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The origins of supramolecular chemistry lie in crown ether and cryptand binding of alkali
metals! and of other metals by cyclams,? but these early applications quickly led to a huge
surge of structures.3 When the structural types became extremely diverse, new applications
emerged. Both structures and applications have increased in complexity and sophistication
during the past four decades.* Currently, supramolecular systems are even used /in vivoto
mimic biological processes.® In this communication, we show that two offshoots, synthetic
ion transporters and novel optical imaging compounds, of the original supramolecular
concepts, can be used together in a live mouse to elicit acute tissue cell death and to monitor
the process.

Direct injection, also called percutaneous injection, of chemotherapeutic agents involves the
localized transfer of a drug into a target tissue using either a needle or catheter. For shallow
tissues, the injection may be guided by eye, but in deeper tissues the needle is often guided
by sophisticated imaging technology.’ This approach is advantageous for drugs that have
either poor pharmacokinetics or broad toxicity, but still possess a therapeutic benefit.
Examples include botulin toxin (BOTOX®) and both ethanol®® and acetic acid,’? which
have seen clinical use for cancer treatment. Another clinical example is localized injection
of sclerosing agents such as ethanolamine oleate for the treatment of varicose veins.1 The
direct injection of virus particles into tumors!? is an emerging area as demonstrated by the
recent report of intratumoral inoculation of a virus expressing mutant Na* channels.13 These
channels disrupted ion homeostasis in infected cancer cells, leading to tumor toxicity. The
latter study confirmed that ion balance in cancer cells is a viable target for therapeutic
agents.

Hydraphiles!* are synthetic channel compounds?® that insert in phospholipid bilayers and
transport Na* cations through it. Several synthetic ion channel compounds are biologically
active, and show antibacteriall® or more general toxic behavior.1” Although the therapeutic
index for many of these compounds is not appropriate for therapies using oral or intravenous
administration, they may be effective when applied by direct injection for non-invasive
excision (ablation) of tissue. The hydraphiles exhibit broad toxic activity to bacteria, such as
Escherichia coli and Staphylococcus aureus, to non-transformed mammalian cells including
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HEK 293 and to cancerous CaCo2 cell lines. The toxicity of hydraphiles is linked to their
ionophoretic activity. Specifically, these compounds insert into the plasma membrane and
disrupt cellular ion gradients, inducing cell death. Hydraphiles 1 and 2 are shown below.

Compound 4 is a molecular probe for anionic phospholipids. Probe 4 incorporates two
dipicolylamine-zinc(I1) (DPA-Zn2*) coordination complexes linked to a near-infrared (NIR)
carbocyanine fluorophore (Cy7, Aexc 794 NM, Aemit 810 nm). Probe 4 has an affinity for
anionic phospholipids such as phosphatidylglycerol (PG),18 which is ubiquitous in bacteria,
or phosphatidylserine (PS),1° the primary anionic phospholipid found in mammalian
membranes. Fluorophores such as 4 with emission wavelengths in the near infrared are
optimal for /n vivo studies because their spectral properties are minimally obscured by
tissue.20

QY I D
Co o - Co o) - Co o

1,n=12
2,n=16

e
o (o]

H3C{H;C)yy—N N=—{CHgz}11CHy

Previous studies using probe 4 demonstrated its ability to bind and image anionic
phospholipids in animals. Thus, intravenous injection of 2 into living mice revealed the
anionic PG lipids present on the surface of invading Staphylococcus aureus cells.21:22
Phosphatidylserine, which is also bound by the DPA-Zn?* affinity group,23 is expressed on
the inner leaflet of the mammalian plasma membrane. It remains essentially hidden, leaving
the exterior cell surface charge neutral until cell death (apoptosis or necrosis) causes PS to
flip or diffuse to the membrane surface where it can be detected by externally applied
2.24.25.26 \We demonstrate below that 4 is useful for direct observation of in vivo tissue
damage.

Hydraphiles are non-rectifying ion channels. Thus, when they insert into liposomal or
cellular bilayers, they disrupt the ionic balance. From the high hydrophobicity of 1 (log P >
10),27 we anticipated that membrane insertion would rapidly occur proximate to the site of
direct injection and that diffusion and damage to surrounding healthy tissue would be
minimal. While tumor sites are obvious targets for this approach, here we utilize a highly
controlled system to elicit cell damage by 1 in mouse muscle tissue and subsequently to
image the changes by using 4.

In order to establish that rapid tissue damage would be selectively induced by a high
concentration of synthetic channel, a model study was conducted via light microscopy using
compounds 1 — 3 with HeLa cells. Compounds 1 and 2 are designed to be complete
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hydraphile channels. The LCsq values for 1 to cultured HEK 293 and CaCo?2 cells were
previously reported as 2 uM and 12 M, respectively, after 24 h.17 To elicit rapid cell death,
a concentration of 80 M was used as it vastly exceeded the LCsqo. However, at these levels,
toxicity could even result from non-specific or other ion transport effects from alkly
substituted crown ethers. Thus, compound 3, the central fragment of 1, was also tested. It is
a known ion carrier, as opposed to a channel, and has much lower ion transport than 1 and
2.28 This initial study sought to demonstrate the importance of ionophoretic activity for cell
death, even at very high concentrations. Figure 1 shows phase contrast microscopic images
of HeLa cells that were treated with 1, 2, and 3 at a concentration of 80 .M. The top row
(panels A—C) shows the cells immediately after addition of 1, 2, and 3, respectively. Panels
D—F show the cell status after 20 min. The cells treated with 1 are fully deformed and
detached, while those treated with 2 show significant bulging of the plasma membrane
(blebbing) and deformation. Cells treated with 3 showed minor blebbing relative to 1 and 2.
These changes in cell morphology are consistent with cell death.29 These results confirmed
that both 1 and 2 were lethal to HeLa cells after only 20 minutes, while 3 was less effective
on the same time scale. At a concentration of 80 wM, both 1 and 2 would therefore be
expected to have a localized and strongly toxic effect on vital tissue. We subsequently tested
1 as a representative hydraphile for in vivo studies.

Once the rapid toxic effect of 1 at a high concentration was established in HeLa cells, the
combination of 1 and 4 as toxin and probe was evaluated in mice. Six nude mice (strain Nu/
Nu, Taconic Inc.) were studied as follows. First, the animals were anesthetized and given an
intramuscular (IM) injection of 1 (50 L, 8 mM in EtOH) in the left rear leg muscle. Each
animal also received a control injection (EtOH, 50 L) in the right rear leg muscle. The
animals were then returned to their cages for a 2 h incubation period, and subsequently
injected intravenously (IV) with probe 4 (75 pL of a 1 mM aqueous stock).

Immediately after the injections of 1 and EtOH, the animals awoke from anesthesia. Visual
observation showed that all six animals had no motor control over either hind leg, with both
limbs appearing limp. At 6 h after injection of probe 2 (8 h post injection of 1), the animals
appeared to regain motor control of the EtOH injected limb: they would place body weight
on the right leg while they nested, groomed, or ate. The animals regained little to no motor
control of the hydraphile injected leg during the 21 h course of the experiment. This
observation confirmed the biological activity of 1 in living mice.

Whole animal fluorescence imaging (Kodak In Vivo FX instrument, near infrared filter set
optimized for Cy7) was performed to non-invasively monitor tissue damage caused by 1.
The animals were imaged at 6, 12, and 21 h post fluorophore injection. Figure 2 displays the
time course of images from one mouse of the cohort that received the IM injection of
hydraphile 1, followed 2 h later by 1V injection of 2. Frame C shows the animal at 6 h post
injection of 2. No difference is apparent between the target (T) site injected with 1, and the
non-target (NT) site injected with EtOH (Figure 2, panel B). Since EtOH is itself toxic, we
reasoned that some uptake of 2 would be noted in the control leg and that damage resulting
from 1 might require additional time to resolve. A clear difference between injected and
control legs was observed at the 12 h time point (panel D). The left-leg contrast apparent in
panels D and E increased over time and the greatest difference was noted at the experiment’s
termination (21 h).

Figure 3 presents images for a cohort of three animals at the 21 h time point. Considerable
fluorescence emission (from 4) is apparent in the hydraphile-injected (left) leg but little is
observed in the right leg (EtOH control). A control cohort (injected with 1 and a probe with
no DPA-Zn(ll) targeting moiety) showed no appreciable fluorescence. The results were
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confirmed by conducting a duplicate experiment (different day, new cohort of mice,
different solutions of 1 and 4).

The trends apparent in the images were confirmed by a quantitative analysis. Mean pixel
intensities were determined for four regions of interest: target (T), non-target (NT), liver (L),
and abdomen (ABD). Table I presents the average fluorescence ratios of T/NT, T/L, and T/
ABD, reported with the standard error of the mean (SEM). The T/NT ratio is a direct
measure of the uptake of 4 at the hydraphile site compared to the contralateral (right leg)
EtOH control (NT). The T/L and T/ABD ratios are a measure of the relative intensity at the
target site compared to the rest of the animal as the probe is excreted and/or metabolized.
During the first 6 h of the experiment, injury sites were poorly distinguished: all three
measures of fluorescent probe accumulation were close to unity. However, after another 6 h
(7.e after 12 h) contrast was sufficient that the ratios increased as follows: T/NT, 1.73; T/L,
1.76; and T/ABD, 2.17. Panel D of Figure 2 confirms the contrast between injured (left) and
control legs at 12 h. The T/NT and T/ABD ratios were essentially unchanged for the
remainder of the experiment, but the T/L ratio did increase, indicating that probe continued
to clear from the animal. For experiments using fluorescent probe control 3, each of these
three ratios had values < 1 for the entire time course of the experiment.

A histological study was conducted on nine mice to compare and contrast the effects of 1
and EtOH. The mice were injected IM with 1 and EtOH as described above. After 24 h the
muscle tissues were extracted, fixed, and stained for histological analysis. Mouse muscle
tissue injected with 1 showed severe acute inflammation and other morphological effects
(data not shown). This contrasted with the tissue from EtOH-injected tissue, which showed
less severe effects by all criteria. These histology experiments provide additional data that
confirm the tissue damage caused by injection of 1 into living muscle tissue. As such, it
confirms the potential application of 1 as an anti-tumor agent if administered by direct
injection.

Direct injection is a clinically important strategy for localized delivery of chemotherapeutic
agents. This approach is used with many agents in tumor ablation therapy. We demonstrate
in the work reported here that synthetic ionophore 1, although too toxic for non-targeted
application, may hold significant potential as a direct injection agent. The ability of 1 to
attack tissue in a localized fashion by direct injection has been confirmed by using near-
infrared probe 4 in combination with histological analysis. Compounds 1 and 4 represent a
merger of biomimetic and sensor branches of supramolecular chemistry in an application of
potential clinical value.
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Figurel.
Phase contrast images of HeLa cells recorded at t = 5 sec (A—C) and t = 20 min (D-F) post

treatment with 80 wM of 1 (A, D), 2 (B, E), and 3 (C, F) Scale bar = 10 pm.
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Figure 2.

Fluorescence images of a mouse before (A) and immediately after (B) 1V injection of 2. The
mouse received 50 L IM injections of 1 (10 mM stock solution, left leg) and EtOH (right
leg) 2 h prior to administration of 4. Panels C, D, and E show the mouse at 6 h, 12 h, and 21
h post injection of 4.
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Figure 3.
Fluorescent images of mice injected IM with 1 (left leg) and EtOH (right leg). Fluorescent
probe 4 was injected 1V 2 h later. The images shown were taken 21 h after injection of 4.
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Mean fluorescence ratios (+ SEM) of the Target (T) to Non-Target (NT), Liver (L), and Abdomen (ABD) sites

at times 0, 6, 12, and 21 h post injection of 2.

M ean fluorescence ratios

Time(h)  TINT TIL T/ABD
0 1184006 0.75+0.05 1.27+0.11
6 1254019 1.09+006 1.47+0.23
12 1734003 176+011 217+0.04
21 174008 2.04+028 1.97+0.09
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