 3 �25 �25

4 1j (3,5-diF) n.m. n.m. 4.38 10.64 0.01498 n.m. n.m. >200

5 1k (3,4-diF) n.m. n.m. 4.39 10.33 0.01472 �100 >200 >200

6 1l (2,6-diF) 4.3(2) 50 G 15 4.37 8.28 0.02076 17 G 2 18 G 2 14 G 2

7 1m (2,4-diF) 4.3(2) 50 G 15 4.38 9.53 0.02612 25 G 8 62 G 10 R200

8 1n (F5) n.m. n.m. 5.51 13.07 0.00904 n.m. n.m. >200

9 1o (4-CF3) n.m. n.m. 5.90 12.44 0.01053 >200 R200 R200

n.m., not measured.
aChloride binding stability constants (Logbn,

1H NMR titration in 95:5 CD3CN:H2O, values in parenthesis are the standard deviations in the last significant figure;

see Figures S2–S9).
bAffinity (BC50

�).
cCalculated lipophilicity (cLogP).
dExperimental lipophilicity (tR in reverse-phase HPLC).
epH gradient dissipation through lipid bilayers (initial transport rate measured with the HPTS fluorescent probe, Table S2; Figures S15–S23).
fA549 cytotoxic concentration for 50% cell viability (CC50 by MTT assay, Figures S44–S51) at different pH values.
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which confirmed the conservation of the chloride binding site through H-bonding

and ionic interactions with the corresponding protonated amines (Figure 1C). Actu-

ally, the comparison of the crystal structures of 1h with those of 1a,62,63 1b,64 and

1d64 showed high structural similarity (Figure S1), reflecting a close resemblance

in the chloride recognition properties.

Physicochemical properties: Protonation and lipophilicity

Protonation state and lipophilicity are two key physicochemical parameters of

anionophores since they define their behavior at the lipid/aqueous interphase.

Moreover, for the cages described here, the protonation state will also dictate the

chloride affinity and exchange rate, as these are generally more efficient for proton-

ated species.62–64 Thus, we decided to study the effect of peripheral F substitutions

on the basicity of the amine groups of the cages. The low solubility of the free amines

in pure water precluded the determination of the corresponding pKa values by

potentiometric pH titrations. However, we realized that the fluorescence emission

spectra of the molecules are strongly affected by the pH of the medium, allowing

the estimation of the corresponding apparent pKa values in a water/methanol

mixture. The fluorescence pH titrations were done with cages bearing F atoms at po-

sitions 2 (1h), 3 (1i), and 4 (1c) of the aromatic side chains. Also, the Phe cage (1a)62,63

lacking fluorine atoms was measured as the reference compound. Global fitting of

the emission spectra at different pH rendered the corresponding pKa values (Table 2;

Figure S10) that allow the determination of the species distribution vs. the pH (Fig-

ure 2A). A convenient way to compare the molecules is to plot the average proton-

ation state as a function of the pH for each cage (Figure 2B). Several important trends

can be extracted. The effect of the fluorine substitutions is more important in the two

first protonation steps (compare traces at pH > 8 in Figure 2B), being the main dif-

ference in the second pKa (Table 2). We can hypothesize that the first protonation

takes place in the tertiary amine (very similar in all cases), while the second proton-

ation must occur in one of the secondary amines from the amino acidic moieties. The

lower basicity of the secondary amine in the fluorinated cages can be explained by

the electron-withdrawing inductive effect of the fluorine atoms in the side chains.

However, further protonation is similar for all the cages except 1h, which

shows more basic amines for the third and fourth consecutive protonation steps
4 Cell Reports Physical Science 5, 102152, September 18, 2024



Table 2. Protonation constants of pseudopeptidic cages

Entry Cage pKa1 pKa2 pKa3 pKa4

1 1a (H) 10.13(2) 10.1(1) 6.7(1) 4.6(1)

2 1h (2-F) 9.69(2) 8.68(4) 7.03(6) 6.5(1)

3 1i (3-F) 10.24(5) 7.8(1) 6.6(1) 4.7(1)

4 1c (4-F) 10.01(3) 8.0(1) 6.7(2) 4.2(2)

Protonation constants of pseudopeptidic cages were determined by fluorescence pH titrations in 3:2

H2O:MeOH solutions. Values in parentheses are the standard deviation in the last significant figure.
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(Table 2; Figure 2B, with the red trace well above the others at pH < 8). Rather coun-

terintuitively, the ortho F substitution in the side chains of 1h stabilizes the proton-

ation at the secondary amines. A conformational analysis of the 1h$HCl complex

(Figure 2C; see also the supplemental information) showed the possible formation

of intramolecular H-bonds between the F atom and the NH of the secondary amine

or amide groups of the contiguous arms of the cage.74 These interactions would

enhance the basicity of the secondary amine and also produce more folded confor-

mations in solution (see below). Overall, the ortho F substitution leads to amore pro-

tonated and more compact structure at pH values between 6 and 8, which might be

especially important for the biophysical and biological assays.

Regarding the lipophilicity, the theoretically calculated partition coefficients (cLogP,

Table 1) do not reflect the large differences observed experimentally by reverse-

phase HPLC (retention times in Table 1) for fluorinated isomers. The larger number

of fluorine atoms increases lipophilicity, an expected general trend and also well es-

tablished by cLogP. However, there is a clear dependence on the position of the F

atom that is not satisfactorily predicted by cLogP. Thus, the ortho F substitution

makes 1h much more hydrophilic (compare entry 2 with entries 1 and 3 in Table 1),

and this is retained for 1m (entry 7 vs. 4 and 5) and especially for 1l (entry 6 vs. 4 and

5). Since the HPLC experiments were carried out at pH 2, full protonation of all the

cages is expected (Figure 2B). The observed differences can be reasonably ex-

plained considering that the F substitution at position 2 of the side chain produces

a more folded conformation (as previously supported by molecular modeling) that

precludes the interaction of the aromatic side chains with the hydrophobic stationary

phase, rendering a lower retention. The cages 1j, 1k (two F per side chain, one of

them at position 3) and 1n, 1o (three or more F atoms per residue) are very hydro-

phobic, proving troublesome for both the 1HNMR titration experiments and the bio-

logical assays (see below).
Chloride transport at the aqueous-lipid interphase

In order to test the anionophoric activities of the synthesized cages, we used a fluo-

rescence emission test with 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS),75 which

measures pH variations with high sensitivity. Previous studies showed that these ca-

ges co-transport HCl through lipid bilayers,63 as this property is closely related to

their biological activity.64 Thus, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline

(POPC) vesicles were loaded with a NaNO3/NaCl aqueous solution (123.9 mM

NaNO3, 10 mM NaCl, 10 mM NaH2PO4, ionic strength [I.S.] 150 mM, pH 6.5) and

the HPTS (1 mM) fluorescent probe. These vesicles were suspended in a medium

with identical ionic composition but lacking the HPTS and at a more basic pH

(7.5). These conditions were chosen to mimic a biorelevant pH gradient window.

Addition of the cages produces a rise of the intravesicular pH that can be readily

measured by the HPTS emission properties (see the supplemental information for

details). The time dependence of the intravesicular pH for all the synthesized cages

is plotted in Figure 3. For comparative purposes, the initial rate of pH changes
Cell Reports Physical Science 5, 102152, September 18, 2024 5



Figure 2. Protonation of pseudopeptidic cages

(A) Representative protonation species distribution (left axis) and fluorescence emission (right axis) at two wavelengths vs. pH values for 1a (the rest are

given in the supplemental information, Figure S10).

(B) Plot of the average protonation states vs. pH calculated from the corresponding pKa values.

(C) Lowest energy DFT-optimized (B3LYP-D3/6-31G** level with PBF implicit water solvation) conformations determined for the 1h$HCl complex,

highlighting in yellow the possible H-bonds implicating fluorine from the aromatic side chain.
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induced by the cages was determined for all compounds. This value, defined as J0
(pH/s), is included in Table 1. Compounds 1h and 1m, bearing 2-F and 2,4-diF aro-

matic substituents, were found to be the most active in these assays, whereas com-

pounds 1j, 1k, 1n, and 1o were found to be the least efficient at discharging the pH

gradient. Within the series of compounds evaluated, a negative correlation between

the lipophilicity of the compounds and the activity in these assays was observed,

suggesting that the increase of the hydrophobicity (number of F atoms, especially

in certain positions of the aromatic side chains) is detrimental for the ionophoric ac-

tivity. Control experiments with carboxyfluorescein ruled out the formation of large

pores by the action of the cages (Figure S24).

We wanted to obtain a more detailed molecular picture of the ionophores at the

aqueous-lipid interphase. To this aim, we performed 1H NMR experiments of the ca-

ges in deuterated dodecylphosphocholine (DPC) micelles suspended in pure D2O at

different pH and ionic strength values.64 These experiments give us information

about the incorporation of the cages within the lipid phase, their conformational

characteristics, and the chloride binding and exchange processes. Thus, the cages

could be in dynamic equilibrium in/out of the micelles, and chloride could also be

included within the cage in any of the two phases (Figure 4A). The proposed equi-

libria will be modulated by the chloride affinity and lipophilicity of the cages, also

determined by their protonation degree and conformation. The first intriguing

observation is the different appearance of the aromatic proton signals for 1c (4-F)

and 1h (2-F). As we have previously shown,64 1c was included inside the micelles

exchanging the chloride anion with the aqueous phase at a slow rate in the NMR
6 Cell Reports Physical Science 5, 102152, September 18, 2024



Figure 3. Plot of the intravesicular pH

Measured with HPTS fluorescent probe as a function of time upon addition of different cages

(50 mM: 10% mol carrier to lipid concentration; initial pH 6.5 inside the vesicles, suspended in

aqueous buffer at pH 7.5).
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chemical shift timescale (Figure 4B). For 1c at acidic pH, the chloride binding

increased, and the exchange rate was much faster, explaining its pH-dependent per-

formance as an ionophore. However, the cage with F in the ortho position (1h) shows

a single set of signals in all tested conditions, implying a fast exchange in the NMR

chemical shift timescale. Moreover, the external acidic pH produces a more pro-

nounced chemical shift perturbation in the aromatic signals of 1h, which are further

perturbed upon the addition of NaCl (Figure 4B). The downfield shifts of H3 and H4

are especially noteworthy, suggesting that the side chains are somehow implicated

in the dynamic process. The nuclear Overhauser effect spectroscopy (NOESY) spec-

trum of 1h in the micelles at acidic pH is depicted in Figure 4C, which shows strong

cross-peaks between the aromatic protons and the core of the cage (both the tris(2-

aminoethyl)amine [TREN] moiety and the Me signals, blue double-headed arrows in

Figure 4C). Especially remarkable are those implying H6 and H5, which strongly sug-

gests a very compact conformation with the side chains folded toward the cage core

(Figure 4C). This is in very good agreement with the reduced hydrophobicity of 1h

observed experimentally by reversed-phase HPLC and can be explained with the

H-bonding interactions proposed from the theoretical models and also depicted

in Figure 4C as red dashed lines.

The relative incorporation of the cages within the lipid phase is also an important

factor. This can be accurately measured by diffusion-ordered spectroscopy (DOSY)

experiments: the comparison between the self-diffusion rates (D) of the lipid

(measured with the residual protonated methylene signals of deuterated DPC)

and the cage serves as a suitable parameter in this regard. One should bear in

mind that the DPC micelle is in dynamic exchange with DPC monomers in solution,

and the observed D(DPC) is a weighted average of those of the monomer and

micelle. A relative diffusivity (expressed as D(cage)/D(DPC), see Figure 4D) lower

than one implies a larger apparent size of the cage and, therefore, the major inclu-

sion of the cage inside the micelles. As the relative diffusivity increases, the leaking

of the cages to the aqueous phase also increases. Figure 4D shows a plot of the

obtained diffusivity for two isomeric fluorinated cages (1c and 1h) and that from

Phe (1a) as a reference. At neutral pH both in the absence and the presence of

salt, the three cages mainly remain in the micelles. At acidic pH, we observed a

differential behavior: 1a starts leaking to the aqueous phase, while both
Cell Reports Physical Science 5, 102152, September 18, 2024 7



Figure 4. NMR experiments in deuterated DPC micelles suspended in water

(A) Schematic representation of the possible exchange mechanisms between the cage, micelle, and chloride anion.

(B) Aromatic 1H NMR region for 1c (left) and 1h (right) at different pH and ionic strength (empty and filled circles show signals from free and chloride-

complexed 1c in slow exchange).

(C) Selected region of the 2D NOESY spectrum performed with 1h in DPC micelles at acidic pH. The highlighted NOE cross-peaks are shown as blue

double-headed arrows in the chemical structure, while the proposed H-bonding interactions are depicted as red dashed lines.

(D) Plot of the relative diffusivity (D(cage)/D(DPC)) of 1a, 1c, and 1h in DPC micelles under different aqueous conditions (pH and presence of added

NaCl). Error bars show standard deviation from the fitting to extract D values.
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fluorinated cages mainly remain inside the micelles. This behavior suggests that

fluorine favors the inclusion in the lipid phase, as expected. The addition of

NaCl at acidic pH induces the leaking of 1a (Phe) and 1h (2F-Phe) but not of 1c

(4F-Phe). This implies that different possible exchange mechanisms can be oper-

ating depending on the cage, the pH, and the presence of salt. Thus, 1h mainly

differs from 1c in a higher trend to be transferred to the aqueous phase at low

pH and in the presence of salt, suggesting that in these conditions, the cage

can exchange in and out of the micelles. This correlates with its lower lipophilicity

and more compact conformation. However, 1c remains in the lipid phase regard-

less of the pH and ionic strength of the aqueous phase. Overall, all the data point

to the higher polarity and mobility of 1h, which is also reflected in a faster chloride

exchange (as observed by NMR). Our results also show that 1h remains within the

micelles at neutral pH despite its higher apparent average basicity (see Figure 2C).

Therefore, under these conditions, an in/out chloride exchange mechanism must

also be operating for the 2F-Phe cage.
8 Cell Reports Physical Science 5, 102152, September 18, 2024
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Molecular modeling of the transport process through lipid bilayers mimicking

cell membranes

Molecular dynamics simulations were performed to investigate the interaction and

translocation of pseudopeptidic cages across a model POPC lipid bilayer. Thus,

compounds 1c and 1h were simulated in (1) a neutral and free state or (2) monopro-

tonated and complexed with a chloride anion, and both with initial locations either in

the bulk water (W) or the middle of the lipid bilayer (M). When complexed with

chloride, restraints were needed to prevent dissociation. Collectively, the results ob-

tained (full description in the supplemental information) showed that the free diffu-

sion of the cages into the lipid membrane led to stabilization around 5–10 Å below

the membrane surface, regardless of their initial placement or charge state. This

finding suggests that the most stable location for these cages, whether free or com-

plexed, is within the membrane near the water-lipid interface, which facilitates their

role as anion transporters. These computational results are in agreement with the

experimental observations by NMR in DPC micelles with paramagnetic labels

(Figure S42).

To explore the energetic barriers involved in the process of membrane crossing, the

potential of mean force (PMF) profiles for 1c and 1h, both free and HCl bound, were

calculated by combining umbrella sampling (US) simulations with the weighted his-

togram analysis method.76,77 The PMF profile for the crossing of a free chloride

anion was also computed for comparison purposes. To that end, steered molecular

dynamics simulations were first conducted to generate starting positions along the

normal of the membrane. Two approaches were considered: pulling the cages from

the middle of the membrane to the water phase on both sides or pulling the cages

from the water phase across the membrane. The first option was chosen to avoid po-

tential problems, and up to three series of US simulations were conducted in each

direction (Figure 5A; supplemental information). The results showed acceptable

reproducibility among the three profiles in each direction. Furthermore, to depict

the real PMF profile accurately, the six individual profiles for each case were aver-

aged, assuming symmetry (Figure 5B). This cumulative sampling represented almost

2 ms for each cage.

According to the PMF profiles in Figure 5B, the crossing of a single chloride anion

through the model membrane exhibits an energetic barrier of about 21 kcal mol�1

at Z = 0, aligning reasonably with previously reported data.76 This barrier disappears

for the chloride complexes of monoprotonated 1c and 1h. Interestingly, the PMF

profiles for both complexes are nearly identical, suggesting comparable chloride

transport capacities. However, the PMF profiles of neutral and free 1c and 1h

show remarkable differences among themselves and compared to their complexed

forms. Despite the fact that both 1c and 1h exhibit energy minima at Z = G10 Å,

these minima are deeper for 1c (�16 vs. �11 kcal mol�1). The lower energy values

for free 1c compared to free 1h suggest that the former is more stabilized in the lipid

environment, consistent with the experimentally observed differences in lipophilic-

ity. Additionally, the disparities observed between free 1c and 1h suggest that 1c

faces a higher energy barrier compared to 1h to reach the water phase, or the mem-

brane surface, from its preferred location within the membrane. This could explain

the anion transport capacities of both compounds and is in very good agreement

with the DOSY results for their behavior in the DPC lipid-water interphase.

Formally, chloride transport can be conceptualized as a two-step cycle: first, the

translation of the chloride-bound protonated cage across the membrane, releasing

the anion and a proton to maintain charge neutrality, and second, the return of the
Cell Reports Physical Science 5, 102152, September 18, 2024 9



Figure 5. Molecular dynamics simulations

(A) Snapshots of representative steered molecular dynamics simulations of chloride-bound monoprotonated 1c and 1h used to generate the starting

positions along the normal of the membrane for the US simulations.

(B) PMF graphs resulting from averaging the results of 6 independent US series (see the supplemental information). Free chloride anion (blue), 1c

(orange), 1h (purple), and the chloride complexes of monoprotonated 1c (green) and 1h (black). The blue shaded region corresponds to the lipid

bilayer.
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neutral cage to undergo reprotonation and load a new anion, restarting the cycle.

Therefore, the above results suggest that although the first step of the cycle is ener-

getically similar for both 1c and 1h, the second step may be more kinetically favor-

able for 1h, consistent with the observed transport rates for each cage (Table 1).
10 Cell Reports Physical Science 5, 102152, September 18, 2024
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Analysis of cage geometry during the US simulations (see the supplemental informa-

tion) shows that 1c tends to adopt semi-extended conformations, while 1h assumes

more folded conformations, correlating with the observed NOEs in lipid micelles

(Figure 4C). The folded conformations in 1h could reduce the possibility of establish-

ing hydrophobic interactions with the membrane, while the unfolded conformations

in 1cmay enhance them, explaining the energetic differences in the PMF profiles. On

the other hand, the chloride complexes of both cages predominantly exhibit

extended conformations, likely due to the electrostatic repulsion between the chlo-

ride and the aromatic side rings. Although this could stabilize the cages through hy-

drophobic interactions with the lipids, this stabilization could be overcompensated

by the lower stability of a charged complex in a hydrophobic environment, which

would explain the higher energy PMF profiles.

pH-dependent cancer cell cytotoxicity

We studied the cytotoxicity (MTT assay) of all the fluorinated cages toward human

lung adenocarcinoma cells (A549) using different external pH conditions to mimic

the acidic microenvironment of solid tumors. In all cases, the cell viability was

determined with suitable control experiments performed at the corresponding

pH values in the absence of the cages. Marked differences were observed when

comparing cages with different numbers and dispositions of the F atoms in the

side chains (Table 1; Figures S44–S51). The cages with high numbers of fluorine

atoms (1n and 1o), as well as those bearing two fluorine atoms per side chain

with one of them at position 3 (1j and 1k), showed no or very low cytotoxicity at

all the pH conditions tested (Table 1). These results correlate well with the lipo-

some-based assays, as these compounds were also found to be the least efficient

in the HPTS assay. When comparing cages bearing one F per side chain, the results

are strikingly different. Thus, although the three cages are cytotoxic, only 1c shows

a clearly pH-dependent CC50 (Table 1, entry 1). Cage 1h is very active at all the pH

values tested here (Table 1, entry 2), with very similar CC50 values. The different

behaviors between 1c and 1h can be explained considering their different physico-

chemical properties. Thus, at pH 7.5, 1c has, on average, less than two protonated

amines, being diprotonated at pH < 7 (Figure 2B). On the contrary, 1h bears more

than two protons, on average, in the whole pH range tested here. The case of 1i is

more difficult to rationalize since the cell viability curves did not reach complete

cell killing (Figure S45), most likely due to solubility issues, especially at pH 7.5.

The higher protonation degree and faster chloride exchange with host 1h at

neutral pH effectively produce a more cytotoxic ionophore. On the other hand,

the change in the protonation degree of 1c around pH 7 accounts for the observed

pH-dependent cytotoxicity. When comparing the cages bearing two F atoms per

side chain with two ortho (1l) or ortho/para (1m) positions, the trends are remark-

able (Figure 6A). Thus, despite being isomers with the same chloride affinity (Ta-

ble 1), 1l shows a pH-independent high cytotoxicity (dashed lines in Figure 6A

and entry 6 in Table 1), while 1m shows a marked pH-dependent cell toxicity (solid

lines in Figure 6A and entry 7 in Table 1), which is even more pronounced than that

exhibited by 1c (Figure 6B). Thus, cage 1m is essentially non-toxic (CC50 > 200 mM)

at pH 7.5, a pH expected around healthy cells, but very toxic in a slightly acidic

medium like the one found in tumor microenvironments. Thus, as a general conclu-

sion, the ortho F substitution (1h and 1l) increases cytotoxicity, while the para F

substitution (1c) implements the pH-dependent selectivity. Very remarkably, the

effects are somehow accumulative since the cage bearing ortho/para disubstitu-

tion (1m) is both highly toxic and pH selective. Moreover, we rationalized the

cytotoxicity switch of 1c around pH 7 as a consequence of the change in the pro-

tonation state (Figure 2B). Accordingly, we hypothesized that the ortho-substituted
Cell Reports Physical Science 5, 102152, September 18, 2024 11



Figure 6. Biological activity of pseudopeptidic cages

(A) A549 cell viability (% by MTT assay) as a function of the cage concentration at different pH values for 1l (2,6-diF-Phe, empty symbols and dashed lines)

and 1m (2,4-diF-Phe, solid symbols and lines). Each trace corresponds to an average of at least three independent experiments. For the other cages, see

Figures S44–S51.

(B) Plot of the CC50 values for some selected cages.

(C) Schematic representation of the proposed mechanism for the pH-modulated cell toxicity mediated by the pseudopeptidic cages.

Error bars in (A) and (B) correspond to standard deviation from the replicates.
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cages would experience a similar cytotoxicity switch at pH > 8, where the average

protonation degree is lower than two. The MTT assays at pH 8.0 and 8.5 for 1h and

1l showed low toxicity (Figures S52 and S53), thus confirming our hypothesis and

the key role of the protonation degree and ionophoric properties in the biological

activity of the cages (Figure 6C).

We have also performed preliminary cell toxicity studies with spheroids, which are

proposed as an intermediate stage between cell culture and tissues. Remarkably,

two of the cages (1c and 1h) showed cell viability trends in spheroids of A549 cells

similar to those obtained in conventional MTT assays in cell plates (Figures S54

and S55). These results nicely support the possibility of designing an active iono-

phore that displays cytotoxicity selectively under pH conditions characteristic of tu-

mor microenvironments.
12 Cell Reports Physical Science 5, 102152, September 18, 2024
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Accordingly, we have shown that the low selectivity of synthetic anionophores for

cancer chemotherapy can be overcome by taking advantage of the acidic microen-

vironment of solid tumors. However, the narrow pH range for the necessary toxicity

switch requires a very delicate tuning of the physicochemical properties of the target

molecules. In this work, we have unraveled the intriguing effect of peripheral fluorine

substitution on the biological activity of synthetic small pseudopeptidic cages

derived from phenylalanine. The number and position of the F atoms on the

aromatic side chains strongly impact key physicochemical properties like basicity,

lipophilicity, and chloride exchange, as well as conformational and diffusional prop-

erties at the water-lipid interphase, which finally define the ionophoric activity and

pH-dependent cytotoxicity. As a rule of thumb, the F substitution at position 2

of the aromatic side chain increases cytotoxicity, while fluorine at position 4 imple-

ments a pH-dependent activity switch that is close to the target values (pH = 6.0–

7.5). The effect is remarkably additive since the corresponding cage bearing 2,4-di-

fluoro-substituted aromatic side chains shows optimal pH-modulated cytotoxicity

for killing cancer cells in an acidic local microenvironment, leaving the cells in

normal pH unaffected with a wide (ca. 10-fold) concentration range. Besides the

definitive demonstration of the concept, we have proposed a reasonable structural

explanation supported by experimental data and theoretical models. The conclu-

sions extracted here will facilitate future designs of improved ionophores for biolog-

ical applications in cancer and also for other serious diseases related to anion

transport.
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