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Abstract

Some heptamethine cyanine dyes accumulate in solid tumors 7 vivo and persist there for several
days. The reasons why they accumulate and persist in tumors were incompletely defined, but
explanations based on uptake into cancer cells via organic anion transporting polypeptides
(OATPs) have been widely discussed. All cyanine-based “tumor-seeking dyes” have a chloride
centrally placed on the heptamethine bridge (a “meso-chloride”). We were intrigued and perplexed
by the correlation between this particular functional group and tumor uptake, so the following
study was designed. It features four dyes (1-Cl, 1-Ph, 5-Cl, and 5-Ph) with complementary
properties. Dye 1-Cl is otherwise known as MHI-148, and 1-Ph is a close analog wherein the
meso-chloride has been replaced by a phenyl group. Data presented here shows that both 1-Cl and
1-Ph form noncovalent adducts with albumin, but only 1-Cl can form a covalent one. Both dyes 5-
Cl and 5-Ph have a methylene (CH>) unit replaced by a dimethylammonium functionality (N
*Me,). Data presented here shows that both these dyes 5 do not form tight noncovalent adducts
with albumin, and only 5-ClI can form a covalent one (though much more slowly than 1-Cl). In
tissue culture experiments, uptake of dyes 1 is more impacted by the albumin in the media than by
the pan-OATP uptake inhibitor (BSP) that has been used to connect uptake of tumor-seeking dyes
in vivo with the OATPs. Uptake of 1-Cl in media containing fluorescein-labeled albumin gave a
high degree of colocalization of intracellular fluorescence. No evidence was found for the
involvement of OATPs in uptake of the dyes into cells in media containing albumin. In an /n vivo
tumor model, only the two dyes that can form albumin adducts (1-ClI and 5-Cl) gave intratumor
fluorescence that persisted long enough to be clearly discerned over the background (~4 h); this
fluorescence was still observed at 48 h. Tumors could be imaged with a higher contrast if 5-Cl is
used instead of 1-Cl, because 5-Cl is cleared more rapidly from healthy tissues. Overall, the
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evidence is consistent with /n vitroand in vivo results and indicates that the two dyes in the test
series that accumulate in tumors and persist there (1-Cl and 5-Cl, true tumor-seeking dyes) do so
as covalent albumin adducts trapped in tumor tissue via uptake by some cancer cells and via the
enhanced permeability and retention (EPR) effect.

Graphical Abstract

Should | stay
or should | go?

INTRODUCTION

Remarkably, some heptamethine cyanine dyes localize in any type of human solid tumor
implanted into mice and their fluorescence persists there for several days. These cyanines
have clinical potential for imaging applications. Moreover, their tumor-seeking properties
can be exploited in drug conjugates for active targeting! 19 where therapeutic effects may be
enhanced due to retention in tumors. For both applications, formation of these dye
conjugates provides a means to substantially alter the pharmacokinetics of small molecules
that would not otherwise preferentially accumulate in tumors.

The importance of a fragment that actively targets a//types of solid tumors should not be
understated. A huge volume of research features mAbs1:12 or small molecules!314 that bind
cell surface receptors used in conjugation with cytotoxic species to increase therapeutic
windows; those studies only target tumor cells expressing the corresponding receptors (e.g.,
folate or EGFR). “Tumor-seeking Cy7 dyes” (abbreviated to “Tumor seeking dyes” here),
however, seem to target all solid tumor types, and could be particularly useful to address
tumor heterogeneityl® in individual patients, or in patient groups for which tumor-variations
are ill-defined.

Tumor-seeking Cy7 dyes discovered so far all have a meso- chloride and a cyclohexenyl
skeleton. For instance, fluorophore 1-Cl localizes in many different types of cancer lines and
in solid tumors (e.g., prostate, 16 gastric,1” kidney,18) but not in normal cells and tissue.19-23
Cyanine 2-Cl is similar to 1-Cl except the A-substituents are one methylene group shorter
and terminated with sulfonic acid groups. Like 1-Cl, the disulfonic acid 2-Cl selectively
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localizes in tumors over healthy tissue,19e.g., in hepatocytes,® kidney,18 lung,24 and
intracranial human glioblastoma cells (U87).8 Cyanine 3-Cl, is a hybrid of 1-Cl and 2-Cl
with one sulfonic and one carboxylic acid. Fluorophore 3-Cl accumulates in solid tumors
(e.g., hepatocytes,2° glioblastoma,® Burkitt Lymphoma,10 breast cancer®). Cyanine 4-Cl has
two propyl groups on indoles and has been reported to localize in lung and breast cancer2°
and stem cells.26

meso-chloride

Q¢
NN ‘ AN
e . e
HO,C CO.H

cyclohexenyl rin
1Cl Y yl ring

4-Cl
IR-780

Several publications,32:10.16-19.26-33 jncluding one of ours,34 have stated or implied
preferential uptake of tumor seeking dyes like 1-4-Cl is mediated by organic anion
transporting polypeptides (OATPs). This assertion is reasonable because hypoxia triggers
activation of HIF1a, which promotes OATPs expression.1”:30 Further, OATPs are
promiscuous; they influx organic anions including bile salts, steroids, bilirubin, and thyroid
hormones and can take up unnatural organic molecules. OATPs do not efflux the same
substrates, but instead bicarbonate is excreted to balance the charge; thus, molecules
imported via OATPs are not necessarily pumped out the same way.

Contrary to the arguments implicating OATPs in uptake of tumor seeking dyes, in our minds
the hypothesis is unproven, and it does not explain the structural feature that all these

fluorophores share: a meso-chloride on a cyclohexenyl group. To the best of our knowledge,
there is nothing in the literature to connect OATP-mediated transport with this functionality.

Recently, we discovered3® that the meso-chloride of 1-Cl is displaced by S-nucleophiles
under physiological conditions, including the free Cys residue in serum albumins (Cys34 in
human serum albumin, HSA). Thus, in serum, where there is an extremely high
concentration of albumin (around 35-50 g/L or 0.53-0.73 mM in humans),3¢ 1-CI may form
a covalent adduct with a half-life of just over 30 min.34 Similar data on the reaction of 1-Cl
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with nucleophiles, including albumin, was simultaneously collected by Conovas et al. in an
independent study.3”

This manuscript explores the evidence commonly presented for involvement of OATPs in
uptake of tumor seeking dyes, and rationalizes the two defining characteristics of those
dyes,i.e., why they accumulate in tumors, and why they persist there.

RESULTS AND DISCUSSION

Compounds Considered.

Four key compounds in this study are 1-Cl, 1-Ph, 5-Cl, and 5-Ph. As mentioned above, 1-ClI
reacts relatively rapidly under physiological conditions with the free Cys34 thiol of albumin
via displacement of the /meso- chloride.3*35 Reaction of 5-Cl (QuatCy)38 with albumin is
much slower under physiological conditions, but it will eventually form an analogous
covalent adduct.3® This difference is related to the extra positive charge on the QuatCy core
(5) relative to framework 1 which impacts the electrostatic affinity of the two dyes toward
{protein-based} nucleophiles, their water solubilities, logP (reflecting partitioning of ions)
and logD (partitioning of all neutral species and ions) values.38

Derivatives of 1 wherein the meso-Cl is replaced by a phenyl group, i.e., 1-Ph and 5-Ph, are
excellent controls because they have no chloride to be displaced by nucleophiles. They
cannot form the same type of albumin adduct that 1-Cl and 5-CI do, but are otherwise
physiochemically similar.

Lﬁ)a
HO,C CO,H
1
X = Cl, MHI-148, 1-Cl, reacts quickly with albumin, logP= 6.57, logD= 3.82
= Ph, 1-Ph, cannot react with albumin, 7.85, 5.09

N+
rv’ )a

Lf\h
HO,C FaRe CO.H

X = Cl, QuatCy, 5-Cl, reacts slowly with albumin,1.10, 2.64
= Ph, 5-Ph, cannot react with albumin, 2.38, 3.92
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bromosulphthalein, or
phenoltetrabromophthalein
sodium sulphonate
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Evidence Cited for Involvement OATPs: BSP Blocks Cellular Uptake in SFM.

Bromosulfophthalein (BSP) is a pan-OATP inhibitor,%0 and its effects on uptake of tumor-
seeking dyes into cancer cells is uniformly cited as evidence for involvement of that receptor
type. Thus, the following set of experiments has become standard when testing tumor-
seeking near-IR dyes in tissue culture.3:510:16-19,26-30.41 |ncybation of the fluorophore with
the cells /in serum free media (SFM; i.e., containing 0% FBS) reveals a baseline level of
uptake (Figure Sla for 1-Cl), but treatment with BSP /fowers uptake, consistent with OATP
inhibition. Conversely, pretreatment of the cells with DMOG, a small molecule that induces
hypoxia,17-30 promotes OATP expression which enhances uptake. Hypoxia has been
reported to promote expression of OATPs,8 so enhanced uptake into hypoxic cancer cells (in
the absence of BSP) is consistent with involvement of OATPs.

Data collected for 1-Ph under the standard conditions outlined above (Figure 1) are not
materially distinguishable from that accumulated in our lab for 1-CI (Figure S1). Baseline
uptake of 1-Ph (Figure 1a) was suppressed by BSP (Figure 1b), and enhanced under hypoxic
conditions (Figure 1c). Thus, comparison of these observations with the corresponding data
for 1-Cl (Figure S1) and 1-Ph (Figure 1) shows that meso-Cl substitution (only possible for
1-Cl, and not possible for 1-Ph) does not impact uptake in SFM.

Human MDA-MB-231 triple negative breast cancer cells were selected as a model line
because they are derived from an aggressive metastatic tumor. However, HepG2 liver cancer
cells were also tested to check generality throughout this study (Figures S16 and S17).
HepG2 cells are particularly appropriate because BSP has special relevance to the liver (this
is explained in depth later); hence, cells derived from liver-cancer were more likely to
behave differently than many others. However, it emerged that there appears to be nothing
unique about MDA-MB-231 cells that is relevant to the observations described below.

Effects of Albumin Outweigh Those of BSP in SFM.

Tissue culture experiments /n serum-containing media (10% FBS used here), are notthe
same (Figure 2) as for those without serum (Figure 1). Without serum, quantitated levels
(Figure 2e) show, as expected, uptake of 1-Cl and 1-Ph was significantly (40-50%)
decreased by BSP. Uptake of 1-Cl in SFM under these conditions is marginally less than for
1-Ph, but the difference is small. However, serum had a greater negative impact on uptake of
1-Cl and of 1-Ph than BSP, i.e., uptake of 1-Cl and 1-Ph is suppressed in serum-containing
media, even without added BSP.

Unexpectedly, uptake of the QuatCy derivatives 5-Cl and 5-Ph were enhanced by BSP in
SFM (note: the degree of uptake was low anyway with respect to 1-Cl and 1-Ph (Figure S3),
so differences in the measurements are less accurate than others in these experiments).
Moreover, uptake of both QuatCy derivatives 5-Cl and 5-Ph were unaffected by serum, and
only marginally depressed by BSP in serum (Figure S2).

The following experiment was performed to test whether albumin, the predominant protein
in serum,*2=44 was the key component that caused the differences outlined above. Figures
S12 and S13 shows uptake of all four featured compounds (1-Cl, 1-Ph, 5-Cl, and 5-CI) when
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BSA was added to SFM was almost identical to those in serum, supporting the assertion that
albumin is indeed the key component.

Previous work34:35 had already established that 1-Cl covalently binds albumin under
physiological conditions, and that reaction is notinstantaneous, so UV and fluorescence
spectroscopies were used to probe the short-term effects of albumin and serum on this dye.
Combinations of 1-Cl with HSA and of 1-Cl with serum (i.e., 10% FBS in DMEM buffer)
both gave an /nstant red shift in the UV (and fluorescence). That shift was almost identical
for 1-Cl combined with HSA, or with DMEM containing 10% FBS (Figures 3a and S4a).
UV spectra of 1-Ph with HSA, and with serum, showed the same instantaneous absorption
maxima red-shifts, attributed to noncovalent binding. On the basis of these observations, we
conclude the instantaneous reaction of 1-Cl and 1-Ph in serum is to form a non-covalent
adduct with albumin.

Figure 3 shows UV absorbance data for 1-Cl (a) and 1-Ph(b) in PBS with 50 equiv of HSA
incubated for 0-5 h at 37 °C. At the first data point, 0.05 h, the absorbance maximum for the
mixture featuring 1-Cl was completely red-shifted to 805 nm. After 5 h, a new UV spectrum
formed corresponding to a species with an intermediate absorption maximum at 791 nm.
Instantaneous red-shift from 780 to 805 nm, followed by a slower blue-shift to 791 nm, can
be explained in the following way. Albumin rapidly forms a noncovalent adduct with
MHI-148, 1-ClI, followed by slower transformation into a Cys34-bound covalent adduct,
consistent with the data we reported previously,3*35 and the work of Canovas et al.3’
Support for this assertion comes from the corresponding experiment with the meso-blocked
dye 1-Ph (Figure 3). For 1-Ph, Figure 3a shows addition of albumin led to instantaneous
formation to a new UV spectrum with a red-shifted absorption maximum, which is invariant
over 5 h, the time span of the experiment. Thus, 1-Ph with albumin forms only the
noncovalent adduct; no covalent adduct was formed because there is no possibility of
chloride displacement.

Experiments were performed to establish if the rest of the dyes in the series 1-5 also formed
noncovalent adducts. Data for 2-Cl (IR-783) and ICG (both dyes with two sulfonate chains)
show the same red-shifted absorbance maxima (with decreased absorbance) when mixed
with albumin (Figures S14 and S15); thus, they both appear to form noncovalent adducts
(prior literature exists on interaction of albumin with ICG,* and it is consistent).
Incidentally, FACS experiments indicated import of 2-Cl and ICG into MDA-MB-231 breast
cancer cells in SFM (suppressed by serum, BSP, and BSA (Figures S14b, ¢ and S15b, c);
this also parallels the data for 1-Cl. Absorption maxima of dyes 3-Cl and 4-Cl were known
to be red-shifted in the presence of albumin,2548 implying noncovalent complexation.
Behavior of the QuatCy derivatives 5-Cl and 5-Ph with albumin are markedly different from
1-CI-4-Cl. Absorption maxima wavelengths and intensities of 5-Cl and 5-Ph were
unperturbed on combination with albumin, hence neither forms a noncovalent adduct (data
not shown).

Covalent bond formation of dyes 1-Cl-4-Cl was supported via HPLC analyses, and previous
work by our group34:3% and by Conovas et al.3” The current study (Figure S11) showed that
relative rates for the formation of covalent adducts were (at 37 °C with 2 equiv of HSA): 4-
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Cl (IR780; £, 2 min) » 1-Cl (6 h) > 3-Cl (24 h) > 2-CI (72 h), and formation of an adduct
from 5-Cl only proceeded to ~30% after 72 h under these conditions (data not shown). /n
vivo we expect the dyes to convert to covalent adducts more rapidly due to the high
concentration of albumin in serum.*’

BSP Cannot Displace MHI-Derivatives 1 from Their Noncovalent Complexes with Albumin.

The “standard uptake experiments” in SFM outlined above, that supposedly implicate OATP
receptors, feature an interplay of the dye, BSP, and albumin, not just the dye and albumin.
Consequently, UV and fluorescence spectroscopies were used to ascertain how BSP might
impact interactions of the dyes with albumin.

BSP has such a high affinity for albumin that, according to one estimate,*8 more than 99% is
bound to it after iv injection. According to another report, equimolar concentrations of BSP
and albumin afforded less than 0.1% of unbound BSP.49 Consequently, experiments were
performed to ascertain if albumin-bound BSP could be displaced by 1-Cl. Thus, HSA and
increasing concentrations of BSP (up to 50 equiv) were mixed, then 1-Cl was added (Figure
S6c¢); no difference in absorbance maxima relative to the noncovalent dyeealbumin complex
was observed. This experiment was repeated with the opposite order of addition (Figure Séd,
i.e., HSA and 1-Cl were mixed, then up to 50 equiv of BSP was added), but the outcome was
essentially the same. In both experiments, the only significant impact of BSP on the mixture
of HSA and 1-Cl was that the UV absorbance intensity was somewhat reduced, implying
some interaction of BSP with the noncovalent albumine1-Cl complex that does not replace
the dye. Fluorescence spectra were also recorded, and similar shifts were observed (Figure
S7). These data do not prove the binding of the dye to albumin is stronger than
albumineBSP, because BSP binds multiple binding sites on albumin,>? but they do prove 1-
Cl is not displaced from albumin by BSP. In another control experiment, BSP was shown not
to influence the emission wavelength maxima of 1-Cl (though its fluorescence intensity was
decreased by ~30% presumably due to a quenching effect; Figure S7b).

The experiments described above to probe interactions of albumin, BSP, and 1-Cl were
performed over ~30 min after mixing so that very little covalent adduct 1-HSA forms. There
was an unlikely possibility that both 1-Cl and BSP bound to albumin have such extremely
slow Ay rates that dissociation of either species could not be forced by introducing the other
into solution. To test for this, similar experiments were performed using a derivative that
cannot form the covalent adduct, 1-Ph, over 5 h; the outcome was essentially the same
(Figure S8) indicating extremely slow ku rates are not clouding interpretation of the UV
data.

Figure 3c shows an overall summary of the most important UV experiments described
above, but some other, less important, observations were also made. BSP had no impact on
the absorption maximum of 5-CI mixed with albumin, consistent with the lack of formation
of a noncovalent adduct (Figure S9). Warfarin, ibuprofen, and digoxin bind three different
sites on albumin,31:52 so these were coincubated with 1-Cl to attempt to identify the HSA
binding pocket that 1-Cl occupies in the noncovalent complex (Figure S10). Ibuprofen had
the greatest effect on the fluorescence spectra of 1-Cl mixed with BSA, but throughout, the
perturbations were modest, hence these experiments were inconclusive.
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Import into Hep2G Liver Cancer Cells.

Uptake of 1-Cl, 1-Ph, 5-Cl, and 5-Ph into HepG2 liver cancer cells were explored to test if
there was something particular to MDA-MB-231 breast cancer cells. The data accumulated
for these experiments (Figures S16 and 17) followed the same trends as identified above.

MHI-148 and Albumin-FITC in Media Are Imported into Cells and Colocalize.

In a key confocal microscopy experiment, 1-Cl and fluorescein-labeled BSA (FITC-BSA;
noncovalent adduct) incubated with MBA-MD-231 cells colocalized (Figure 4a; Pearson
coefficient 0.65) showing the noncovalent adduct is influxed and does not dissociate
significantly in the cells. Predictably, images of cellular uptake, performed with 1-BSA-
FITC (covalent adduct), are similar (Figure 4b; Pearson coefficient 0.54). When 1-Cl was
preincubated with Cys34-blocked BSA, this gave the same result (Figure 4c; Pearson
coefficient 0.56), and 1-Ph and BSA-FITC also colocalized (Figure 4d; Pearson coefficient
0.63). Thus, 1-Cl is imported as a noncovalent complex that persists in cells.

Overall Conclusions from Cell Data Alone.

The hypothesis that uptake of tumor seeking dyes is mediated primarily by OATPs is not
supported by the evidence accumulated above for media containing albumin. At a maximum,
OATPs may be prevalent in SFM, but in serum (and in SFM plus albumin) they are not. The
concentration of albumin in the blood is such that cellular experiments with cancer cells in
SFM are not particularly relevant to /n vivo uptake into tumors.

It was clear from the data discussed above that /n7 vivo experiments were critical to establish
the mode of uptake. If, contrary to the cell data, OATPs were dominant, then 1-Cl and 1-Ph,
which behaved the same in SFM, should have similar accumulation and persistence
characteristics /n vivo. However, if covalent albumin binding was more important to tumor
uptake and persistence /in vivo, then the experiments with cancer cells outlined above would
lead to the following predictions. In the short term, both 1-Cl and 1-Ph would be expected to
permeate tumor tissue (since both are uptake in cancer cells in the presence of albumin).
However, 1-Ph should be cleared quickly like most small molecules, whereas 1-Cl converted
to 1-albumin adopted accumulation and persistence properties similar to albumin.

The key /n vivo experiments described in the next section build upon some prior work that is
summarized here. It was known that 1-Cl accumulates in solid tumors but also to a
significant extent in the liver and kidneys,3 this accumulation had never been compared
with that of an analog that cannot form covalent adducts with albumin (e.g., 1-Ph). Our prior
work had shown that the QuatCy derivative 5-Cl was cleared more quickly from healthy
mice than 1-C1.38 We also had shown38 that 5-Cl accumulated a murine tumor (pancreatic
model) and was retained there for extended periods. However, the relative behavior of 5-Ph
(blocked from covalent albumin adduct formation) was also an unknown.

In Vivo Clearance and Tumor Accumulation of Cyanines 1 and 5.

In vivotumor accumulation of 1-Cl, 1-Ph, 5-Cl, and 5-Ph, and persistence of each dye for up
to 48 h (Figure 5a) were compared in mice with subcutaneous triple negative breast tumors
(EO0771). This triple negative breast cancer tumor model was chosen to probe the
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characteristics of the dyes in an orthotopic system, i.e. not involving immune compromised
mice. Mice were intravenously injected with each fluorophore and imaged at 0.5, 1, 2, 4, 24,
and 48 h post-injection. Tumor-to-background ratios (TBRs) were calculated by measuring
the fluorescence intensity of the tumor against the nearby healthy tissue signal (background;
Figure 5b).

meso-Phenyl derivatives of MHI1148 (1-Ph) and QuatCy (5-Ph) had poor preferential tumor
accumulation and no significant persistence (Figure 5a); hence, TBRs in these experiments
did not deviate significantly from unity, i.e. there was little contrast between the tumor and
the background. Conversely, 1-Cl and 5-Cl displayed high tumor accumulation and
prolonged retention, where the maximum TBR was 3.5 and 10, respectively (48 h post-
injection; Figure 5b). Accumulation of 1-Cl and 5-Cl into the tumor and background tissues
was rapid, but 5-Cl cleared faster from the healthy tissue, giving comparatively high TBR
values for each time point at which the tumor could be discerned (Figure 5a and b); high
contrast was observed 4 h post-injection of 5-Cl, while 48 h was needed for 1-ClI. For
intraoperative tumor resection, clearance from the nontarget organs is as important as dye
accumulation and retention in target tissue. Thus, 5-Cl outperformed 1-Cl as a tumor-
targeted contrast agent on this basis.

At 48 h post-injection, tumors and organs were resected from the body (Figure 6) so that
relative biodistributions of the fluorophore could be measured. meso-Phenyl dyes (1-Ph and
5-Ph) were almost completely cleared from the body, but the meso-chloride dyes (1-Cl and
5-Cl) persisted (Figure S17). Pharmacokinetics was performed exclusively on 1-Cl and 5-Cl,
because they alone in the series were retained in the tumors.

Biodistribution and clearance of 1-Cl and 5-CI were compared in healthy CD-1 mice.
QuatCy 5-ClI showed both renal and hepatic clearance, while 1-Cl was predominantly
cleared via the liver. QuatCy, 5-Cl, was detected in the gastrointestinal tract from 1 h post-
injection, indicating fast excretion from liver and bile duct, while 1-Cl still gave a signal in
the liver and duodenum even after 4 h post-injection. Fluorescence measurements were used
to monitor the compounds in the blood and urinary excretion for up to 5 h. Insignificant
urinary excretion was observed for 1-Cl, and this dye had a blood plasma fluorescence half-
life of 195.2 min. Compound 5-Cl at 25 nmol iv had a plasma elimination half-life of 100
min, and 32% of injected dose was excreted through the urine (Figure S18 and Table S1.
Note: 1-Cl and 5-Cl both may convert the albumin adduct in the blood, but this does not
change the fluorescence observed).

CONCLUSIONS

Some important conclusions can be drawn from this study because the key dyes featured (1-
Cl, 1-Ph, 5-Cl, and 5-Ph) have complementary properties. MHI-148 derivatives 1 form
noncovalent adducts with albumin, but only 1-CI can form a covalent one. Conversely,
QuatCy derivatives 5 do not form noncovalent adducts with albumin, though 5-Cl can form a
covalent one, but much more slowly than 1-CI.
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Dyes 1-Cl and 5-CI (which can form covalent adducts) are both retained in tumors, whereas
1-Ph and 5-Ph are not. Both these dyes form noncovalent adducts with albumin, but only the
meso-chloride derivative forms a covalent one. Consequently, noncovalent binding is
insufficient for retention of tumor seeking dyes. It is relevant that 2-Cl (IR-820), which has a
meso-Cl, localizes in tumors®354 but with a TBR< 2.5, i.e. it is a poortumor seeking dye. It
is also very slow to form a covalent albumin adduct and this may partially account for its
poor tumor uptake and persistence, though other factors like background clearance are
probably involved.

Shi and coauthors have hypothesized the cyclohexyl ring of the featured cyanine dyes is
responsible for tumor retention, speculating that enhanced rigidity improved uptake via
OATPs.51 Our data contradicts this hypothesis since 1-Ph and 5-Ph have a cyclohexyl ring
but do not accumulate or persist in tumors (Figure 6). Moreover, faster /n vivo clearance of
5-Cl from healthy tissue accounts for the excellent TB contrast observed for this fluorophore
after extended times relative to 1-ClI.

Overall, the data presented here is consistent with uptake of tumor seeking dyes more likely
being mediated via albumin receptors®® (known to be overexpressed in cancer cells) than
OATPs.%6:57 However, chemical reactivity in pharmacokinetics is rarely clean. While
albumin binding accounts for much of the behavior of tumor-seeking dyes, it is unlikely to
be the exclusive mechanism. Our data does not rule out the possibility that OATPs play a
submissive role. The best evidence that this may be so comes from an /n vivo knockdown
experiment reported by Shi and co-workers.30 Knockdown of OATPs is difficult because
there are 11 of them. However, when OATP1B3 was taken out by this method it showed
tumor uptake of 1 was reduced by approximately 40% in a PC-3, and by ~25% in ARCePg,
prostate cancer xenograftmodels. To the best of our knowledge, those experiments have
never been replicated, but assuming they are general and correct then there can be two
interpretations. The first is that OATPs can play a role /n vivo. The second is that
knockdown of OATP1B3 restricts the flow of natural, essential substrates (bile acids, etc.)
into the tumor cells and this impacts the ways they take up albumin. Further
experimentation, beyond the scope of this study, is required to elaborate on this issue and
should not detract from the focus of this work: covalent albumin binding is important for
tumor accumulation and persistence. It rationalizes why the meso-Cl commonality is tumor
seeking.

Cellular uptake experiments in SFM are not indicative of physiological environments
because albumin in serum has important effects, but, nevertheless, some inferences can be
drawn from those experiments. Formation of noncovalent albumin complexes of dyes 1-Cl
and -Ph retards their cellular uptake, but they are both imported; consequently, the meso-Cl
has no impact on cellular uptake under these conditions (recall, import of 1-Cl and of 1-Ph
in the presence of FITC-albumin gave colocalization of the Cy7-and fluorescein-emission).
Slower uptake of derivatives 5 than 1 in tissue culture experiments could be associated with
failure of the QuatCy derivatives to form noncovalent albumin complexes, and slow
formation of a covalent one from 5-ClI (only). This project illustrates that conclusions from
cell experiments should not be extrapolated to /n7 vivo experiments without qualifiers that
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acknowledge the potential impact of the varied dynamic environment inside a mouse relative
to the static cell cultures.

In our view, too much emphasis has been placed on the impact of BSP in SFM. In the
regard, the evolution of BSP to the status of “probe for OATP receptors” in interesting. In
the 1920s, BSP was used as a clinical agent to test clearance from the blood via the liver.
58,59 sybsequently, it was shown that uptake of BSP into rat hepatocytes was via active
transport (a saturable, temperature sensitive, ATP-and chloride-dependent mechanism).60
Later,61 OATPs (“organic anion binding protein”) were discovered, and found to import
BSP. Those receptors were also shown to be localized to the surface of hepatocytes.52
Keppler et al. discovered that BSP is a substrate for some OATPs (e.g., OATP2 not OATP8)
and albumin mediated these uptake mechanisms.®3 It appears that after this point BSP
gradually became accepted as a probe for OATP uptake. It was used to inhibit OATPs in a
study of the mechanism of ICG uptake,4 as a competitor to different anions influxed into
cloned cell lines overexpressing OATPs,0 and, in the past decade, in the context of tumor
seeking dyes. However, BSP is also the type of structure classified as a PAIN (Pan Assay
INterference compound) in high throughput screening, i.e. a substance likely to bind to
many proteins.85 Consequently, it is unsurprising that BSP may change the cellular uptake
properties of albumin complexes of the dyes featured here (and their emission intensities).
BSP is notan ideal probe for uptake via OATPs in complex cellular media.

Formation of noncovalent and covalent albumin adducts is consistent with a few
mechanisms for tumor uptake and persistence. First, noncovalent adduct in serum protects
tumor seeking dyes and slows their clearance. Both noncovalent and covalent albumin
adducts of 1-Cl might penetrate into cells of the tumor, presumably via albumin receptors
overexpressed in cancer cells.5® Any cyanine dye containing a reactive /meso-Cl imported
into cells will react with albumin or other endogenous thiol nucleophiles like glutathione.
Simultaneously, covalent or tight noncovalent adducts of albumin will be drawn to
accumulate in tumor tissue by the EPR effect. Indeed, one of the first observations of that
effect was for accumulation of labeled-albumin in tumors.57:66-69 Once tumor seeking dyes
are imported into cancer cells comprising the tumor, or trapped in the compressed tumor
vasculature via the EPR effect, then they are retained. In fact, Shi has considered EPR as a
possible factor that might lead to localization of the dye in tumor tissue.”® However, EPR is
normally associated with large molecules and that work did not directly comment on why a
small molecule should do this. Findings presented here “close the circle” on this issue by
explaining how tumor-seeking dyes become associated with albumin. Concurrently, these
tumor seeking dyes are cleared relatively quickly from healthy tissue (particularly 5-Cl) so
imaging contrastimproves making the fluorescence in the tumor conspicuous.

This work has the following impact on translatability. First, when researchers use tumor-
seeking dyes to deliver pharmaceuticals or other imaging agents, they should know that
conjugates with a meso-chloride will be retained in tumors, but ones with a blocked meso-
position will not. Second, QuatCy (5-Cl) is preferable to MHI-148 (1-Cl) for imaging based
on its exceptionally high tumor-to-background ratio in near-IR fluorescence imaging, and
because, uniquely, it is not retained in healthy organs such as the heart, liver, and kidneys.
Selectivity of accumulation is also a factor and that issue will be addressed in future work.
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MATERIALS AND METHODS

Photophysical Properties.
ICG and IR783 were bought from Ark Pharm and Sigma, respectively. Human serum
albumin (HSA), Bovine Serum Albumin (BSA), and BSA labeled with FITC were bought
from Sigma-Aldrich. HSA and BSA were stored at =20 °C and fresh 0.5 mM (33 mg in 1
mL) solution was prepared for experiments.

UV Absorbance Experiments.

Compounds 1-Cl, 1-Ph, 5- Cl, 5-Ph, 2-Cl, and ICG were dissolved in PBS (pH 7.4) with
HSA and the spectra were taken at different time intervals.

Compounds 1-Cl and 1-Ph (5 ¢M) were incubated with increasing concentrations of BSP (5,
50, or 250 ¢M). For blocking experiments, the dyes were either incubated with HSA (5 ¢M)
prior to adding BSP (5, 50, or 250 £M) or increasing concentration of BSP was added to
HSA before adding the dyes. The absorbance and fluorescence spectra were determined by
Cary-Varian 100 UV-vis NIR spectrophotometer.

UV Absorbance with DMEM.
5 tM 1-Cl, 1-Ph, 5-ClI, and 5-Ph were dissolved FluoroBrite DMEM with or without 10%
FBS. The absorbance was determined using Cary-Varian 100 UV-vis NIR
spectrophotometer.

Kinetics Experiment.3°
200 uM of 1-Cl, 1-Ph, 2-Cl, 3-Cl, 4-Cl, 5-Cl, and 5-Ph were dissolved with HSA (500 xM)
in PBS pH 7.4. The reaction mixture was kept in an incubator at 37 °C for up to 72 h. The
formation of conjugate was observed at 780 nm at different time points using C4 column on
Agilent 1200 Infinity II.

Binding Pocket Determination.

Determination of binding pocket of 1-Cl was carried out as reported in the literature.>2:71
Briefly, 5 M of BSA was preblocked with 50x excess of known binders of pocket |
(warfarin), pocket Il (ibuprofen), and pocket I11 (digoxin) for 1 h before adding 5 ¢M of 1-
Cl. The fluorescence was measured using spectrometer.

In Vitro Assays.

MDA-MB-231 and HepG2 cells were grown in Dulbecco’s Modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS). Cells were grown in an incubator at 37
°C, humidified atmosphere containing 5% CO». Cells were grown in T-75 culture flask until
70% confluency before splitting into next passage.

Live Cell Staining.

Uptake of dyes with the MDA-MB-231 and HepG2 cells was measured using Leica SP8
Confocal Microscope. The images were taken at 20x/0.75 water immersed objective. The
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NIR dye samples were excited at 670 nm laser (PMT detectors; 716-789 nm) and FITC
samples were excited at 490 nm (HyD detectors; 500-589 nm).

BSA-FITC and 1-Cl Colocalization.

Briefly, 50,000 MDA- MB-231 cells were divided into 4 groups: 1. 1-Cl was incubated with
BSA-FITC and used immediately. 2. 1-Cl was preincubated with BSA-FITC for 24 h. 3. 1-
Cl was incubated with BSA that had Cys34 blocked. 4. 1-Ph was incubated with BSA-FITC.
Equimolar concentrations of dyes and BSA-FITC were used in each experiment. After 2 h of
incubation, the cells were washed twice with PBS and imaged using Leica SP8 Confocal
Microscope as mentioned above.

Blocking Experiment.

Note:

The cells were divided into 4 groups: 1. control (no serum). 2. with serum. 3. BSP with
serum. 4. BSP without serum. Briefly, 50,000 cells were seeded using media containing
serum in 4 well chambers (Nunc Lab-Tek) and allowed to adhere overnight. The cells were
starved for 4 h in serum free media before the experiment. Group 1 was used as a standard
for other groups. Groups 3 and 4 were preblocked for 5 min with 250 M of BSP with and
without serum containing media, respectively. The cells were incubated with 1-Cl, 1-Ph, 2-
Cl, 5-Cl, 5-Ph, and ICG for 30 min, washed twice with PBS, and imaged using Leica SP8
Confocal Microscope.

DMOG was added to the chambers 24 h prior to experiment to induce hypoxia in cells. Dyes
were added to the chambers for 30 min, washed, and imaged using Leica Microscope.

Cellular uptake of 1-Cl, 1-Ph, 2-Cl, 5-Cl, 5-Ph, and ICG was quantified by using BD
FACSAria 1. The cells were again divided into 4 groups and treated as mentioned above.
After incubation, the cells were washed thrice with PBS, dissociated from the plate using
200 1M of cell dissociation buffer, enzyme free (Thermofisher), and suspended in PBS. The
fluorescence of the samples was measured by 633 nm excitation source and 750/45 emission
filter.

Cellular uptake of 1-Cl, 1-Ph, 2-Cl, 5-Cl, 5-Ph, and ICG was also quantified using BSA only
in the media. MDA-MB-231 cells were seeded on 4 well chamber and starved for 4 h. Dyes
were added to the chambers with or without BSA in the solution. Sample without BSA was
considered as control and quantified using BD FACSAria Il.

serum free media contains 0% FBS and serum media contains 10%FBS.

Animals and Tumor Models.

Animals were housed in an AAALAC certified facility, and all animal studies were
performed under the supervision of MGH IACUC protocols #2016N000136 and
#2016N000529. For syngeneic tumor models, 6 wk old (20-30 g) female C57BI/6 mice
were purchased from Taconic Farms and injected subcutaneously in the left flank with
E0771 (5 x 106) cells resuspended in 100 L of PBS. For tumor imaging, 25 nmol of 1-Cl,
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1-Ph, 5-ClI, or 5-Ph in 10% BSA was administered intravenously into tumor-bearing mice
imaged at different time points (0.5, 1, 2, 4, 24, and 48 h) for up to 48 h.

In Vivo Biodistribution and Clearance.

Mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) before the
surgery. A midline incision was performed to open abdominal cavity and 25 nmol of
compound 1-Cl, 1-Ph, 5-Cl, or 5-Ph in 10% BSA were injected intravenously into C57BI/6
mice with subcutaneous triple negative breast tumor and images were taken at 48 h post-
administration. Animals were imaged using the in-house built real-time intraoperative NIR
fluorescent imaging system. A 760 nm excitation laser source (4 mW/cm?2) was used with
white light (400-650 nm; 40,000 Ix). Color and NIR fluorescence images were acquired
simultaneously with custom software at rates up to 15 Hz over a 15 cm diameter field of
view. In the color-NIR merged image, 800 nm fluorescence was pseudocolored red.

Pharmacokinetics and Urinary Excretion.

Animals (25 g CD-1 mice) were injected with 25 nmol of 1-Cl, 1-Ph, 5-Cl, or 5-Ph in saline
containing 10% BSA, and the blood sample was collected at the following time points: 0,
10, 30, 60, 120, 180, 240, and 300 min. The samples were centrifuged at 3000 rpm for 20
min to separate plasma and blood cells in capillary tubes. Fluorescence intensities of the
plasma at each time point were measured by the NIR imaging system. To determine the
urinary excretion rate, the penis of male mice was ligated and 25 nmol of each compound
was intravenously administered. The animals were sacrificed 4 h post-injection, and urine
was collected, and fluorescence intensity was measured by a UV- vis-NIR
spectrophotometer (Ocean Optics).

Quantitative Analysis.

At each time point, the fluorescence (FL) and background (BG) intensity of a region of
interest (ROI) over each organ/muscle or tumor/background was quantified using the custom
imaging software. The signal-to-background ratio (SBR) was calculated as SBR = target
signal/background signal, where a background is surrounding tissue, using ImageJ version
1.52q. At least 3 animals were analyzed at each time point, and statistical analysis was
carried out using a one-way ANOVA followed by Tukey’s multiple comparisons test. P
values less than 0.05 were considered significant: *£< 0.05, **P< 0.01, and ***P< 0.001.
The experiments were not randomized, and the investigators were not blinded to allocation
during experiments and outcome assessment. Results were presented as mean + s.d. and
curve fitting was performed using Microsoft Excel and Prism version7.0a software
(GraphPad, San Diego, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a, MDA-MB-231 cells incubated with 1-Ph (20 M) SFM; b, same experiment but

preblocked by incubating with 250 ¢M BSP for 5 min; ¢ same as a, but cells pretreated with
1 mM DMOG to induce hypoxia. Figure S1 shows data from identical experiments but using
1-Cl. Throughout, images were taken by Leica Confocal Microscope at 20%/0.75 NA.
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Figure 2.
1-ClI (20 ¢M) in a, serum free media; b, media with 10% FBS; c, 250 xM BSP serum free;
and d, 250 4MBSP with media containing 10%FBS; and e, quantification of the data in a—d

by FACS.
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Figure 3.

Interaction of a, 1-Cl; and b, 1-Ph (1 t/M) with HSA (50 xM) at pH 7.4 in PBS buffer at 37
°C observed via UV-vis spectroscopy. ¢, Summary of key UV experiments for albumin
interactions with 1, 5, and BSP.
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green channel

Figure 4.
MDA-MB-231 cells incubated with the following. a, 1-Cl (10 M throughout) and ~1 equiv

BSA-FITC (mixed then used as a noncovalent adduct, i.e., before a covalent adduct could
form). b, 1-Cl preincubated with ~1 equiv of BSA-FITC for 24 h to form covalent adduct. c,
1-Cl with BSA-FITC preincubated with 6-maleimidohexanoic acid for 24 h to block Cys.34
d, 1-Ph (10 gM) and ~1 equiv BSA-FITC. Throughout the incubation conditions were at 37
°C and 5% CO5 in 20 min unless otherwise indicated. Images at 20x magnification.
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Figure5.

a, Tumor localization of 1-Cl, 1-Ph, 5-Cl, and 5-Ph. b, Time course of tumor to background
ratios (TBRs). Arrows indicate tumors. Scale bars = 1 cm. *P< 0.05, **P< 0.01, and ***P

<0.001.
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Figure 6.
Intraoperative imaging and biodistribution after 48 h for 25 nmol: a, 1-Cl; b, 1-Ph; ¢, 5-Cl;

and, d, 5-Ph, in C57BI/6 mice with subcutaneous triple negative breast tumor (E0771). Scale
bars = 1 cm. He, heart; Lu, lung; Li, liver; Pa, pancreas; Sp, spleen; K;, kidney,
Du;duodenum; In, intestine; Mu, muscle; and Tu, tumor.
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