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Abstract: Perhalogenated closo-borates represent a new
class of membrane carriers. They owe this activity to
their chaotropicity, which enables the transport of
hydrophilic molecules across model membranes and into
living cells. The transport efficiency of this new class of
cluster carriers depends on a careful balance between
their affinity to membranes and cargo, which varies with
chaotropicity. However, the structure—activity parame-
ters that define chaotropic transport remain to be
elucidated. Here, we have studied the modulation of
chaotropic transport by decoupling the halogen compo-
sition from the boron core size. The binding affinity
between perhalogenated decaborate and dodecaborate
clusters carriers was quantified with different hydro-
philic model cargos, namely a neutral and a cationic
peptide, phalloidin and (KLAKLAK),. The transport
efficiency, membrane-lytic properties, and cellular tox-
icity, as obtained from different vesicle and cell assays,
increased with the size and polarizability of the clusters.
These results validate the chaotropic effect as the
driving force behind the membrane transport propensity
of boron clusters. This work advances our understanding
of the structural features of boron cluster carriers and
establishes the first set of rational design principles for
chaotropic membrane transporters. )

Introduction

The delivery of hydrophilic molecules across membranes by
supramolecular association with superchaotropic boron

clusters has been recently introduced.'™ Transport by the
series of perhalogenated closo-dodecaborates follows a
different mechanism from that of amphiphilic molecules, as
it is driven by the chaotropic effect rather than the tradi-
tional amphiphilic activation.’'? In contrast to the classical
hydrophobic effect, chaotropic membrane transport shows
an enthalpy-driven signature.®! In this context, closo-
borates were one of the first ions identified as being
superchaotropic,®¥ i.e., their properties exceed those of the
most chaotropic ions on the Hofmeister’s series,"" a
characteristic they share with other large anions, such as
COSANs,P'! polyoxometalates,!'*'7  or chalcogenide
clusters.”!

The peculiar properties of superchaotropic clusters are
related to strong dehydration effects and dispersion inter-
actions of these large, charge-delocalized anions.[*"**! Due
to their high boron content, bulky size, special 3D
aromaticity,”® and biocompatibility,”"! closo-borates have
been developed as enabling chemical tools for biology and
biomedicine.”*? Their biocompatibility and medicinal po-
tential has been shown in boron neutron capture therapy,
either as derivatives or tethered to tumor-targeted carriers,
to deliver sufficient '’B isotopes into cancer cells.”***! They
can be conjugated to small molecules,?*® peptides,*! and
oligonucleotides.’”*® Their affinity towards hydrophobic
cavities,””! polymers,”” proteins,”” or membranes ! is
reminiscent of that of amphiphilic molecules.'** In our
previous work,! by using dodecaborates with different
substituents, we were able to infer the dependence of the
transport activity on the cluster substitution. However, the
physicochemical properties that control their potential trans-
port across membranes, as well as their recently observed
carrier behavior, have yet to be unfolded.
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We now demonstrate that the size and polarizability of
di-anionic borate cluster carriers are the fundamental
parameters that govern chaotropic membrane transport, and
not their chemical composition. We have selected the well-
studied and most stable decaborate (B;yX;,>") and dodeca-
borate (B,X;,”") families (X=H, Cl, Br, I) to decouple the
effect of cluster size and polarizability from the nature of
the halogen substituent (Figure 1). In comparison to the
closo-dodecaborates (B1,X;,>), the smaller decaborates
(B1oX1y>") do not show an icosahedral symmetry (I,) of the
molecular structure, presenting two types of boron atoms in
the bicapped square antiprismatic arrangement (hexadeca-
hedral, D,y point group).®**! Decaborate clusters adopt a
prolate ellipsoid rather than a spherical shape, with apical
boron atoms formally only tetracoordinated to their neigh-
bors, which leads to a partial localization of the charge in
these sites.”*! This geometrical feature renders them more
susceptible to electrophilic reactions and interactions with
water molecules.®**“1 Both B,,X,,>~ and B,,X;,>~ share the
two negative charges and the low charge density typical of
superchaotropic anions,”?! which allows a direct compar-
ison to be made between them. Thus, we compare herein
their affinity to two model hydrophilic peptide cargos, and
we carefully study their transport performance in vesicles
and living cells. The objective of this study is to advance in
our understanding of the underlying principles behind the
transport activity of these nonclassical anionic carriers and
to obtain structure-—activity relationships for the rational
design of chaotropic transporters.

BioH12%

_ _ 2
B12Cl12? B12Brq2? B12l1z

Q=BH O=BCl =BBr O =8I

Figure 1. a) Decaborate and b) dodecaborate cluster series (chemical
structures, top, and molecular models, bottom).
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Results and Discussion
Chaotrope-Mediated Transport through Model Membranes

The ability of closo-deca- and dodecaborates to act as
membrane carriers was first evaluated in large unilamellar
vesicles loaded with the 8-hydroxypyrene-1,3,6-trisulfonate/
p-xylene-bis-pyridinium (HPTS/DPX) reporter pair (Fig-
ure 2a).”! In this particular assay, the negatively charged
dye (HPTS) is co-encapsulated with a cationic quencher
(DPX) ensuring efficient fluorescence quenching. However,
in the presence of a suitable carrier, the impermeable cargo
can move through the lipid bilayer (step iii in Figure 2a) into
the liposomal phase. Due to the reversibility of the binding
(see below), the cluster-cargo complex can dissociate (step
iv), granting “free” cluster to interact with the positively
charged quencher (step v, see also Figure S6). The resulting
complex can shuttle back out through the lipid membrane
(step vi), yielding an increase in HPTS fluorescence, which
signals successful membrane transport in the microheteroge-
neous system.

Two hydrophilic functional peptides were selected as
model cargos (Figure S2): i) phalloidin as a neutral zwitter-
ionic cargo and ii) (KLAKLAK), as a cationic pro-apoptotic
peptide. The opening for chaotrope-mediated transport is
the association between the boron cluster and the cargo
(step i in Figure 2a). Therefore, the interaction between the
deca- and dodecaborates and the peptides was studied by
isothermal titration calorimetry (ITC, Figure 2b, Table 1,
Figures S3-S5, and Table S1).

No significant heat was observed for the parent hydro-
genated derivatives (B,,H;,>~ and B;,H;,*"), indicating a
weak interaction with the peptides due to their lower
chaotropicity. However, all perhalogenated clusters showed
sufficiently strong interactions (on the order of 10* M) that
allow the carrier-cargo complexes to form, to associate with
the lipid bilayer (step ii in Figure 2a), and to shuttle through
the membrane (step iii). In addition, the micromolar affinity
allows the reversible release of the peptide into the interior
of the vesicles. The binding affinity was in most cases
enthalpically driven, with a negative entropic component, in
line with the chaotropic effect®™ as driving force for the
supramolecular interaction. The binding increased with
cluster size: for example, the affinity of dodecaborates was
higher than that of the homologous decaborates and, when
fixing the boron cluster, the affinity increased with the size
of the halogen substituent. This observation points to a
general correlation between the chaotropicity of the clusters
and their generic affinity to biomolecules, which is sup-
ported by previous literature trends for albumins®! or
cyclodextrins'® as interaction partners. Lastly, comparison of
the calorimetry data between the two peptide cargos
indicated that, in general, the cluster binding constant was
significantly higher towards the cationic amphiphilic (KLA-
KLAK), than the neutral (uncharged) hydrophilic phalloidin
cyclic peptide (Table1, Figure S15). We attribute the
stronger binding of cationic peptides to additional electro-
static (charge-charge) interactions with all di-anionic clus-
ters. The less negative binding entropy terms for the cationic
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Figure 2. a) Schematic representation of the transport mechanism
activated by boron clusters, signaled by the HPTS/DPX assay, along
with the chemical structures of the fluorescent dye (HPTS) and
quencher (DPX). b) Representative microcalorimetric titration in water:
thermogram (top) for the sequential injection of By,Br;;,>~ (1 mM) into
phalloidin (90 pM) and corresponding reaction heats from the
integration of the calorimetric traces (bottom). c) Representative
changes in HPTS emission in EYPCOHPTS/DPX vesicles as a function
of time upon addition of increasing concentrations of B;,Br,,>~ (0—
1600 pM, from bottom to top), phalloidin (20 pM), and TX-100 for
calibration. d) Dose-response curves for phalloidin transport by the
brominated derivatives, B;oBr,;>~ and B;,Br,,”". ) Organization of the
evaluated closo-borates according to their chaotropicity, charge density,
and expected membrane lytic properties; the window of carrier utility is
highlighted in yellow.

peptides compared to phalloidin support this interpretation
(Table S1).

Once we had confirmed that the binding is governed by
the chaotropic effect, we studied the transport of the
selected hydrophilic peptides across model membranes. In
the time-resolved  fluorescence  experiments, the
fluorescence intensity of HPTS is monitored during the
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addition of the boron cluster (as carrier, t=50s) and the
impermeable peptide (as cargo, t=100s). A surfactant
(Triton X-100, TX-100) is added at the end of the experi-
ment (=600 s) to release all content and allow data normal-
ization (Figure 2c). Both iodinated derivatives (B;,l;,>~ and
B,,1;,>") showed a steep increase in fluorescence when they
were added to the vesicles (even without cargo) indicating
membrane disruption, which was also confirmed by dynamic
light scattering (DLS) measurements (Figures S7-S12). This
lytic activity can be related to the highest chaotropicity of
these largest clusters. Nevertheless, addition of the other
clusters alone did not afford any significant increase of the
fluorescence in the absence of cargo, confirming the lack of
any permanent membrane damage and of the formation of
any stable membrane pore for these clusters (B.H.>,
B,CL>", B,Br/", Figures S7-S12). DLS experiments of
vesicle suspensions further confirmed the integrity of the
lipid bilayer in the presence of the non-iodinated cluster
carriers.

When cargo was added, the non-halogenated parent ions
(BioH;o> and By,H;,”"), which are the smallest and, there-
fore, the least chaotropic clusters, did not show strong
transport activity, although an incipient transport of (KLA-
KLAK), was spotted at high B;,H;,>" concentrations (Fig-
ure S10). All chlorinated and brominated clusters, being
intermediate in size and chaotropicity, showed transport
after cargo addition without membrane disruption (Figur-
es S7-S12). To quantify the transport ability of the active
clusters, the normalized fluorescence response was plotted
versus the cluster concentration to afford dose-response
curves (Figure 2d, Figures S7-S12) and subsequently ana-
lyzed by Hill analysis. This analysis provided the character-
istic membrane transport parameters: Y, the maximal
activity; and ECs,, the cluster concentration required to
reach 50% of maximal activity; FE, the activator
efficiency,*” was calculated by involving the previous two
parameters (see Methods) to compare different membrane
carriers (Table 1, Table S2). The observed trend is that,
independent of the evaluated peptide cargo, dodecaborates
show higher transport activity than decaborates. This trans-
port scale can be understood in terms of the cluster size
(and chaotropicity), where the smallest derivatives (B,H,*")
lack chaotropicity to activate transport of impermeable
cargos and the largest clusters (B,I,>") can induce membrane
lysis in vesicles. Based on their chaotropicity, one would
expect the brominated clusters to have a higher transport
activity than their chlorinated homologs, but B,Cl;,*>~ with
phalloidin as cargo presents an exception here, as it is
remarkably more active than B,Br,,”>" (Table 1, Figure S15).
This observation could be related to the macrocyclic
structure of the phalloidin ring which may introduce an
additional size selectivity, similar to that observed in the
binding of the clusters to cyclodextrins.[*¥

Experiments in Living Cells

To transfer the findings from vesicles to cellular membranes,
the toxicity of the clusters was evaluated first by MTT assay

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Table 1: Binding affinities and membrane transport efficiencies of closo-borate clusters towards the selected cargo molecules, and half-maximum

inhibitory concentrations (ICs) as an indicator of their cellular toxicity.

Cluster Phalloidin
(789 g/mol; neutral)

K,/10* (M) ®I EH
ByoH; o2 @ n.h.© n.all
ByoCly @ 2.0 2.6
ByoBr 2 @ 2.2 3.1
Byglo> @ 6.5 d.Lm
By H,,2 M n.h. n.a.
B,,Cl,, 21 3.5 8.6
B,,Bry,> 3.8 43
By,ly, 2 7.4 d.l.

(KLAKLAK), 1C5o™
(1,522 g/mol; charge +7)

K,/10* (M) P E, (HM)
n.h. n.a. > 2000
0.3,1.5M 8.1 > 2000
1.9, 78.21 10.8 > 2000
96.7 d.l. 156
n.h. 0.3 > 2000
0.1, 1.3M 10.6 > 2000
2.2, 81.21 11.9 987
219.0 d.l. 64

[ Data obtained by MTT assay after 3 h incubation of clusters with HeLa cells at concentrations up to 2 mM. Each Abss,, value was normalized to
the mean value of untreated control, and employed to calculate the ICs, by fitting to the Hill equation (see SI). ®! Obtained by ITC (see SI).
[ Membrane transport efficiency calculated in EYPC vesicles (13 uM phospholipids) with 20 uM cargo, see Supporting Information for details.
€ Used as sodium salt. ! n.h.=no reaction heat. ! n.a.=no detectable activity in the vesicles experiments. ¥ Used as cesium salt; analogous
experiments with sodium and cesium salts of B,,Cl;,>" and B4,Br;,”” confirmed that the counter cation does not significantly affect the transport
activity at the chosen concentrations. ' Two-binding-sites model was used to fit the data. ! d.|. = dye leakage, no determination possible.

in HeLa cells, affording the ICs, of the clusters (Table 1,
Figure S13). In line with the vesicle experiments, both
iodinated clusters showed higher toxicity while the (small-
est) parent clusters did not show significant cell death, with
IC5,>2 mM. Chlorinated and brominated clusters showed
good cell compatibility, where only By,Br;,>~ showed moder-
ate toxicity with /Csy ~ 1 mM, which is orders of magnitude
higher than the concentrations required for successful intra-
cellular delivery (see below).

Phalloidin is a membrane-impermeable rigid bicyclic
heptapeptide (Figure S2) commonly employed in cell biol-
ogy to label F-actin of the cytoskeleton,* and constitutes an
ideal neutral (uncharged) model to monitor membrane
translocation of a functional cargo"*"*? (Figure 3). Confocal
microscopy of living HeLa cells with the fluorescent
derivative TRITC (tetramethylrhodamine) provided a qual-
itative outcome of internalization of the fluorescent cargo
with the eight clusters of this study (Figure 3a—h), which was
further quantified by flow cytometry measurements (Fig-
ure 3i).

In the decaborate series (B;;X;,’ ), a systematic trend
towards stronger F-actin staining (Figure 3a-d) and in-
creased cytosolic phalloidin delivery (Figure 3i) with increas-
ing chaotropicity of the clusters was observed, in the order
B, H,> <B,Cly> <ByBr;> <Byl;y>. In the dodecabo-
rate series (B;;X;,”), the same trend with substituents
applied (Figure 3e-h)!" but the morphology of cells incu-
bated with By,I;,>~ was severely compromised, which also
led to a decrease in transport activity as detected by flow
cytometry (Figure 3i).

The cross-comparison of the two series (Figure 3)
showed that both hydrogenated clusters (B;,H;,>~ and
B,oH;¢>") did not transport phalloidin, even at the highest
tested concentrations. The higher activity of the larger
homologous  dodecaborates, B;,Cl;,> >B;,Cl;,’~ and
B,Bry,>” > By Bry >, fully aligns with their higher chaotro-
picity. Interestingly, the activity of B,,Cl,,>~ exceeded that of
B,(Br,y> (verified by flow cytometry, Figure 3i), despite the
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larger size of the latter, matching our previous observations
on K, and vesicle transport (Table1l and Figure S15).
However, the largest cluster (By,I;,*") displayed cytotoxic
effects, which became also apparent for the smaller B;,l;,*~
at the higher concentrations (Figure 3i, S14). Consequently,
the brominated dodecaborate (B;,Br;,"") strikes the best
balance as it exhibits excellent transport capacity while
maintaining the cellular morphology across the entire tested
concentration range.

This result showcases how the size of the boron cluster
core modulates the effect of halogen substitution in
chaotropic membrane transport. While the iodinated dodec-
aborate cluster showed strong toxicity and aggregation with
the phalloidin cargo, the smaller decaborate iodinated
analogue showed an excellent delivery profile and actin
labeling at low carrier concentration (Figure3). As an
additional corollary, these results confirm that it is not the
chemical nature of the B-Halogen bonds per se which causes
toxicity, but rather the generic size of the cluster.

To validate the confocal microscopy studies, the uptake
of labeled phalloidin in HeLa cells incubated with the
clusters was quantified by flow cytometry (Figure 3i, S14).
In all cases, the outcome was consistent with what we
observed by microscopy. The increase in size of the
substituents (H < Cl<Br<1I) was associated with a gradual
increase of the transport capacity within each decaborate or
dodecaborate series. This transport efficiency tends to
decrease as the combination of concentration and chaotro-
picity reaches a toxic threshold. The smallest and least
chaotropic boron clusters—B;,H,,>", B;,H;,>", and B,,Cl;s>
—were confirmed as inactive carriers for intracellular trans-
port (Figure 3i, bars). Interestingly, B, l;,>~ and B;,Br;,>,
which have comparable size, showed almost identical
phalloidin-TRITC internalization at the lowest concentra-
tion tested but, at higher concentrations, the former
displayed slightly higher toxicity.

The (KLAKLAK),™ peptide was subsequently em-
ployed to investigate the delivery of a bioactive cargo in
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Figure 3. a—h) Confocal microscopy images of cluster-assisted phalloidin-TRITC transport into living HeLa cells. Cells were incubated with 2.5 yM
phalloidin-TRITC (red) in the presence of different concentrations of globular deca- and dodecaborate clusters (25, 50, and 75 pM; first, second,
and third row, respectively) in HEPES-Krebs-Ringer buffer (HKR; see Sl) for 3 h, subsequently stained with the nuclear stain Hoechst (blue),
washed with HKR buffer, and imaged by confocal fluorescence microscopy; bright-field images are shown in the insets. Scale bars: 50 pm. i) Flow
cytometry quantification of cluster-assisted phalloidin-TRITC transport into HeLa cells. Cells were incubated with phalloidin-TRITC and different
concentrations of globular deca- and dodecaborates as in a—h, and subsequently washed with PBS, trypsinized, and analyzed by flow cytometry.
Bars represent the mean of the median fluorescence intensity (MFI, left axis) of phalloidin-TRITC; grey diamonds represent the cell concentrations
normalized on untreated cells (right axis). Error bars represent SD of three biological replicates, each one with three technical replicates. Note that,
although the cytosolic delivery of phalloidin may lead to toxicity and inhibition of cell proliferation,***! this is unlikely to manifest itself in such a
short period of time and the reduction in the number of cells with normal morphology observed by flow cytometry can be used as measure of the

cytotoxicity of each cluster. See Figure S14 for the associated histograms.

cells. Once delivered into the cytosol, (KLAKLAK), causes
mitochondria  permeabilization = and  triggers  cell
apoptosis.”*"! Thus, the (KLAKLAK), peptide was incu-
bated with cells in the presence of different concentrations
of clusters and the cell viability was determined by MTT
assay. The cluster-enhanced cytosolic delivery of (KLA-
KLAK), can thus be quantified by measuring the decrease
in cell viability in samples co-incubated with the clusters, as
compared to controls treated with the peptide or the clusters
alone.

As in the case of phalloidin-TRITC, the extent of
(KLAKLAK), internalization correlated with the size and
chaotropicity of each cluster and with the cluster concen-

Angew. Chem. Int. Ed. 2024, 63, €202404286 (5 of 9)

tration (Figure 4). As expected, the two hydrogenated
clusters (B;,H,;>~ and B,H,,”") were consistently inactive in
(KLAKLAK), delivery. The chlorinated and the bromi-
nated decaborates were only slightly active at the highest
concentration tested (100 uM). The brominated dodecabo-
rate (B;,Br,,>”) showed good transport efficiency for
(KLAKLAK),, as evidenced by the difference in cell
viability between the samples incubated with and without
the toxic peptide at cluster concentrations above 50 uM.
However, while the iodinated dodecaborate (Bi,];,>") was
highly toxic and showed a rapid decrease in viability even in
the absence of the pro-apoptotic peptide, the decaborate
analogue (B,ol;,”") showed an optimal intracellular delivery
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Figure 4. Cluster-mediated internalization of (KLAKLAK), peptide. HelLa
cells were incubated with O (left patterned bars) or 50 pM (right solid
bars) of the pro-apoptotic peptide in the absence or presence of the
indicated concentrations of globular clusters in HKR buffer for 3 h,
replaced with fresh medium for 24 h. Thereafter, viability was
determined by MTT assay. Bars represent viability normalized to
untreated cells, error bars represent SD of five technical replicates. Red
boxes highlight the 50 pM concentrations discussed in the text.

of the (KLAKLAK), peptide with little toxicity, in the low
concentration regime (<50 pM). Therefore, By l;* is as
active as Bj,Br;,>” at the intermediate concentration of
50 uM.

At higher concentrations, the toxicity of the iodinated
decaborate increased relatively more steeply than for the
brominated dodecaborate (B,Br,>"), due to the higher
chaotropicity of Byyl;,>", but at a considerably lower rate
than its By,I;,>" counterpart. These results confirm the key
role of cluster core size in modulating the biological
performance of chaotropic cluster carriers in terms of
delivery efficiency and cellular viability (Figure 4). The type
of halogen determines the cluster activity nonspecifically —
through its influence on the cluster size—and not specifically
—through the nature of its intramolecular bonds or inter-
molecular bonding.

The affinity of boron clusters to membranes and
peptides has been attributed conceptually to the chaotropic
effect and thermochemically to enthalpic dehydration effects
and dispersion interactions, which are governed by the size
and polarizability of the clusters, respectively.®*!”! Chaotro-
picity of anions has been directly related, unless there are
differences in net charge or dipole moment,?'"**¥! to their
polarizability.%*) To the extent that also membrane trans-
port is governed by the chaotropicity of the cluster carriers,
it should correlate with these structural and physicochemical
molecular parameters. The volumes of the investigated
clusters (from calculated geometries or solid-state crystallo-
graphic structures) and experimental polarizabilities (from
refractive index measurements) are shown in Table 2. Note
that the polarizability of decaborates is significantly lower
than that of their B;,X;,>~ counterparts,”??! such that the
two homologous series interdigitate perfectly, allowing a
large and systematic variation in molecular volumes (from
125-515 A®) as well as polarizabilities (19-70 A%), by about a
factor of 4. As can be seen from Figures4 and 5, the
membrane transport activity of boron clusters with (KLA-
KLAK), peptide as cargo increased indeed with their
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Table 2: Molecular volumes and polarizabilities of boron clusters.

vexp (AB) @ Vcalc (A3) i aexp (Aj) “ Acalc (AS) bl
BioHqo2™ 125 130 18.9 23.3
B Hy 2 145 151 22.0 25.1
BoCho?™ 279 282 36.9 40.6
B,,Cly,* 331 333 44.0 46.2
BiBrio~ 352 356 48.7 52.8
By,Br,>~ 419 423 57.1 60.2
Biolio? 432 436 (60.5) 65.3
By, 515 521 (70.4) © 76.0

B From crystal structures (CCDC [COD] codes ANUDEV, ACERIJ,
BIPVOO, HEGVOH, [1536635], AMENUE, CAGJAW, TILTAN). ™ From
DFT-calculated gas-phase structures (B3LYP—D3/6-311+ G(2d,p) lev-
el of theory, LANL2DZ ECP for iodine; note the excellent correlation:
Viip =0.989%V,,, =6, ¥ =1.000. 1 From refractive index measure-
ments in dimethyl sulfoxide solution, see ref”"?.  Values extrapo-
lated from a linear correlation, d,, =0.927x 0y, N=6, ' =0.997.

polarizability (< 50 uM) until a turning point at too high
cluster concentration when the most chaotropic iodinated
boron clusters became toxic (>50 pM). When molecular size
(volume) instead of polarizability is used for correlation, the
bioactivity trend of the boron clusters remains the same.
This is expected because there is a linear correlation
between volume and polarizability (Vy,=7.32x0,,, n=06,
»=0.995), which renders the dissection of dehydration
versus dispersion effects in general difficult.¥ In fact, it has
been proposed that several aspects of the peculiar behavior
of superchaotropic anions can be accounted for by consider-
ing their size alone.'’?! Be this as it may, our study provides
one of the rare cases where biological activity in living cells
or organisms can be directly correlated with a fundamental
molecular property of the ionic additives.[***%

Besides the obvious trends with size and polarizability,
some additional conclusions can be drawn. First, there is no
absolute threshold at which a cluster becomes transport-
active, but it depends on the cargo (Figure 5 and S15). For
example, the minimum threshold of polarizability that
allows transport activation in cells is located around 40 A’
for phalloidin, in between B,,Cl;,*~ and B;,Cl;,*", but around
55 A’ for (KLAKLAK),, in between B,Br;;>~ and B,Br;,>".
Second, the more polarizable (larger, more chaotropic)
clusters require lower concentrations to carry out the intra-
cellular transport. A clear trend of increased amount of
cargo transported with higher polarizability is observed
(Figures 3, 4, S15), that was offset by the toxicity of some
cluster/concentration combinations (e.g., the iodinated do-
decaborate in Figure 3i shows lower phalloidin transport
than other clusters with lower polarizability). As a counter-
acting effect, there is also a clear dependence of toxicity on
polarizability, expressed by the ICs, values (Table 1, Fig-
ure S13, S15), as well as by the transport activities (Figure 5
and Figure S15). It should be noted that the trends for di-
anionic borate clusters may not be directly extrapolated to
any other superchaotropic anions, such as cobalt
bisdicarbollides® or polyoxometalates,'® as their net charge
and intrinsic cargo specificity can differ.
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Figure 5. Relationship between cluster polarizability and (KLAKLAK),
transport, as measured through its cytotoxicity. Data calculated from
the difference in viability in the presence of the indicated concen-
trations of cluster (25, 50, 75, 100 yM) and 50 yM (KLAKLAK), with
respect to the viability after incubation with the indicated concentration
of cluster alone; see Figure 4. In the red highlighted inset, the intrinsic
toxicity of the iodinated clusters offsets peptide delivery, thus showing
a lower viability decrease when compared to clusters with lower
polarizability.

Conclusions

Our study of two closo-borate cluster families with 10 and
12 boron atoms and their perfunctionalization with different
monovalent atoms (H, Cl, Br, I) has allowed a systematic
variation of their physicochemical properties (chaotropicity,
size, polarizability, charge density) over a large range and to
correlate them with relevant activity parameters (affinity to
peptides, membrane transport efficiency, membrane lytic
propensity, cellular uptake, and cellular toxicity). This
afforded the first clear structure-activity relationships for
this new class of chaotropic membrane carriers (Figure 2e).
As a rule, high chaotropicity, cluster size, and cluster
polarizability results in higher affinity constants with the
transported cargo molecules, in more efficient membrane
transport in vesicles and cells, but also in higher membrane-
lytic propensity and cellular toxicity, likely due to too strong
interactions with the biomembranes. Accordingly, there is a
window of carrier utility, which is reached for an interme-
diary cluster size, in between By,Cl;,>~ and Bygl;,>". The most
chaotropic cluster (B;,I;,°") is less useful because it causes
membrane damage, while the smallest cluster (B;,H;,>") is
the least active one because of its lowest chaotropicity
(Figure 2e). Mechanistically, a higher chaotropicity is related
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to a larger cluster size, lower charge density, and increased
polarizability of the clusters, which accounts for the higher
affinity to biological components, both peptides and mem-
branes, on account of favorable dehydration effects and
dispersion interactions in aqueous solution.P®13#"341 Thig
work serves as a blueprint for the design and implementa-
tion of chaotropic clusters and their formulations with
potential membrane transporting capabilities. For instance,
as we have observed that boron clusters with lower
chaotropicity (polarizability, size) require higher concentra-
tions for transport and vice versa, the cluster type may be
selected according to the required concentration of active
molecule that has to be delivered into cells. In addition,
these results indicate that adjusting the polarizability and
the size of cluster carriers is key to balance an efficient
membrane transport versus membrane disruption. Since the
molecular polarizabilities—in contrast to the chaotropicity
of anions—can be experimentally determined, this parame-
ter may serve as a predictor for carrier activity and toxicity
of superchaotropic ions of the same net charge.
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