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A challenge in tumor targeting is to deliver payloads to cancers
while sparing normal tissues. A limited number of antibodies
appear to meet this challenge as therapeutics themselves or as
drug-antibody conjugates. However, antibodies suffer from their
large size, which can lead to unfavorable pharmacokinetics for
some therapeutic payloads, and that they are targeted against
only a single epitope, which can reduce their selectivity and
specificity. Here, we propose an alternative targeting approach
based on patterns of cell surface proteins to rationally develop
small, synthetic heteromultivalent ligands (htMVLs) that target
multiple receptors simultaneously. To gain insight into the multiva-
lent ligand strategy in vivo, we have generated synthetic htMVLs
that contain melanocortin (MSH) and cholecystokinin (CCK) phar-
macophores that are connected via a fluorescent labeled, rationally
designed synthetic linker. These ligands were tested in an experi-
mental animal model containing tumors that expressed only one
(control) or both (target) MSH and CCK receptors. After systemic
injection of the htMVL in tumor-bearing mice, label was highly
retained in tumors that expressed both, compared with one, tar-
get receptors. Selectivity was quantified by using ex vivo mea-
surement of Europium-labeled htMVL, which had up to 12-fold
higher specificity for dual compared with single receptor express-
ing cells. This proof-of-principle study provides in vivo evidence
that small, rationally designed bivalent htMVLs can be used to
selectively target cells that express both, compared with single
complimentary cell surface targets. These data open the possibility
that specific combinations of targets on tumors can be identified
and selectively targeted using htMVLs.
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Since it was first described by Paul Erhlich, the search for a
“magic bullet” drug that kills cancer cells while leaving normal

cells unaffected has inspired generations of scientists. As tar-
geted deliveries of therapies become more developed, some have
shown clinical, albeit short-lived, success (1, 2). The majority of
targeted anticancer approaches rely on high-affinity monova-
lent interactions between a cell-targeted agent (monoclonal or
recombinant antibodies and peptides) and a tumor-associated
protein to direct therapeutic or imaging payload selectively to
the tumors (3–5). In contrast, multivalent interactions have been
shown to exhibit higher binding avidities, compared with the
monovalent interactions (6–8). Thus, homomultivalent drugs
(i.e., multiple copies of the same pharmacophores) have become
increasingly common for targeted therapeutic and imaging agents
with improved avidity and higher specificity (9, 10). We have
proposed (11) and have shown in vitro (12) that heterobivalent
ligands designed to noncovalently cross-link two different mem-
brane receptors can provide greater selectivity than homobivalent
ligands while retaining the high avidity of multimeric interactions.
This observation has also been shown by others with a single
bispecific antibodies targeting, e.g., epidermal growth factor
(HER2) and vascular endothelial growth factor receptors (13,
14). Although antibody-based drugs are the fastest-growing
class of protein therapeutics in clinical development, they are

limited by their large size, leading to poor tissue penetrance and
long serum retention times. This limitation has inspired attempts
to create smaller binding proteins with high avidity, based on
nonantibody scaffolded targeting agents.
Here, we present an alternative multivalent targeting approach

based on cell surface expressed protein patterns, developing ra-
tionally designed synthetic heteromultivalent ligands (htMVLs)
wherein high selectivity can be achieved through multivalency for
target cells (11, 15, 16). Such an approach is a unique application
of pharmacogenomics, in which cell surface protein markers that
are simultaneously present on the surface at threshold concen-
trations can be targeted in combination. From set theory (Fig.
S1A), the number of targetable receptor combinations is ∼2,500n,
where 2,500 is the approximate number of targetable cell surface
receptors and n is the valency of the targeting ligand (17).
Nontarget tissues can thus be discriminated by the lack of such
receptor combinations. Furthermore, such an approach does not
require the targets to be highly overexpressed by the target cells
to ensure specificity (15). We have characterized and validated
numerous two-, three-, and four-receptor combinations in both
pancreatic cancers and melanoma with expression profiling and
immunohistochemistry (18).
To demonstrate the feasibility of a multivalent targeting ap-

proach, tumor cells have been engineered to express one or both
of two different G protein-coupled receptors (GPCRs): the human
melanocortin-1 receptor (MC1R) and the human cholecystoki-
nin-2 receptor (CCK2R). Those cells expressing both are target
cells, and those with only one receptor (either MC1R or CCK2R)
are controls. If our hypothesis is correct, we expect that a het-
erobivalent ligand will bind with higher avidity to cells bearing
both receptors compared with cells with only one (Fig. S1A).
We also designed and synthesized a series of htMVLs con-

taining both MSH and CCK ligands. Previous in vitro studies
demonstrated that these ligands bound to the target cells with
higher affinity compared with control cells (17, 19), suggesting
the ability to noncovalently cross-link heterologous receptors by
using the htMVLs. The current study follows up on this prior in
vitro work, by establishing an animal model for examining the
tumor uptake and biodistribution of htMVLs. After systemic
injection of Cy5 or Europium (Eu) chelated ligands, label was
highly retained in tumors that expressed both, compared with
one, target receptors. Selectivity was visualized and quantified to
show that the small synthetic htMVLs can distinguish target cells
from control cells. These data provide evidence that heterobivalent
agents can be developed for in vivo targeting of human cancers.
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Results
Design, Synthesis, and Biological Activities of htMVLs. For the ligand
design, a truncated version of NDP-α-MSH, i.e., Ser-Nle-Glu-
His-DPhe-Arg-Trp (MSH7), was attached at the N terminus of
a linker and, at the C terminus, was attached a modified version
of CCK4 with both methionine residues replaced with norleu-
cine, i.e., Nle-Gly-Trp-Nle-Asp-Phe (CCK6). Linker design was
based on the crystal structure of GPCRs (20, 21). Three families
of htMVLs were designed composed of semirigid Pro-Gly linkers
and flexible PEGO linkers with the length ranging from 13 to 96
Å (17). From in vitro binding data (19), a core of three (Pro-Gly)
repeats flanked by PEGO units (PEGO-[PG]3-PEGO) showed
maximal affinity with minimal size (58 atoms, modeled at 46 Å).
In the current study, the fluorescent tags, including Cy5 (htMVL 1)
and Eu (htMVL 2) (Fig. 1A) were incorporated with an intervening
Lys in the center of the linker region. Ligands were purified by
HPLC and characterized by MS (Table S1). Notably, linker
components are biocompatible, inert, and have desirable solubility,
pharmacokinetic, pharmacodynamic, and immunogenic proper-
ties (22–24). Molecular dynamic simulations of these ligands
revealed significant conformational mobility of the linker unit
and desired spacing range for pharmacophore binding under
various receptor binding pocket orientations and spatial contexts
as would be encountered on the cell surface (Fig. 1 B–D) (17).
To ensure the binding avidities of these ligands were not

affected by the incorporation of the imaging tags, htMVL1 and

htMVL2 were assayed for binding activity by using the stable
Hek293 cells expressing either or both MC4R and CCK2R
receptors (19). htMVL1 was assayed for competitive binding and
htMVL2 assayed for saturation binding. These in vitro binding
results showed that both ligands displayed bivalent/monovalent
enhancement ratios of ∼20-fold and ∼twofold for MC4Rs and
CCK2Rs, respectively (Table 1). Given the similar enhancement
ratios, both of these compounds were brought forth for sub-
sequent in vivo studies.

Construction and Characterization of Engineered Stable Tumor Cell
Lines. For in vivo experiments, we engineered HCT116 cells to
express both MC1R and CCK2R (HCT116/MC1R/CCK2R)
as target cells, or only MC1R (HCT116/MC1R) or CCK2R
(HCT116/CCK2R) as controls. All engineered cell lines were
fully characterized for corresponding receptor expression (Fig.
S2). Whole proteins from these cell lines were harvested and
analyzed by Western blotting, which have shown the corre-
sponding protein bands (Fig. S3A). Cell surface expression of
these receptors was validated by immunocytochemistry (Fig.
S3B). Receptor densities on the cell surface were determined by
saturation binding using monovalent ligands, Eu-NDP-α-MSH
and Eu-CCK-8 (Fig. S1B) for MC1R and CCK2R, respectively
(19). These binding data (Fig. S2) showed that dual receptor
cells had 180,000 ± 20,000 CCK2R and 10,000 ± 2,000 MC1R
binding sites per cell, whereas HCT116/MC1R and HCT116/
CCK2R cells contained 240,000 ± 60,000 and 190,000 ± 40,000
receptor binding sites per cell, respectively. To assess the pene-
trance of both receptors in the target cell population, flow
cytometric analyses were performed with htMVL1, which
showed that 90.6 ± 2.6% (n = 3) of the cells in the population
were Cy5 positive (Fig. S3C).

Cy5 htMVL 1 Specifically Binds to Target Cells. To visualize the
binding of htMVL 1 in vitro, we treated target and control cells
with the ligand at different concentrations (Fig. 2A). Microscop-
ically, there was a quantitative difference in the cellular uptake of
the ligand between target and control cells. At 100 nM, 10 nM,
and 1 nM, respectively, 80%, 50%, and 13% of the target cells
bound appreciable ligand, whereas only 41%, 33%, and 0% of the
MC1R control cells, and 69%, 35%, and 5% of the CCK2R
control cells bound to the ligand (Fig. 2B). At the high dose
treatment (100 nM), the difference between binding to the
target cells and CCK2R control cells was not significantly dif-
ferent, probably owing to the high CCKR receptor number in
both cells (Fig. 2B). To rule out nonspecific binding, blocking
experiments (Fig. 2C) showed that NDP-α-MSH (Fig. S1B, li-
gand 3), CCK8 (Fig. S1B, ligand 4), or both significantly re-
duced the Cy5 signal by 17.4%, 92.0%, and 100%, respectively,
compared with nonblocked target cells (Fig. 2 C and D). These
results indicate that, at low concentrations, htMVL 1 was able
to effectively discriminate dual-receptor and monoreceptor ex-
pressing cell lines in vitro, which was consistent with earlier
observations (17, 19).
Furthermore, htMVL 1 appeared to be internalized, consis-

tent with prior observations (25). For therapeutic and imaging
payloads, ligand-mediated endocytosis is beneficial in that it can
lead to signal amplification and deliver therapies directly into the
target cells. However, it is possible that a rapidly internalizing
single receptor cell line could thus achieve similar activities and,
hence, reduce specificity. For this reason, doses of htMVLs must
be kept very low to maximize the multivalent enhancement.
A dynamic imaging series over 30 mins showed that the Cy5-
labeled ligands bound to and were internalized into the target
cell (Fig. 2E). At 1–2 min after treatment, the ligands appeared
on the cell surface; at 4 min, the ligands began to be internalized;
and at 30 min, a strong punctuate fluorescence signal appeared
inside the cells. These vesicles are contiguous with lysosomes
(Fig. S4C).

Fig. 1. Chemical structures of labeled compounds and their molecular dy-
namic profiling for assessing ligand mobility. (A) Heterobivalent ligands
containing melanocortin (brown) and cholecystokinin (green) phar-
amacophores connected via a PEGO-[PG]3-PEGO linker (cyan) that bears
a lysine handle for incorporation of Cy5 and Eu-DTPA tags (blue). (B–D)
Molecular dynamic study of Cy5 labeled ligand 1 (htMVL 1). (B) Illustration of
one of the conformers with various functionalities and atom labels that were
monitored for distances during the simulation is shown in C, and energy plot
of various conformations (distance mapped from atoms 48–496) against
temperature is shown in D. The study reveals significant linker mobility with
30–70 Å spacing between the two motifs and an average distance range of
40 Å (see SI Materials and Methods for more details).
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Cy5 htMVL 1 Specifically Binds to Target Tumors in Vivo. To in-
vestigate whether this targeting strategy can be effective in vivo,
target and control cells were implanted bilaterally on the flanks
of mice to form xenografts. We i.v. injected 0.5–7.5 nmol htMVL
1 per mouse to establish the optimal dosage. At a dose of 2.5 nmol
per mouse, the target tumor retained significant fluorescence,
and MC1R control tumors had minimally detectable levels.
However, at this dose, the CCK2R tumors still retained significant
fluorescence, likely owing to their higher expression levels. From
0.5 h to 10 h after injection of 2.5 nmol htMVL 1, strong fluo-
rescence signals were observed on the target tumors (R flank),
but not on the MC1R control tumors (L flank) (Fig. 3A). At all
time points, surface radiance on the target tumors was signifi-
cantly higher than on the control tumors. The highest fold

enhancement (4.5-fold) occurred at 4 h after injection (Fig. 3B).
To confirm that the fluorescence signal was related to the two
target receptors, blocking agents were preinjected (Fig. 3 C and
D). Injection of NDP-α-MSH, CCK8, or both, respectively, led
to a reduction in fluorescence signal by 57%, 75%, and 91% (Fig.
3D). Because fluorescent signals from whole-animal imaging are
often underestimated because of optical hindrance by soft tissue,
we also performed ex vivo imaging of excised tumors and organs
at 4 h after injection (Fig. 3 E and F). Consistent with the in vivo
imaging results, the htMVL 1 accumulated highly in the target
tumor and kidney, whereas uptake in other organs and control
tumor were negligible (Fig. 3F).
The expression of target genes was confirmed in the tumor

xenografts after fluorescence imaging by IHC. The results

Table 1. Ki and Kd values for binding of htMVL 1 and htMVL 2 (bivalent vs. monovalent)

Compound

MC4R cells Dual Express

Fold increase‡

CCK2R cells Dual Express

Fold increase‡Ki or Kd nM n{ Ki or Kd nM n Ki or Kd nM n Ki or Kd nM n

htMVL 1* 353.6 ± 97.1 4 14.6 ± 1.4 4 24.2§ 237.5 ± 26.5 4 88.9 ± 9.2 4 2.7§

htMVL 2† 381.4 ± 15.0 3 16.7 ± 2.0 4 22.9§ 31.3 ± 1.2 3 16.7 ± 2.0 4 1.9§

*htMVL1 is expressed as Ki value. For MC4R receptors, Ki values were calculated with the equation Ki = IC50/(1+([ligand]/Kd), where IC50 values from
competition binding assays; [ligand] = 10 nM Eu-NDP-α-MSH; Kd = 8.3 nM. For CCK2R receptor, where [ligand] = 1 nM Eu-CCK; Kd = 35 nM.
†htMVL 2 is expressed as Kd value from saturation binding assay.
‡Ratio of monovalent (MC4R or CCK2R cells) to bivalent binding (dual receptor expressing cells).
§P < 0.05 (MC4R or CCK2R cells vs. dual receptor expressing cells).
{n refers to the number of independent binding experiments.
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showed clear MC1R and CCK2R staining in the corresponding
cell lines. Similar CD31 staining was observed in all tumor types,
suggesting comparable vascularization for uniform delivery of
the ligands (Fig. S4A).

Eu htMVL 2 Specifically Binds to Target Tumors. A limitation of the
above studies was the inability to quantify the biodistribution or
pharmacokinetics at lower doses, which are expected to provide
greater discrimination. Additionally, there was concern over the
rapid disappearance of the fluorescence signal from the target
tumor. Fluorescence was eliminated completely by 24 h after
injection, and prior work with a fluorescently labeled delta-opi-
oid targeted antagonist showed retention of signal beyond 120 h
(26). We hypothesized that disappearance of the Cy5 htMVL 1
signal in vivo might be due to acid quenching of fluorescence
after internalization, as observed in the in vitro Cy5 htMVL 1
related imaging (see above). To investigate this possibility, a Eu-
labeled htMVL 2 was used. Although Eu must be measured ex
vivo after extraction, its luminescence is not acid quenched and
as few as 200 ξmoles Eu can be detected by time-resolved flu-
orometry (TRF) (27, 28). We injected 2.5 nmol or 0.5 nmol
htMVL 2 into tumor-bearing mice, and Eu amounts were mea-
sured at 4 h, 24 h, and 48 h after injection from tumors and
organs by TRF (29, 30). Standard curves were used to quantita-
tively relate TRF intensities to Eu levels, which were sub-
sequently normalized to fmol Eu per milligram of tissue (Fig.
S4B and Tables S2–4). With the same dose of htMVL 2 (2.5
nmol) as the above-described htMVL 1, we observed a higher
fold enhancements of 7.4, 3.6, and 4.7-fold at 4 h, 24 h, and 48 h
after injection, respectively, compared with 4.5-, 1.8-, and 2.0-
fold with htMVL 1 (Figs. 4A and 3B). However, no enhancement
was observed with this dose injection in the mice bearing target
tumors versus CCK2R control tumors at the indicated time point

(Fig. 4C), which was consistent with fluorescence imaging of
htMVL 1. Notably, a lower dose (0.5 nmol) resulted in a much
higher fold enhancement ratio compared with MC1R control
tumors of 12.7-, 6.6-, and 5.2-fold at 4 h, 24 h, and 48 h after
injection (Fig. 4B). This lower dose also led to higher tumor
uptake of htMVL 2 in the target tumors compared with CCK2R
control tumors of 5.9-, 6.0-, and 6.2-fold at 4 h, 24 h, and 48 h
after injection (Fig. 4D). These data are consistent with the hy-
potheses that disappearance of fluorescence signal was associ-
ated with dye quenching or metabolism, and that lower doses of
htMVLs provide greater ability to discriminate cells with two,
compared with one, cognate receptors.
To determine that the tumor uptake of htMVL 2 was associated

to the two target receptors, blocking agents were preinjected be-
fore injection of htMVL 2 (Fig. 4E). These blocking experiments
revealed that Eu uptake was significantly reduced by 65%, 73%,
and 78% by injection of NDP-α-MSH, CCK8, and both, re-
spectively, compared with target tumors without any blocking
agent treatment (Fig. 4E). These data suggest that the uptake with
Eu-labeled conjugate was associated with the two target receptors
and further confirmed the high selectivity of the heterobivalent
ligand targeting in the mouse xenograft model.
Eu uptake in the kidney, and lower but measurable uptake in

the liver, were also observed (Fig. 4 F and G). The amounts of
Eu in the kidney were significantly lower at 48 h after injection
compared with 4 h and 24 h, which may indicate clearance.
Blocking experiments (Fig. 3C) had no effect on the signal from
kidney, whereas there was a significant decrease of the signal from
the target tumor, suggesting that renal uptake was nonspecific.
Mathematical models were applied to calculate whether mul-

tivalency can explain increased enhancement at low doses (Fig.
S5 and SI Materials and Methods) (31). The model results captured
the trend of the measured data and also show that multivalency
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Fig. 3. In vivo fluorescence imaging of Cy5 htMVL 1 specifically retained in target tumors. (A) Representative time course of fluorescence images of the Cy5
htMVL 1 retained in mice bearing xenograft tumors. R flank, target tumor; L flank, control tumor (MC1R control). (B) Mean surface radiance of htMVL 1 (2.5
nmol per mouse) in the target tumors (red bars) and control tumors (black bars) was quantified at the indicated postinjection time points. Fold increase of
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images of blocking experiments. Control (+) (n = 4): 2.5 nmol htMVL 1 per mouse; Block 1 (n = 3): 2.5 nmol htMVL 1 + 50 nmol NDP-α-MSH; Block 2 (n = 5): 2.5
nmol htMVL 1 + 50 nmol CCK8; Block 3 (n = 3): 2.5 nmol htMVL 1 + 50 nmol CCK8 + 50 nmol NDP-α-MSH. (D) Mean surface radiance for each target tumor (R
flank) under each condition. Error is reported as SEM. Block 2 and block 3 agents lead to significantly decreased signal compared with control tumors (without
blocking). (E) Representative ex vivo image of tumors and organs excised 4 h after injection of 2.5 nmol htMVL 1. Tumor (R): target tumor; Tumor (L): control
tumor. (F) Mean surface radiance for each organ. Error is expressed as SEM (n = 6), *P < 0.05.
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alone could account for the fold enhancement of the 0.5 nmol
injection being greater than that of the 2.5 nmol injections.

Discussion
Herein describes a study testing the feasibility of enhanced spec-
ificity targeting tumor cells using heterobivalent ligands. Pre-
vious work has demonstrated that two functionally unrelated
GPCRs, i.e., MC4R and CCK2R, or MC4R and the δ-opioid

receptor (δ-OR), can be noncovalently cross-linked by their
corresponding heterobivalent ligands with high avidity (12, 17,
19). Multivalency can increase binding avidity, but not neces-
sarily increase targeting specificity (32, 33). By following the
previous in vitro findings, the current work studied the param-
eters including linker length and flexibility, surface receptor
expression level per cell, ratio of receptor expression level, re-
ceptor-ligand affinity, and ligand concentration on which this tar-
geting specificity depends.
The linker, Pego-[PG]3-Pego, a combination of rigid and flexible

linker, demonstrated dynamic mobility over time and tempera-
ture ranges and spanned distances of 30∼70 Å as predicted by
computer models (Fig. 1 B–D). As evidenced by the in vitro
binding results, this linker structure allowed both side ligands of
the heterobivalent compounds, htMVL 1 and htMVL 2, to reach
and simultaneously bind to adjacent receptors, resulting in an
avidity enhancement of bivalent compared to monovalent bind-
ing modes. We have proposed (11, 16) and modeled (15) that
maximal specificity of heterobivalent targeting could be achieved
with target cells that express both receptor types at similar levels
within the range of receptors per cell observed in human cancer
(∼400–10,000) (34), whereas control cells could express one or
the other marker with expression levels comparable to those
found in the dual expressing tumors. However, heterogeneity of
expression is expected to be common in human tumors, and
receptor numbers may not be equivalent or uniform. We were
unable to produce cells with equivalent expression levels of the
two target receptors. However, such discrepancies are likely to
be common in vivo. Thus, although this model system was not
optimal, it may reflect the native distribution of target receptors
and, thus, enabled us to determine the specificity that could
potentially be achieved in patients.
Regardless of expression levels or affinities, optimization of

this targeting in patients will require maintaining the ligand
levels at doses much lower than the Kd for the highest affinity
monomer. In this study, we observed that the higher dose of the
heterobivalent ligand (2.5 nmol) exhibited no specificity for the
dual receptor expressing tumors relative to the tumor that only
expressed CCK2R. This observation is in contrast to the 7.4-fold
specificity observed for the dual expressing tumor relative to the
tumor expressing MC1R alone. This difference was likely due to
differences in receptor expression levels among the tumor lines
and differences in binding affinities of the two ligands for their
corresponding receptor, i.e., the CCK2R number per cell was
much higher than MC1R and the CCK2R pharmacophore had
higher affinity compared with that for MC1R. Thus, when the
heterobivalent ligand was administered at a high dosage, most
MC1R sites were occupied because of heterobivalent inter-
actions, but approximately half of the observed signal originated
from monovalent binding to the CCK2R receptor from the
remaining probe in circulation. In contrast, at lower doses, most
binding appeared to be heterobivalent, the heterobivalent con-
structs exhibited higher specificity for the dual marker expressing
tumors relative to the single marker tumors. These conclusions
were supported with a mass balance model (Fig. S5). Hence,
although fine-tuning ligand affinities to relative and scalar
receptor numbers may be possible in well-characterized in
vitro systems, such chemistry will be impractical in vivo be-
cause receptor numbers will be nonuniform and difficult to
quantify. An ideal system will likely contain two (or more)
relatively weak pharmacophores (35). Most important, it will
be essential that these ligands are provided at small doses to
maximally exploit the multivalent avidity enhancement.
The current in vivo studies consistently showed high nonspecific

renal uptake of Cy5- or Eu-labeled ligands (Figs. 3E and 4 F and
G). Although this result does not invalidate the current proof-of-
principle study, it will be imperative to minimize renal uptake if
a therapeutic payload is attached. Notably, improved renal clear-
ance of ligands can be achieved with coinjection of L-lysine (36) or
glycosylation of the ligand (37). Future use of these small mole-
cule multivalent ligands as targeting agents will require that
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Fig. 4. In vivo quantification of Eu htMVL 2 retained in target tumors. (A)
Eu content (fmol/mg of tumor) was measured for each tumor from mice
injected with 2.5 nmol Eu htMVL 2 as determined by time-resolved fluor-
ometry. The Eu content in target tumors was significantly higher than that in
MC1R control tumors. n = 3 for each time point. (B) Eu content in target
tumors versus MC1R control tumors from mice treated with a lower dose (0.5
nmol per mouse). n = 3 for each time point. (C) Eu content in target tumors
versus CCK2R control tumors with 2.5 nmol Eu htMVL 2 treatments. n = 3 for
each time point. (D) Eu content in target tumors versus CCK2R control
tumors with 0.5 nmol Eu htMVL 2. n = 8 for each time point. (E) Eu content
was measured in the target tumors under the following conditions: Control
(+) (n = 4): 0.5 nmol htMVL 2 per mouse; Block 1 (n = 6): 0.5 nmol htMVL 2 +
50 nmol NDP-α-MSH; Block 2 (n = 5): 0.5 nmol htMVL 2 + 50 nmol CCK8;
Block 3 (n = 5): 0.5 nmol htMVL 2 + 50 nmol CCK8 + 50 nmol NDP-α-MSH. (F)
Eu content was measured for the kidney and liver from mice injected with
2.5 nmol of htMVL 2. n = 3 for each time point. (G) Eu content was also
measured with a lower dose (0.5 nmol per mouse) in the kidneys and livers.
n = 3 for each time point. *P < 0.05.
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nonspecific renal uptake be reduced. Further studies will be
needed to determine the circulation time of these multivalent
constructs in the blood, bioavailability in tissues and organs, po-
tential activation of the immune system, and toxicity. In addi-
tion, a better understanding of cell-surface receptor expression
levels in patient tumors and normal tissues will need to
be developed.
The synthetic heterobivalent ligands developed in this study

are relatively small (<5 kDa), highly active binders that display
a tumor selectivity due to the multivalent effect. Hence, the
primary goal of this study was achieved. This design is a suc-
cessful application of heteromultivalency to in vivo targeting of
two functionally unrelated GPCRs on the cell surface using small
synthetic ligands (Fig. S1A). The in vitro and in vivo fluorescence
imaging with Cy5-conjugated htMVL show a direct visualization
of the binding results and a clear demonstration of binding and
cross-linking of the complementary receptor combination on
target cells with enhanced specificity. This high specificity was
further quantified and confirmed by analysis of excised tumors
and organs for the presence of the Eu-conjugated htMVL. These
findings open the possibility for development of new multivalent
agents targeted to unique receptor combinations in tumor cells
with a high degree of specificity. Although targeting of tumor
cells was the focus of this work, this approach need not be lim-
ited to targeting cancers, but may also be useful for targeting
other therapies to nonmalignant pathologies.

Materials and Methods
All animal experiments were performed under a protocol approved by the
University of South Florida Institutional Animal Care and Use Committee.

HCT116 cells stably expressing MC1R or CCK2R or both were made in our
laboratory. The ligands were synthesized by using Nα-Fmoc/tBu strategy (17)
and molecular dynamic profiling for assessing ligand mobility was per-
formed as described (38–40). Stable HCT116 tumor cell lines were charac-
terized by time-resolved fluorescence (TRF) binding assays and receptor
densities determined for each cell line as described (19).

In vivo imaging experiments were performed on female nu/nu mice
(Harlan) bearing the target and control tumors by using a Perkin-Elmer IVIS
200 imaging system. Themice received tail vein injection of htMVL 1 andwere
imaged at various time points after injection. Ex vivo experiments of htMVL 2
were conducted in the same tumor-bearing mice model. Eu was measured
from the harvested tumors and tissues using TRF.

Receptor-ligand binding was modeled based on the work by Caplan and
Rosca (15, 31). All data were expressed as mean ± SEM. Statistical signifi-
cance was determined by using two-tailed t test with a significance level of
P < 0.05.

Further details on experimental and analytical methods (see also Dataset
S1) are provided in SI Materials and Methods.
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