
Melanocortin-1 Receptor-Targeting Ultrasmall Silica 
Nanoparticles for Dual-Modality Human Melanoma Imaging

Feng Chen1,†, Xiuli Zhang2,†, Kai Ma3,†, Brian Madajewski1, Miriam Benezra1, Li Zhang1, 
Evan Phillips1,+, Melik Z. Turker3, Fabio Gallazzi2, Michael Overholtzer4,5, Mohan Pauliah1, 
Mithat Gonen6, Pat Zanzonico7, Ulrich Wiesner3,*, Michelle S. Bradbury1,*, and Thomas P. 
Quinn2,*

1Department of Radiology, Sloan Kettering Institute for Cancer Research, New York, NY 10065, 
USA

2Department of Biochemistry, University of Missouri, Columbia, MO 65211, USA and Harry S 
Truman Veterans’ Hospital, Columbia, MO 65201 USA

3Department of Materials Science & Engineering, Cornell University, Ithaca, NY 14853, USA

4Cell Biology Program, Sloan Kettering Institute for Cancer Research, New York, NY 10065, USA

5BCMB Allied Program, Weill Cornell Medical College, New York, NY 10065, USA

6Department of Epidemiology and Biostatistics, Sloan Kettering Institute for Cancer Research, 
New York, NY 10065, USA

7Department of Medical Physics, Sloan Kettering Institute for Cancer Research, New York, NY 
10065, USA

8Molecular Pharmacology Program, Sloan Kettering Institute for Cancer Research, New York, NY 
10065, USA

Correspondence and requests for materials should be addressed to: T. Quinn, quinnt@missouri.edu, M.S. Bradbury, 
bradburm@mskcc.org, and U. Wiesner, ubw1@cornell.edu.
†FC, XZ, KM contributed equally to the work.
*UW, MB, TQ contributed equally to the work.
+Present address: Weldon School of Biomedical Engineering, Purdue University, West Lafayette, Indiana 47907 USA
Present Addresses
Department of Biochemistry, University of Missouri, Columbia, MO 65211, USA and Harry S Truman Veterans’ Hospital, Columbia, 
MO 65201 USA
Department of Radiology and Molecular Pharmacology Program, Sloan Kettering Institute for Cancer Research, New York, New York 
10065, USA.
Department of Materials Science & Engineering, Cornell University, Ithaca, New York 14853, USA.

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

ASSOCIATED CONTENT
Supporting Information. This material is available free of charge via the Internet at http://pubs.acs.org. Sequences of four custom-
synthesized αMSH peptides for particle attachment. Biodistribution profile of 131I-αMSH-PEG-Cy5-C′ dots (Version I, FCS size: 
6.3 nm, number of Cy5/C′ dot: 2.3), synthesized using Peptide I. Biodistribution profile of 131I-αMSH-PEG-Cy5-C′ dots (Version 
II, FCS size: 4.8 nm, number of Cy5/C′ dot: 2.6), synthesized using Peptide II. Viability and proliferation of M21 cells and B16F10 
cells as a function of particle concentration and incubation time. Deconvolution of the UV-Vis spectrum of αMSH from the spectrum 
of αMSH-PEG-Cy5-C′ dots. PET/CT maximum intensity projection (MIP) images at 2 hours after i.v.-injection of 124I-αMSH-PEG-
Cy5-C′ dots in B16F10 tumor-bearing mice. Competitive MC1-R receptor binding with NH2-αMSH-PEG-Cy5-C′ dots (10 nM) and 
NDP blocking peptide (100 mg, or 50 mg/mL) in B16F10 cells. Tables of biodistribution data from M21 (and B16F10) tumor-bearing 
mice injected with 125I-αMSH-PEG-Cy5-C′ dots. Tables of tumor-to-background ratios (blood, muscle, and liver) from M21 (and 
B16F10) tumor-bearing mice injected with 125I-αMSH-PEG-Cy5-C′ dots.

HHS Public Access
Author manuscript
ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 February 08.

Published in final edited form as:
ACS Appl Mater Interfaces. 2018 February 07; 10(5): 4379–4393. doi:10.1021/acsami.7b14362.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org


Abstract

The poor prognosis associated with malignant melanoma has not changed substantially over the 

past 30 years. Targeted molecular therapies, such as immunotherapy have shown promise, but 

suffer from resistance and off-target toxicities, underscoring the need for alternative therapeutic 

strategies that can be used in combination with existing protocols. Moreover, peptides targeting 

melanoma-specific markers, like the melanocortin-1 receptor (MC1-R), for imaging and therapy 

exhibit high renal uptake that limits clinical translation. In the current study, the application of 

ultrasmall fluorescent (Cy5) silica nanoparticles (C′ dots), conjugated with MC1-R targeting 

alpha melanocyte stimulating hormone (αMSH) peptides on the polyethylene glycol (PEG) coated 

surface, is examined for melanoma-selective imaging. αMSH peptide sequences, evaluated for 

conjugation to the PEG-Cy5-C′ dot nanoparticles, bound to MC1-R with high affinity, and 

targeted melanoma in syngenetic and xenografted melanoma mouse models. Results demonstrated 

a 10-fold improvement in MC1-R affinity over the native peptide alone following surface 

attachment of the optimal αMSH peptide. Systematic in vivo studies further demonstrated 

favorable in vivo renal clearance kinetics as well as receptor-mediated tumor cell internalization of 

as-developed radiolabeled particle tracers in B16F10 melanoma bearing mice. These findings 

highlight the ability of αMSH-PEG-Cy5-C′ dots to overcome previous hurdles that prevented 

clinical translation of peptide and antibody-based melanoma probes, and reveal the potential of 

αMSH-PEG-Cy5-C′ dots for melanoma selective imaging, image-guided surgery, and therapeutic 

applications.

Graphical Abstract
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INTRODUCTION

Melanoma is the deadliest form of skin cancer. Although early diagnosis and treatment 

results in a high percentage of cures, the survival rate significantly declines to only 15–20% 

for systemic melanoma disease spread.1 The mortality rate from melanoma has not changed 

substantially over the past 25 years. In addition, mechanisms underlying melanoma 

treatment resistance remain elusive. Treatment resistance is likely due to a combination of 

immune surveillance avoidance, multidrug resistance, and persistent melanoma stem cell 

populations.2–4 However, therapeutic exploitation of genetic mutations in melanoma and the 

discovery of targets for cancer immunotherapies have resulted in better treatment paradigms 

for patients.5–10 As a result of advancing such novel targeted treatment options, improved 

clinical responses have been achieved, although generally short-lived (6–12 months) and 

accompanied by immune resistance mechanisms and/or activation of alternative signaling 

pathways.2, 5, 11 Of critical need, therefore, are alternative systemic therapeutic options that 

target new melanoma-specific signaling pathway markers.

The melanoma biomarker, melanocortin-1 receptor (MC1-R), is overexpressed on the 

surface of human melanoma tumor cells, and serves as an attractive target for melanoma-

specific imaging and the selective delivery of therapeutic agents.12–18 Its naturally occurring 

ligand is a 13-amino acid peptide, alpha melanocyte stimulating hormone (αMSH), which is 

involved in the regulation of skin pigmentation, as well as immune and anti-inflammatory 

responses.19 Numerous structure-activity studies have identified linear and cyclic peptide 

agonists and antagonists with nanomolar and subnanomolar binding affinities.20 Binding of 

MC1-R agonists to receptors expressed on melanoma cells results in rapid cellular 

internalization of the receptor-peptide complex, and this mechanism has been exploited for 

receptor-mediated internalization of radiolabeled, optical, and therapeutic peptide 

complexes.

Potent radiolabeled peptide analogs of the αMSH sequence, such as [Nle4, D-Phe7]- αMSH 

(NDP),21 have been extensively studied as imaging and therapeutic agents. Although early 

NDP radioconjugates22,23 suffered from low tumor retention and poor biodistribution 

properties, cyclization of the core MC1-R binding region of the αMSH sequence via metal 

coordination or lactam bond formation resulted in radiolabeled peptides with high tumor 

uptake and prolonged retention.16, 24–25 However, their high non-specific uptake in 

radiosensitive organs, such as the kidneys, together with limited mid-gut imaging sensitivity 

and low tumor-to-background ratios, have hampered clinical translation efforts.15, 26

To overcome these limitations, several strategies have been advanced, including linker 

optimization, peptide multimerization, and the attachment of peptides onto nanoparticle 

surfaces. Optimization of linkers bridging the peptide with a radiometal chelator have led to 

incremental improvements in tumor-to-kidney ratios, while the greatest improvements were 

found to occur after altering the net charge of the entire molecular complex.15–16 Further, the 

multimerization of αMSH peptides has resulted in constructs with improved in vitro cell 

binding affinities. However, these same constructs demonstrated poor in vivo 
pharmacokinetic properties due to increased hydrophobicity and reduced tissue penetration.
27 Finally, the use of different types of nanomaterials, such as liposomes and dendrimers, 

Chen et al. Page 3

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conjugated with multiple copies of αMSH analogs, has generally resulted in only modest 

increases in in vitro MC1-R binding affinities.28 Although preliminary in vivo MC1-R 

targeting studies utilizing larger diameter αMSH-conjugated particles, such as polymer 

micelles29 (i.e., ~100 nm) and hollow gold nanospheres30 (i.e., 40 nm) have been reported, 

high non-specific accumulation of these products in the reticuloendothelial system (RES) 

has led to significantly decreased target-to-background ratios31 and/or raised concerns for 

off-target toxicity, thereby hindering their translational potential. As a result, successful 

translation of an MC1-R targeted imaging platform demonstrating favorable biological and 

clearance properties has not been achieved.

Herein we report on the structure-activity relationships for a small library of custom-

synthesized rhenium (Re)-cyclized αMSH peptide ligands linked to positron emission 

tomography (PET) imaging labels conjugated to latest-generation ultrasmall “target-or-

clear” silica nanoparticles (i.e., Cornell prime dots or C′ dots) with different surface 

chemical designs.32–33 These efforts are based on earlier work in which C′ dots were 

surface engineered with controllable numbers of surface functional groups.34–36 We 

characterize the resulting ultrasmall (diameter < 10 nm) MC1-R targeting and dual-modality 

C′ dot conjugates (Scheme 1) in terms of their photophysical and in vitro/in vivo biological 

properties in melanoma cell lines and xenograft tumor models in comparison to the native 

αMSH peptide and/or particle and biological controls. The coupling of different radiolabels, 

such as radiohalogens (i.e., iodine-125; 125I) or radiometals (i.e., zirconium-89; 89Zr), to the 

particle surface facilitates comparisons of the pharmacokinetics (PK), clearance, and/or 

tumor-targeting profiles of these radioconjugates. Results demonstrated statistically 

significant increases in MC1-R-specific tumor-targeted uptake and target-to-background 

ratios of 89Zr-DFO-αMSH-PEG-Cy5-C′ dots over the time course of the study, as well as 

internalization of the targeted particle probes in tumor tissue specimens. No significant 

difference was found in the PK profiles measured at 24 hours post-injection (p.i.) for 

particles labeled with different radionuclides. We hope these findings will serve as the 

foundation for next-stage diagnostic and/or radiotherapeutic developments by exploiting a 

variety of radiometals for the image-guided treatment of human melanoma.

RESULTS AND DISCUSSION

Synthesis and screening of MC1-R targeting peptide(s)

MC1-R targeting peptide ligands used for C′ dot synthesis were developed on the basis of 

the ReCCMSH molecule (Ac-Re[Cys3-Cys4-Glu5-His6-d-Phe7-Arg8-Trp9-Cys10]-Arg11-

Pro12-Val13-NH2; superscripts refer to amino acid number based on the native αMSH 

sequence), and cyclized via rhenium (Re) coordination by Cys-3, Cys-4, and Cys-10 

sidechain thiols as well as the Cys-4 amide.24, 37 The initial strategy involved modification 

of the de-acetylated ReCCMSH molecule (Figure S1a; Peptide I) with N-succinimidyl S-

acetylthiolacetate (SATA) and the Bolton-Hunter reagent, N-succinimidyl-3-(4-

hydroxypheynyl) propionate (SHPP). The SATA reaction and deprotection converted a 

primary amine to a free thiol for thiol-ene click chemistry with a heterobifunctional 

maleimide containing PEG used in the C′ dot synthesis, while SHPP conjugation enabled 

the ReCCMSH-C′ dot to be radioiodinated. Radiochemical yields of the 131I-ReCCMSH-
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PEG-C’dots were poor (<2%), and an initial biodistribution study demonstrated transient 

tumor uptake and GI clearance (Figure S2a). A second ReCCMSH peptide analog was 

synthesized with a pendant tyrosine residue for direct radioiodination (Figure S1b: Peptide 

II). The amino terminus of the peptide was modified by SATA to facilitate C′ dot synthesis. 

The radiolabeling yield for the Ser-Tyr(131I)-Ser-ReCCMSH-PEG-Cy5-C′ dots was ~7%. 

Preliminary biodistribution results showed poor tumor uptake and evidence of in vivo 
deiodination (Figure S2b). The third peptide design (Figure S1c: Peptide III) contained a 

double aminohexanoic acid (Ahx)2-linker between an N-terminal Ac-Cys and the D-Lys-

ReCCMSH peptide (Figure 1a). The D-Lys sidechain could be modified for radiolabeling 

via the addition of prosthetic groups (i.e., SHPP) or metal chelators. Ac-Cys-(Ahx)2-D-Lys-

Re[Cys-Cys-Glu-His-dPhe-Arg-Trp-Cys]-Arg-Pro-Val-NH2 (αMSH, Figure S1c) was 

conjugated with maleimide-terminated heterobifunctional PEG-silane molecules via the N-

terminal Cys thiol in preparation for nanoparticle PEGylation. The αMSH peptide was 

synthesized in its entirety using Fmoc chemistry, and high-purity batches could be produced 

at a large scale (Figure 1b). The IC50 value measured for the MC1-R targeting D-Lys-

ReCCMSH peptide was 6.2×10−9 M (Figure 1c). A scrambled αMSH peptide (Scr-MSH: 

Ac-Cys-(Ahx)2-D-Lys-Re[Cys-Cys-Trp-Arg-His-dPhe-Glu-Cys]-Arg-Pro-Val-NH2, Figure 

S1d) was also designed as a negative control for MC1-R binding. The IC50 of the scrambled 

peptide was 3.7×10−6 M (data not shown). Peptide III was found to be superior to Peptides I 

and II in terms of synthetic yield and/or stability, and therefore was selected as the lead 

candidate for αMSH-PEG-C′ dot synthesis and characterization and for performing in vitro 
and in vivo MC1-R targeting studies.

Synthesis and characterization of αMSH -PEG-Cy5-C′ dots

The αMSH-PEG-Cy5-C′ dots described in this paper were prepared using the latest 

synthesis protocol of Cornell dots (C dots).32 This new generation of Cornell dots is referred 

to as Cornell prime dots, or in short C′ dots. As compared to the original conventional 

Stöber process derived C dots using ethanol as the reaction medium,38–39 the synthesis of C′ 
dots is now conducted in water. Fast hydrolysis and condensation of silane molecules in an 

aqueous environment facilitates the formation of homogeneous ultra-small silica 

nanoparticles,32, 40–41 which is different from the process associated with larger size (>10 

nm HD) silica particles.42 At the same time, silane-modified Cy5 dyes were added together 

with the silica source to be covalently encapsulated in the silica nanoparticles during their 

formation, endowing the particles with bright near-infrared fluorescence.43–45 Additionally, 

the aqueous environment also promotes the formation of hydrogen bonds between silica 

surface and peptide ligands.33 As a result, by adding monofunctional PEG-silane and αMSH 

modified heterobifunctional αMSH-PEG-silane into the reaction mixture, PEG-silane and 

and in particular αMSH-PEG-silane were quickly adsorbed by the silica nanoparticle 

surface, terminating the particle growth.33, 41 An overnight high temperature treatment at 

80 °C was then applied to further enhance the covalent attachment of PEG-silane and 

αMSH-PEG-silane to the nanoparticles. The resulting αMSH-PEG-Cy5-C′ dots were 

finally purified by gel permeation chromatography (GPC),34, 36 and characterized by a 

combination of different techniques, including GPC, transmission electron microscopy 

(TEM), ultraviolet–visible (UV-Vis) spectroscopy, and fluorescence correlation spectroscopy 

(FCS).
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The αMSH-PEG-Cy5-C′ dots synthesized through this approach (Scheme 1) contained Cy5 

fluorescent dyes in the silica matrix. The particle surface was modified with PEG chains, 

ensuring their high bio-compatibility. αMSH peptides were covalently attached at the end of 

some of the PEG chains, enabling active tumor targeting. The GPC elugram of the resulting 

purified αMSH-PEG-Cy5-C′ dots showed only a single peak at around 9 min, which was 

well fitted by a single, symmetric Gaussian distribution function (Figure 2a), demonstrating 

high purity of the final particle product and narrow particle size distribution, consistent with 

TEM observations (inset of Figure 2a).34, 36 The average hydrodynamic diameter of the 

αMSH-PEG-Cy5-C′ dots was 6.2 nm, according to a fit of the fluorescence correlation 

spectroscopy (FCS) correlation curve (Figure 2b). In addition to particle size, the FCS fit 

also provides particle concentration, which in combination with optical spectroscopy can be 

used to estimate particle fluorescence brightness and average numbers of functional ligands 

on each particle.36, 43 The UV-Vis spectrum of the αMSH-PEG-Cy5-C′ dots exhibited an 

absorbance peak at around 650nm, consistent with the absorbance of Cy5 dye. In addition, 

strong absorbance in the regime of wavelength < 300 nm was observed, which was attributed 

to the αMSH peptides attached to the C′ dot surface (Figure 2c). As demonstrated for other 

ligands before, the UV-Vis spectrum of αMSH-PEG-Cy5-C′ dots was deconvoluted into the 

contributions from Cy5-PEG-Cy5-C′ dots and αMSH, through fitting the spectrum by a set 

of standard spectra of individual components (Figure 2d, e; Figure S4).36 Through dividing 

the ligand concentrations obtained from UV-Vis spectral analysis by the particle 

concentration obtained from FCS, the average numbers of Cy5 dyes and αMSH peptides per 

particle were estimated to be 1.5 and 6.9, respectively.

In vitro receptor targeting and cellular uptake studies of αMSH-PEG-Cy5-C′ dots

The in vitro cell binding kinetics and targeting specificity of αMSH-PEG-Cy5-C′ dots 

bearing, on average, about 7 αMSH ligands per C′ dot, were evaluated by flow cytometry in 

murine and human MC1-R-overexpressing cell lines, B16F10 and M21, respectively, using 

MC1-R receptor blocking assays and particle controls (i.e., Scr-MSH-PEG-Cy5-C′ dots). 

Figure 3a shows the concentration-dependent cell binding and uptake of αMSH-PEG-Cy5-C

′ dots in B16F10 and M21 cells, as against that found in media alone (0.5% BSA). 

Enhanced particle uptake in both cell lines was observed with increasing particle 

concentrations (i.e., 0 – 250 nM) over a 4 hour incubation period. Saturation binding was 

seen to occur at ~100 nM for the B16F10 cell line and 150 nM for M21 cells, which is likely 

related to known differences in the regulation of MC1-R expression in mouse and human 

cells,46 a combination of receptor density,14, 47 internalization kinetics, and receptor 

recycling rates. Furthermore, αMSH-PEG-C′ dot uptake in B16F10 and M21 cells using 

100 nM concentrations was seen to increase as a function of incubation time by flow 

cytometry (Figure 3b), noting that maximum values for both cell types were found at 4–5 

hours.

To assess in vitro MC1-R binding specificity, blocking studies using an anti-MC1-R 

antibody were performed by using flow cytometry. As shown in Figure 3, competitive 

binding assays showed that uptake via MC1-R was almost completely blocked (~90%) in 

M21 cells (Figure 3c) and partially blocked (i.e., > 60%) in B16F10 cells (Figure 3d) using 

excess (×6–9) anti-MC1-R antibody prior to addition of 25 nM αMSH-PEG-Cy5-C′ dots. 
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Differences in the degree of receptor blocking may be attributed to variations in the rates of 

MC1-R internalization and/or recycling rates to the cell surface in mouse and human 

melanoma cells. For instance, endocytosed MC1-R receptors in B16 cells do not recycle 

back to the cell surface,46 so that fewer receptors may be available for binding. Targeting 

specificity of αMSH-PEG-Cy5-C′ dots was further demonstrated in B16F10 cells by MC1-

R receptor binding with 25 nM of Scr-MSH-PEG-Cy5-C′ dots under the same incubation 

conditions, and findings were similar to those found with anti-MC1-R antibody (i.e., >60%; 

Figure 3e).

These results were confirmed by competitive binding assays, which measured the IC50 of 

αMSH-PEG-Cy5-C′ dots for MC1-R using B16F10 melanoma cells and a radioiodinated 

αMSH analog 125I-(Tyr2)-[Nle4, D-Phe7]-αMSH (125I-NDP), the latter exhibiting picomolar 

affinity for MC1-R.21 The IC50, or concentration of nanoparticle required to inhibit 50% of a 

standard radiolabeled MC1-R agonist binding, was determined for both αMSH-PEG-C′ dot 

and Scr-MSH-PEG-C′ dot constructs over concentrations ranging from 10−13 to 10−5 mol/L 

(Figure 3f). The IC50 value for αMSH-PEG-Cy5-C′ dots was estimated to be 6.6×10−10 M, 

while that for the negative particle control (i.e., Scr-MSH-PEG-Cy5-C′ dots) was 2.3×10−8 

M, suggesting that differences in MC1-R affinity between the αMSH-PEG-Cy5-C′ dots and 

the Scr-MSH-PEG-Cy5-C′ dots were more than two orders of magnitude.

Intracellular localization of αMSH-functionalized C′ dots in M21 and B16F10 cells was 

found to occur primarily via an MC1-R-driven endocytic mechanism, similar to that found 

for MC1-R targeting ligand–receptor complexes.48 To assess whether this process was 

temperature-dependent, and whether attachment of αMSH peptides to the surfaces of such 

ultrasmall particles promoted their accumulation in M21 and B16F10 cells, the uptake of 

particle-exposed cells was investigated at 3 different temperatures (i.e., 4°, 25°C and 37°C) 

over a 4-hour incubation period. The results, summarized in Figures 4a and 4b, 

demonstrated that cellular internalization of αMSH-PEG-Cy5-C′ dots progressively rose in 

both M21 (Figure 4a) and B16F10 (Figure 4b) cells as a function of incubation 

temperatures. In addition, significantly decreased particle uptake was observed at 4°C (i.e., 
>95%) relative to that found at 37°C, suggesting that intracellular internalization occurred 

primarily via MC1-R-dependent receptor-mediated endocytosis.49–50 Similar results were 

observed for early-generation cRGDY-functionalized C dots in ανβ3 integrin-overexpressing 

cell lines.51 Representative microscopic imaging of M21 cells (Figure 4c) 4 hours after 

particle exposure showed that internalized αMSH-PEG-Cy5-C′ dots resided in late 

endosomes/lysosomes, as demonstrated by co-localization with an expressed LAMP1-GFP 

protein that labels these compartments.

To demonstrate that no significant loss of cell viability or proliferative activity occurred due 

to the presence of particles, both M21 and B16F10 cells were exposed to αMSH-PEG-Cy5-

C′ dots over a wide range of concentrations (0–250 nM) and incubation times (0–96 hrs) in 

serum-supplemented media at 37°C. In both cases, no significant loss of cell survival was 

observed at two post-incubation times relative to findings seen under control conditions 

(Figure S3a, 3b). Furthermore, time-dependent increases in the number of cells were found 

following multi-dose (n=4) addition of 100 nM particles to M21 and B16F10 cells, 

suggesting no adverse effects on cellular proliferation (Figure S3c). Taken together, these 
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results demonstrate site-specific targeting, cellular internalization via endolysosomal 

pathways, and an absence of cytotoxicity of αMSH-PEG-Cy5-C′ dots in MC1-R-

overexpressing cell lines.

Biodistribution and radiodosimetry of 125I-αMSH-PEG-Cy5-C′ dots

After demonstrating MC1-R specific cellular targeting in vitro, we studied the PK of 

radiolabeled αMSH-PEG-Cy5-C′ dots in MC1-R-overexpressing tumor models. As-

synthesized αMSH-PEG-Cy5-C′ dots were initially radiolabeled with iodine-125 (125I) by 

reacting 125I-Bolton-Hunter reagent with primary amines associated with the αMSH-bound 

C′ dots, then purified using a PD-10 column to remove any free, unreacted 125I (see 
experimental section for more details). The in vivo biological properties of intravenously 

(i.v.)-injected 125I-αMSH-PEG-Cy5-C′ dots (~50 μCi, or ~1.85 MBq), including their PK, 

tumor-targeting efficiency, and target-to-background ratios were then evaluated over a range 

of post-injection time points (i.e., 1, 4, 24, 72 and 96 h) in both M21 and B16F10 

xenografted mice, as shown in Figure 5. Favorable PK findings were observed for the 

particle tracer, including a reasonably long blood circulation half-time, dominant renal 

clearance, and minimal reticuloendothelial system (RES) uptake-results significantly 

different from those found for the native peptide radiotracer, specifically rapid renal 

clearance and high renal retention.15, 26

As shown in Figure 5a and Table S1, whole-blood activity concentration of 125I-αMSH-

PEG-C′ dots, obtained from M21 tumor-bearing mice, was found to be ~20 %ID/g at early 

p.i. time points, gradually declining thereafter to ~9 and ~1 %ID/g at 24 and 96 h p.i., 
respectively. Dominant renal excretion was confirmed by the high activity measured in urine 

specimens, namely, >100 %ID/g at 1 h p.i. and >30 %ID/g at 4 h p.i. (Figure 5b). Renal 

uptake was only about 5 %ID/g at 4 hours p.i., followed by a decline in the activity to 

<1 %ID/g at 96 h p.i. Liver and spleen uptakes were also relatively low (i.e., <5 %ID/g at 24 

h p.i. and ~2 %ID/g at 96 h p.i.). Maximal 125I-αMSH-PEG-Cy5-C′ dot uptake in M21 

tumors was estimated to be 5–6 %ID/g. Given the clearance of 125I-αMSH-PEG-Cy5-C′ 
dots from the circulation and tumor retention of the particles, tumor-to-blood ratios were 

observed to increase from 0.2±0.1 at 1 h p.i. to 5.8±2.7 at 96 h p.i. (Figure 5a-inset, Table 

S2). Maximal tumor-to-muscle and tumor-to-liver ratios were found to be 8.3±3.0 and 

1.8±0.6, respectively (Figure 5a-inset, Table S2). A similar PK profile was found in mice 

bearing MC1-R-overexpressing B16F10 xenografts, namely increased blood and urinary 

activity concentrations at early p.i. time points, as well as low kidney and RES uptake 

(Figure 5c and d, Table S3 and S4). It is important to note that B16F10 tumor-bearing mice 

voided before urine specimens were obtained at 1 h p.i., thereby leading to underestimates of 

the %ID/g for that time point (Figure 5d). While uptake of 125I-αMSH-PEG-C′ dots in 

B16F10 xenografts was roughly equivalent to that found in M21 xenograft models at early 

time points, progressively reduced uptake was measured for B16F10 tumors (from 

~4.8 %ID/g down to 1.2 %ID/g) at later p.i. time points (i.e., 72 and 96 h) compared to that 

found for M21 tumors, presumably due to the rapid tumor doubling time (i.e., about 4 days) 

of the former. In both cases, over 90% of the injected 125I-αMSH-PEG-Cy5-C′ dots were 

renally excreted within the first 4 days p.i.
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On the basis of appropriate organ mass-adjusted translation of the foregoing biodistribution 

data (Figure 5) to humans, time-integrated activities and human (70-kg Reference Person) 

normal-organ radiation absorbed dose were derived using the OLINDA computer program 

(yielding doses expressed in mGy/MBq 125I administered).52 The PK profiles of 125I-

αMSH-PEG-C′ dots in both MC1-R-overexpressing tumor models and their normal-organ 

radiation doses (Table 1) were found to be nearly equivalent; the latter were also comparable 

to those of commonly used diagnostic radiotracers.

In vivo tumor-targeted PET imaging of 89Zr-DFO-αMSH-PEG-Cy5-C′ dots

αMSH MSH-PEG-Cy5-C′ dots in B16F10 xenografted mice, in vivo PET/CT imaging was 

initially performed after i.v.-injection of αMSH-PEG-Cy5-C′ dots conjugated with Bolton-

Hunter reagent and radiolabeled with the positron-emission radioisotope, iodine-124 (124I, 

t1/2=4.2 d). Enhanced tumor uptake was observed in this MC1-R-targeted cohort relative to 

that found in a second targeted cohort blocked with NDP. It should be noted that mice were 

not pretreated with KI to prevent free radioiodine uptake. Activity in the thyroid gland and 

stomach was felt to be a consequence of free iodine-124 associated with the specific 

radioiodination conditions needed to achieve high specific activity 124I-αMSH-PEG-C′ dot 

preparations, along with excess non-specifically bound iodine (Figure S5).

To address issues related to free iodine, zirconium-89 (89Zr, t1/2=3.3 d) with a lower mean β
+ energy (396 keV vs. 820 keV) and a comparable decay half-life (3.3 d vs. 4.2 d) to those of 
124I was selected as radioisotope tracer replacing iodine-124. In order to label αMSH-PEG-

Cy5-C′ dots with zirconium-89, the surface of αMSH-PEG-Cy5-C′ dots were first 

functionalized with amine groups, using a recently developed post-PEGylation surface 

modification by insertion (PPSMI) approach,36 which were subsequently reacted with 

radiometal chelator p-SCN-Bn-deferoxamine (DFO-NCS). Sandwiching the amine-

functionalization step between PEGylation and purification steps in the C′ dot synthesis 

allowed to maintain the high-quality of the C′ dot synthesis. For PPSMI, amine-

functionalized silane molecules were inserted in-between the chains of the C′ dot PEG layer 

and covalently attached to the remaining silanol groups on the silica surface underneath. The 

resulting NH2-αMSH-PEG-Cy5-C′ dots enabled further modification with amine-reactive 

functional ligands, e.g., DFO-NCS chelator molecules for zirconium-89. The GPC elugram 

of the purified NH2-αMSH-PEG-Cy5-C′ dots exhibited only one peak, well fitted by a 

single, symmetric Gaussian distribution (Figure 2f). This indicated high purity and a narrow 

particle size distribution, further confirmed by TEM (inset in Figure 2f). The fit of the 

corresponding particle FCS correlation curve suggested an average hydrodynamic diameter 

of NH2-αMSH-PEG-Cy5-C′ dots of 6.2nm (Figure 2g). The average numbers of Cy5 and 

αMSH molecules per C′ dot were estimated by FCS and UV-Vis spectroscopic analysis to 

be 1.5 and 8.0, respectively (Figure 2h–i). The NH2-αMSH-PEG-Cy5-C′ dots were 

subsequently mixed with DFO-NCS in PBS, allowing the isothiocyanate-functionalized 

DFO molecules to diffuse into the PEG layer of NH2-αMSH-PEG-Cy5-C′ dots and 

covalently attach to the amine groups under the PEG layer. As synthesized DFO-αMSH-

PEG-Cy5-C′ dots could then be labeled with 89Zr through DFO chelation (see Experimental 
Section for more details). Unlike 124I, which is prone to dehalogenation after cellular uptake, 
89Zr has been reported to stably residualized within cells after its internalization,53 thereby 
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enabling accurate quantitation of in vivo cellular uptake. A flow cytometry study of NH2-

αMSH-PEG-Cy5-C′ dots in B16F10 cells was performed to confirm that specific targeting 

is not substantially influenced by introducing amines to the αMSH-PEG-Cy5-C′ dots (as 

shown in Figure S6).

Prior to the PET imaging study, the biodistribution pattern of 89Zr-DFO-αMSH-PEG-Cy5-C

′ dots in B16F10 tumor-bearing mice was performed and compared with that of 125I-

αMSH-PEG-Cy5-C′ dots in the same tumor model. As shown in Figure 6a, both 

radiotracers showed nearly equivalent biodistribution profiles, noting ~5 %ID/g uptake in 

B16F10 tumor at 24 h p.i., a result that likely reflects limitations in overall tumor uptake 

imposed by the relatively low number of MC1-R receptors expressed by this tumor as 

opposed to other melanoma markers (i.e., integrins).14, 47 Less than 5 %ID/g accumulation 

of both radio-tracers were observed in liver, spleen and kidney. Figure 6b presents H&E 

staining, Cy5 fluorescence microscopy, and quantitative autoradiography of a representative 

ex vivo B16F10 tumor tissue specimen demonstrating excellent colocalization of optical and 

radiotracer signal across the specimen.

After i.v. injection of 89Zr-DFO-αMSH-PEG-Cy5-C′ dots into B16F10 tumor-bearing 

mice, in vivo PET imaging (Figure 7) showed significant bladder activity 2 h p.i. High 89Zr-

DFO-αMSH-PEG-C′ dot uptake found in cardiac tissue (10.6±1.9 %ID/g) clearly indicated 

significant blood pool activity. Time-activity curves, shown in Figure 8a, demonstrate the 

clearance of 89Zr-DFO-αMSH-PEG-Cy5-C′ dots from the blood, with activity 

concentrations of ~3 and ~1 %ID/g at 24 and 72 h post-injection, respectively. The clearance 

of 89Zr-DFO-αMSH-PEG-Cy5-C′ dots by the RES (e.g., liver) was estimated to be 

5.0±0.6 %ID/g at 2 h p.i., with a nearly 50% reduction (i.e., 2.3±0.2 %ID/g) after 3 days. 

Splenic uptake was found to be only half of that found in liver over the course of 3 days. 

Muscle uptake was low, no greater than1 %ID/g. B16F10 tumor uptake peaked at 24 h post-

injection at 5.5±0.9 %ID/g (Figure 7a and 8a), and retention of 89Zr-DFO-αMSH-PEG-Cy5-

C′ dots was seen over this 3-day time period (Figure 7a). As expected, mice injected with 
89Zr-DFO-αMSH-PEG-Cy5-C′ dots showed minimal bone and joint uptake, indicating high 

in vivo radiostability (Figure 7a) (free 89Zr4+ is an osteophilic cation, which could be readily 

accreted into bone mineral54).

To further demonstrate in vivo target specificity of 89Zr-DFO-αMSH-PEG-Cy5-C′ dots, a 

blocking study was performed in a separate cohort of B16F10 tumor-bearing mice co-

injected with 89Zr-DFO-αMSH-PEG-Cy5-C′ dots and 200 μg of NDP inhibitor. Results 

showed similar particle distributions in major organs, such as bladder, heart, liver and 

muscle, but with a nearly 50% reduction in tumor uptake (mean: 2–3 %ID/g), as shown in 

Figures 7b and 8b,c. For the targeted group, the highest tumor-to-blood and tumor-to-muscle 

ratios were estimated to be 5.8±0.7 and 8.4±1.1 at 72 h p.i., respectively, which are ~2-fold 

greater than the corresponding ratios obtained for the blocked group (tumor-to-blood: 

3.0±0.6; tumor-to-muscle: 3.5±1.0, Figures 8d,e). Finally, on the basis of high tumor uptake 

and low RES accumulation, we observed tumor-to-liver ratios of about 2 in the targeted 

group (Figure 8f). These findings successfully demonstrated in vivo targeting specificity and 

concomitant renal clearance for 89Zr-DFO-αMSH-PEG-Cy5-C′ dots in MC1-R 

overexpressing xenograft models.
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CONCLUSION

To address technical challenges associated with translation of potent αMSH analogs, a small 

library of custom-synthesized rhenium (Re)-cyclized αMSH peptide ligands were sythesized 

and adapted for attachment to ultrasmall fluorescent silica nanoparticles. The resulting 

MC1-R particle probes were shown to have subnanomolar receptor affinity and rapid 

receptor-mediated internalization in melanoma cells. In vivo, radiolabeled αMSH-PEG-

Cy5-C′ dots displayed favorable pharmacokinetics and dosimetry, highlighted by their 

accumulation and retention in MC1-R-expressing tumors, efficient renal excretion, and low 

RES uptake. Ex vivo, tumor penetration and distribution of αMSH-PEG-Cy5-C′ dots were 

visualized by Cy5 fluorescence imaging and autoradiography. Site-specific uptake in 

B16F10 xenografts was assessed by blocking with excess NDP peptide using PET imaging 

and 89Zr- and 124I-labeled αMSH-PEG-Cy5-C′ dots. These results highlight the promising 

clinical potential of αMSH-PEG-Cy5-C′ dots as dual-modality particle probes for the 

image-guided surgical treatment and targeted radiotherapy of melanoma by labeling αMSH-

PEG-Cy5-C′ dots with alpha and beta emitting radionuclides.

MATERIALS AND METHODS

General Synthesis procedures of Peptides

Three MC1-R targeting ReCCMSH peptide analogs (Figure S1) were synthesized using 

standard fluorenylmethyloxycarbonyl (Fmoc) solid-phase peptide chemistry on a multiple 

peptide synthesizer (Model 396, AAPPTEC or Tetras, Advanced ChemTech).37 4-

Methyltrityl (Mmt) protection groups were selectively removed from the cysteines involved 

in peptide cyclization by treatment with 1% trifluoroacetic acid (TFA) and 5% 

triisopropylsilane (TIS) in dichloromethane (DCM). Rhenium (Re) cyclization was achieved 

directly on solid phase by overnight reaction with 4 molar excess of ReOCl3(PPh2)3 in N-

methyl-2-pyrrolidone (NMP). Cleavage and sidechain deprotection were achieved by 

treating the peptidyl-resin with 85% TFA and non-reducing scavengers (phenol/water/TIS, 

5% each). The peptides were purified and analyzed on a Beckman Coulter High 

Performance Liquid Chromatography (HPLC) system coupled with an LCQ FLEET Ion 

Trap Mass spectrometer (MS; Thermo Fisher Scientific). The final products were recovered 

by lyophilization and stored at −20˚C.

Synthesis of αMSH peptide I

Peptide I (NH2-Re[Cyc-Cys-Glu-His-dPhe-Arg-Trp-Cys]-Arg-Pro-Val-NH2 (Figure S1a) 

was synthesized, as described above. The purified peptide was subjected to HPLC MS 

analysis; calculated and experimental mass-to-charge (m/z) ratios were 1632 and 1633, 

respectively. Peptide I was modified at both termini, first with N-succinimidyl S-

acetylthiolacetate (SATA) reagent, to convert one amine to a sulfhydryl; this was followed 

by a second amine modification to introduce a N-succinimidyl-3-(4-hydroxyphenyl) 

propionate (SHPP; Bolton-Hunter reagent) group for radioiodination. Peptide I was reacted 

with SATA reagent at a 9:1 SATA-to-peptide molar ratio in phosphate buffered saline (PBS) 

pH 7.4 at 25˚C for 30 min. The reaction was quenched by the addition of 1 mM 

ethanolamine and purified over a size exclusion column. The acetylthioacetate-modified 
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peptide I was reacted with SHPP at a SHPP-to-peptide ratio of 10:1 in 200 mM borate buffer 

(pH 9.0) on ice for 3 h. Modified peptides were purified from unreacted SHPP by size 

exclusion chromatography. The sulfhydryl acetyl protection group was removed with 0.5 M 

hydroxylamine and 25 mM EDTA in PBS (pH 7.4) for 2 h at 25˚C, and purified on a G25 

size exclusion column to yield the final HPP-Peptide I-thiolacetate.

Synthesis of αMSH peptide II

Peptide II (NH2-Ser-Tyr-Ser-Re[Cys-Cys-Glu-His-dPhe-Arg-Trp-Cys]-Arg-Pro-Val-NH2 

(Figure S1b) was synthesized using standard solid-phase Fmoc peptide synthesis, and 

modified with SATA reagent for the introduction of a terminal sulfhydryl as described 

above. The purified peptide was subjected to HPLC MS analysis; m/z, calculated 1972, 

experimental 1972.

Synthesis of αMSH peptide III

Peptide III (Ac-Cys-(Ahx)2-dLys-Re[Cys-Cys-Glu-His-dPhe-Arg-Trp-Cys]-Arg-Pro-Val-

NH2 (αMSH, Figure S1c) was synthesized with a N-acetylated-cysteine, a double 

aminohexanoic acid (Ahx2) aliphatic linker and a dLys using standard solid-phase Fmoc 

peptide chemistry, as described above. The purified peptide was subjected to HPLC MS 

analysis; m/z, calculated 2131, experimental 2131.

Synthesis of scrambled (Scr) MSH peptide

The Scr-MSH peptide control, Ac-Cys-(Ahx)2-D-Lys-Re[Cys-Cys-Trp-Arg-His-dPhe-Glu-

Cys]-Arg-Pro-Val-NH2 was synthesized using standard solid phase peptide synthesis 

chemistry. It contained the same N-terminal Ac-Cys, (Ahx)2 linker and D-Lys as αMSH 

peptide III. Only the Re-cyclized MC1-R binding sequence was scrambled. The purified 

peptide was subjected to HPLC MS analysis; m/z, calculated 2131, experimental 2131.

Synthesis of αMSH-PEG-Cy5-C′ dots and NH2-αMSH-PEG-Cy5-C′ dots

The αMSH-PEG-Cy5-C′ dots were synthesized based on a previously published protocol.32 

More specifically, NHS ester/maleimido heterobifunctional polyethylene glycol (PEG) with 

molar mass around 860 (12 ethylene glycol units) was first conjugated with (3-

aminopropyl)triethoxysilane at room temperature under nitrogen through amine-NHS ester 

reaction, forming mal-PEG-silane. αMSH was then added into the mixture at room 

temperature under nitrogen to further conjugate mal-PEG-silane with αMSH through thiol-

ene reaction, forming αMSH-PEG-silane. At the same time, Cy5-silane conjugate was 

prepared by conjugating maleimido functionalized Cy5 dyes with (3-

mercaptopropyl)trimethoxysilane at room temperature under nitrogen. In the next step, 

tetramethyl orthosilicate (TMOS) and Cy5-silane were added to an aqueous solution with 

ammonium hydroxide adjusting the pH around 8.5 at room temperature under vigorous 

stirring. One day later, αMSH-PEG-silane and monofunctional PEG-silane with molar mass 

around 500 (6 to 9 ethylene glycol units) were added into the reaction at room temperature 

under vigorous stirring. The reaction mixture was further left at room temperature under 

vigorous stirring overnight, followed by an overnight high temperature treatment at 80 °C 

without stirring. After cooling the reaction to room temperature, the resulting αMSH-PEG-
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Cy5-C′ dots were dialyzed in DI water, purified using GPC, filtered by sterile syringe filters 

and finally stored at 4 °C. The full name of the αMSH-PEG-Cy5-C′ dots using a 

comprehensive nomenclature introduced in a recent publication to differentiate between 

different C′ dot chemistries is CD(Cy5)-PEG12-mal-thiol-αMSH_PEG6. 36

The synthesis of NH2-αMSH-PEG-Cy5-C′ dots followed a similar protocol as described 

above, in which a PPSMI approach was employed to functionalize αMSH-PEG-Cy5-C′ 
dots with amine groups.36 More specifically, after the reaction temperature of the post-

PEGylation heat treatment was reduced from 80 °C to room temperature, (3-

aminopropyl)trimethoxysilane was added at room temperature under vigorous stirring. The 

reaction solution was left at room temperature under vigorous stirring overnight to insert the 

small amine-silane molecules in-between the PEG layer of αMSH-PEG-Cy5-C′ dots and to 

covalently attach them to the silanol groups of the underlying silica particle surface. The 

resulting NH2-αMSH-PEG-Cy5-C′ dots were dialyzed in DI water, purified using GPC, 

filtered by sterile syringe filters and finally stored at 4 °C. The full name of the NH2-αMSH-

PEG-Cy5-C′ dots using the comprehensive nomenclature described above is CD(Cy5)-

PEG12-mal-thiol-αMSH_PEG6_NH2. 36

GPC purification and characterization of the particles was conducted using a biologic LP 

system (Bio-Rad) equipped with a 275nm UV detector and a chromatography column 

packed with Superdex 200 resin from GE healthcare. TEM images were taken on an FEI 

T12 Spirit TEM operated at an acceleration voltage of 120kV. UV-Vis absorbance spectra 

were measured on a Varian Cary 5000 spectrophotometer. FCS measurements were 

conducted using a home-built FCS setup with a 633nm solid state laser as the excitation 

source.

Cells and cell culture

Human melanoma M21 was obtained from D.A. Cheresh (University of California San 

Diego, San Diego, California, USA). Cells were maintained in RPMI 1640 media/10% FBS, 

and 2 mM l-glutamine, penicillin, and streptomycin (Core Media Preparation Facility, 

Memorial Sloan Kettering Cancer Center). B16F10 cells were obtained from American Type 

Culture Collection (ATCC). Cells were maintained in RPMI 1640 supplemented with 10% 

fetal bovine serum (FBS), 2 mM L-glutamine and Penicillin Streptomycin.

In vitro MC1-R-overexpressing cell binding studies

To assay particle binding in MC1-R-overexpressing cell lines, 24-well plates were coated 

with 10 μg/ml collagen type I (BD Biosciences) in PBS, incubated at 37°C for 30 minutes, 

and washed once with PBS. M21 and B16F10 cells (3.0×105 – 4.0×105 cells/well) were 

grown to confluency. Differential binding of αMSH-PEG-Cy5-C′ dots to M21 or B16F10 

cells was evaluated over a range of incubation times (0–5 hours) and particle concentrations 

(10–300 nM). After incubation, cells were washed with RPMI 1640 media/0.5% BSA, 

detached using 0.25% trypsin/EDTA, pelleted in a microcentrifuge tube (5 minutes at 153 g, 

25°C), re-suspended in BD FACSFlow solution (BD Biosciences), and analyzed by flow 

cytometry in the Cy-5 channel to determine the percentage of particle-bound probe 

(FACSCalibur, Becton Dickinson, Mountain View, CA). Blocking studies were performed 
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after incubation of αMSH-PEG-Cy5-C′ dots with M21 cells (or B16F10) in the presence of 

Anti-MC1 Receptor antibody (EPR6530, ab125031, http://www.abcam.com/mc1-receptor-

antibody-epr6530-ab125031.html), and analyzed by flow cytometry. Binding studies were 

also conducted in B16F10 cells using a particle control (i.e., Scr-MSH-PEG-Cy5-C′ dots, 

25 nM).

Cellular internalization and microscopic imaging

M21 melanoma cells expressing LAMP1-GFP were generated by retroviral transduction of a 

pRetro-Lamp1-GFP construct and selection in puromycin (2μg/ml). Cells were then cultured 

overnight on glass-bottom 35mm dishes (MatTek, Ashland, MA), incubated with 1.5μM 

aMSH-PEG-C′ dots for 6 hours, and imaged by widefield microscopy, using a Nikon Ti-E 

inverted microscope and a CoolSnap HQ2 CCD camera (Photometrics, Tucson, AZ). Images 

were processed with Elements software (Nikon, Melville, NY) and ImageJ software.

Cell Viability and Proliferation

Viability and proliferation of M21 and B16F10 cells were monitored under control 

conditions (10% FBS) or after exposure to particles at 37°C. Cells were split (4–5×104 cells/

well) in a 24-well plate coated with collagen, as described above. Media was changed to 

RPMI, supplemented with 10% FBS, 24 h later, and different concentrations of αMSH-

PEG-C′ dots were added (25–250 nM) for 24–48 hours at 37ºC. The percent (%) cell 

viability was determined 24 or 48 h post-incubation after trypsinization using a Vi-Cell 

series viability analyzer (Beckman Coulter, Inc, Fullerton, CA). To assess proliferative 

activity, particle-exposed cells were counted every 24 h over a 96-h time interval.

Competitive binding assay (IC50)

The IC50 (concentration of peptide required to inhibit 50% of radioligand binding) was 

determined for αMSH-PEG-Cy5-C′ dots and Scr-MSH-PEG-Cy5-C′ dots in competitive 

binding assays with 125I-(Tyr2)-NDP, a radioiodinated αMSH analog with picomolar affinity 

for the MC1-R receptor.55 Murine melanoma B16F10 cells were plated at a density of 0.2 

million/well in 24-well tissue culture plates and incubated overnight. Individual wells were 

incubated at 25°C for 3 h with approximately 50,000 cpm (62,480 dpm) 125I-(Tyr2)-NDP in 

0.3 mL binding medium (DMEM with 25 mM N-(2-hydroxyethyl)-piperazine-N’-(2-

ethanesulfonic acid) (HEPES), pH 7.4, 0.02% BSA, and 0.3 mM 1,10-phenanthroline) with 

concentrations of the αMSH-PEG-Cy5-C′ dots and Scr-MSH-PEG-Cy5-C′ dots ranging 

from 10−13 to 10−5 mol/L. The binding media was aspirated after incubation. Cells were 

rinsed with 0.5 mL of ice-cold pH 7.1, 0.02% BSA/0.01 M PBS twice and lysed with 0.5 

mL of 1 M NaOH for 10 min. The radioactivity in the cells was collected and measured in a 

γ-counter. The IC50 values of αMSH-PEG-Cy5-C′ dots and Scr-MSH-PEG-Cy5-C′ dots 

were calculated with GraphPad Prism version 4.0.

Animal models and tumor inoculation

All animal experiments were done in accordance with protocols approved by the 

Institutional Animal Care and Use Committee of Memorial Sloan-Kettering Cancer Center 

and followed NIH guidelines for animal welfare. M21 and B16F10 xenografts were 
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generated by co-injecting equal volumes of cells (~5×106 cells/100 μL) and Matrigel 

subcutaneously into the hind legs of female athymic nu/nu mice (6–8 weeks old, Taconic 

Farms Inc.). Average tumor volumes of 200 mm3 were used for all studies.

125I radiolabeling of αMSH-PEG- and Scr-MSH-PEG-Cy5-C′ dots for cell binding and 
biodistribution studies

1.8 mCi of 125I Bolton Hunter reagent (PerkinElmer) was evaporated to dryness in a glass 

vial with N2 gas, followed by the addition of 100 μL of DMSO, 15 μL of DIEA and an equal 

molar concentration of αMSH-PEG-Cy5-C′ dots or Scr-MSH-PEG-Cy5-C′ dots (15μM, 

<10 MSH). The mixture was kept at room temperature for 30 minutes before it was loaded 

into a pre-conditioned PD10 column and eluted with 0.5 mL of saline. The eluent was 

collected for biodistribution studies in B16/F10 and M21 melanoma-bearing mice. The yield 

was approximately 7%, and product specific activity was 3100 Ci/mol. 125I-αMSH-PEG-C′ 
dots (~50 μCi, or ~1.85 MBq) were i.v.-injected in both tumor models.

124I radiolabeling of αMSH-PEG-C’dots for a pilot PET/CT imaging

Ten times molar excess of N-succinimidyl-3-(4-hydroxyphenyl) propionate (Bolton-Hunter 

Reagent; SHPP) was added to αMSH-PEG-Cy5-C′ dots (15 μM) in 0.2M Borax (pH 8.7), 

vortexed, and allowed to proceed at room temperature (RT) shielded from light for 3 hours. 

The mixture was dialyzed in triplicate using a 10,000 molecular weight cut-off membrane 

(Thermo Scientific) against phosphate-buffered saline (PBS, 0.1 M sodium phosphate, 

150mM sodium chloride, pH 7.2). Equal molar amounts of 3-(4-hydroxyphenyl) propionate 

(HPP)-αMSH-PEG-C′ dots and 124I were then added into iodogen-coated (20 μg) vials 

containing PBS; the total volume was 100 μL. After vortexing, the reaction was allowed to 

proceed at RT for 20 minutes. The radioiodinated product was purified four times with a 

Zeba spin column (7K). The yield was 25%, and product specific activity was 5.5×106 Ci/

mol. The radiochemical purity was greater than 92% using ITLC. For the mobile phase, 

MeOH: Ethyl Acetate (1:1) was used; Rf values for the particle tracer (124I-αMSH-PEG-C′ 
dots) and free radioiodine (124I−) were 0 and 0.7–0.8, respectively.

89Zr-oxalate production
89Zr was produced at Memorial Sloan Kettering Cancer Center on a TR19/9 cyclotron (Ebco 

Industries Inc.) via the 89Y(p,n)89Zr reaction, and purified to yield 89Zr with a specific 

activity of 5.28–13.43 mCi/μg (470–1195 Ci/mmol) of zirconium.56 Activity measurements 

were performed using a CRC-15R Dose Calibrator (Capintec). For the quantification of 

activities, experimental samples were counted on an Automatic Wizard2 γ-Counter 

(PerkinElmer). All in vivo experiments were performed according to protocols approved by 

the Memorial Sloan Kettering Institutional Animal Care and Use Committee. A purity of 

greater than 95% was confirmed using radio-TLC for all of the 89Zr-labeled DFO-αMSH-

PEG-Cy5-C′ dots.

Synthesis of DFO-αMSH-PEG-Cy5-C′ dots and 89Zr radiolabeling

The conjugation of DFO to NH2-αMSH-PEG-Cy5-C′ dots was achieved by following a 

previously reported protocol with slight modifications.57 NH2-αMSH-PEG-Cy5-C′ dots 
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(200 μL, 15 μM) in DI water were first added to 400 μL PBS (pH 7.4), followed by adding 

DFO-NCS (30 nmol in DMSO). The final pH was adjusted to 8–9. The reaction was kept at 

RT with agitation (640 rpm) for 2 h. About 2–3 DFO per αMSH-PEG-C′ dot was 

estimated. To remove the un-reacted DFO-NCS, as-synthesized DFO-αMSH-PEG-Cy5-C′ 
dots were then purified by passing through a PD-10 column using PBS as the mobile phase.

To label DFO-αMSH-PEG-Cy5-C′ dots with 89Zr, 0.75 nmol of DFO-αMSH-PEG-Cy5-C′ 
dots were mixed with 1 mCi of 89Zr-oxalate in HEPES buffer (pH 8) at 37 ºC for 60 min; 

final labeling pH was kept as 7–7.5. An EDTA challenge process was introduced to remove 

any unconjugated 89Zr. The final 89Zr labeling yield was on the order of 70 to 80% (n>5). 

As-synthesized 89Zr-DFO-αMSH-PEG-Cy5-C′ dots were then purified using a PD-10 

column. The final radiochemical purity was estimated to be greater than 99% by ITLC.

Ex vivo biodistribution and in vivo tumor-targeting PET imaging studies

For biodistribution studies, B16F10 tumor-bearing mice (n=5) were i.v.-injected with 100–

150 μCi (3.7–5.55 MBq) 89Zr-DFO-αMSH-PEG-Cy5-C′ dots, and major organs/tissues 

harvested and weighed 24 h post-injection. Accumulated activity was counted using an 

Automatic Wizard2 γ-Counter (PerkinElmer), and presented as %ID/g (mean ± s.d.).

For PET imaging studies, B16F10 tumor-bearing mice (n=3) were i.v. injected with 200–300 

μCi (7.4–11.1 MBq) 89Zr-DFO-αMSH-PEG-Cy5-C′ dots and serially imaged in a small-

animal PET scanner (Focus 120 microPET; Concorde Microsystems) at 2, 24, 48, and 72 h 

post-injection. An energy window of 350−700 keV and a coincidence timing window of 6 ns 

were used. Data were sorted into 2D histograms by Fourier rebinning, and transverse images 

were reconstructed by filtered back-projection into a 128 × 128 × 63 (0.72 × 0.72 × 1.3 

mm3) matrix. The PET imaging data was normalized to correct for non-uniformity of 

response, dead-time count losses, positron branching ratio, and physical decay to the time of 

injection; no attenuation, scatter, or partial-volume averaging corrections were applied. The 

counting rates in the reconstructed images were converted to activity concentrations 

(percentage injected dose per gram of tissue, %ID/g) by use of a system calibration factor 

derived from the imaging of a mouse-sized water-equivalent phantom containing 89Zr. 

Region-of-interest (ROI) analyses of the PET data were performed using IRW software. 

Blocking studies were performed by co-injecting mice (n=3) with similar amounts of 89Zr-

DFO-αMSH-PEG-Cy5-C′ dots and 200 mg NDP.

Digital Autoradiography

10 μm B16F10 tumor tissue sections were exposed to phosphor-imaging plates (Fujifilm 

BAS-MS2325, Fuji Photo Film, Japan) at −20°C. Following exposure, the phosphor-imaging 

plate was read at a resolution of 25 μm using a Typhoon 7000 IP (GE Life Sciences) plate 

reader to produce digital autoradiograms. Images were saved as both TIFF and GEL formats 

for future analysis and processing with ImageJ software (https://imagej.nih.gov/ij/).

Statistics

All comparisons were based on statistical significance from pairwise t-tests from an analysis 

of variance model based on three replicates.
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Figure 1. Characterization of the lead αMSH targeting peptide III
(a) Chemical structure of the αMSH peptide. (b) HPLC trace of the purified αMSH peptide 

sequence. (c) IC50 determination of the MC1-R targeting D-Lys-ReCCMSH peptide.

Chen et al. Page 21

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Characterization of αMSH-PEG-Cy5-C′ dots and NH2-αMSH-PEG-Cy5-C′ dots
(a and b) GPC elugram (a) and FCS correlation curve with fit (b) of αMSH-PEG-Cy5-C′ 
dots. A TEM image of αMSH-PEG-Cy5-C′ dots is shown in the inset of (a). (c to e) 

Deconvolution of the UV-Vis spectrum (c) of αMSH-PEG-Cy5-C′ dots into contributions 

from PEG-Cy5-C′ dots (d) and αMSH (e). (f and g) GPC elugram (f) and FCS correlation 

curve with fit (g) of NH2-αMSH-PEG-Cy5-C′ dots. A TEM image of NH2-αMSH-PEG-

Cy5-C′ dots is shown in the inset of (f). (h to j) Deconvolution of the UV-Vis spectrum (h) 

of NH2-αMSH-PEG-Cy5-C′ dots into contributions from PEG-Cy5-C′ dots (i) and αMSH 

(j).
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Figure 3. In vitro targeted uptake of αMSH-PEG-Cy5-C′ dots and competitive binding studies 
in MC1-R-expressing melanoma cell lines
Cellular binding/uptake of M21 and B16F10 cells as a function of particle concentration (a) 

and incubation time (b) by flow cytometry. Percentage of the total events detected is 

displayed. Each data point represents mean±s.d. of three replicates. (c–e) Specific binding of 

αMSH-PEG-Cy5-C′ dots. (c, d) MC1-R blocking of M21 and B16F10 cells, respectively, 

using flow cytometry and anti-MC1-R antibody prior to the addition of targeted C′ dots. (e) 

Tumor-directed binding of αMSH-PEG-Cy5-C′ dots in B16F10 cells with one targeted 

particle concentration (25 nM) versus scrambled peptide-bound particle control, assayed by 

flow cytometry. Each bar represents mean±s.d. of three replicates. (f) Competitive MC1-R 

binding studies of aMSH-PEG-C’dots and Scr-αMSH-PEG-Cy5-C′ dots over a 

concentration range of 10−13 to 10−5 mol/L with 125I-NDP in B16/F10 melanoma cells. 

Each data point reflects mean±s.d. of three replicates.
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Figure 4. Temperature-dependent uptake of αMSH-PEG-Cy5-C′ dots and cellular 
internalization
Specific binding and uptake of αMSH-PEG-C dots in M21(a) and B16F10 (b) cells as a 

function of temperature using 25nM particle concentrations and flow cytometry. Each data 

point represents the mean ± s.d. of 3 replicates. (c) αMSH-PEG-C′ dot (1 μM, red) 

colocalization with a lysosomal marker (LAMP1-GFP) after 4h incubation using M21 cells. 

Colocalized vesicles (yellow); Scale bar: 10 μm.
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Figure 5. Biodistribution of 125I-αMSH-PEG-Cy5-C′ dots
in (a) M21 and (c) B16F10 tumor-bearing mice (n=3) at 1, 4, 24, 72 and 96 h post-injection. 

Insets shows %ID/g values as ratios for tumor to organ (T/B: tumor to blood; T/M: tumor to 

muscle; T/L: tumor to liver). (b) and (d) are the corresponding activities of 125I-αMSH-

PEG-Cy5-C′ dots in urinary specimens.
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Figure 6. Biodistribution and ex vivo histological studies
(a) Comparison of the biodistribution profiles in B16F10 tumor-bearing mice 24 h p.i. of 
89Zr-DFO-αMSH-PEG-C′ dot (n=5) or 125I-αMSH-PEG-C′ dot (n=3); (b) H&E staining 

(left, scale bar: 1mm), Cy5-fluorescence microscopy (middle), and autoradiography (right) 

images of tumor tissue specimen harvested from B16F10 tumor-bearing mouse 24 h p.i. of 
89Zr-DFO-αMSH-PEG-Cy5-C′ dots.
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Figure 7. Serial PET imaging of 89Zr-DFO-αMSH-PEG-Cy5-C′ dots
at 2, 24, 48 and 72 h post-injection of the MC1-R-targeting particle tracer into two cohorts 

of B16F10 xenografted mice: (a) targeted group and (b) NDP blocking group. For the 

blocking study, each mouse was co-injected with 89Zr-DFO-αMSH-PEG-Cy5-C′ dots and 

200 μg of NDP. N=3 for each group.
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Figure 8. Quantitative region-of-interest studies in B16F10 xenografted mice
Time activity curves of (a) targeted group (n=3), and (b) blocking group (n=3). (c) Tumor 

uptake comparison between targeted and blocking groups (n=3). (d–f) Tumor-to-blood, 

tumor-to-muscle and tumor-to-liver ratios at 2, 24, 48 and 72 h post-injection. For blocking 

study, the mice were co-injected with 89Zr-DFO-αMSH-PEG-Cy5-C′ dots and 200 μg of 

NDP. *P<0.05, **P<0.005.
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Scheme 1. Molecular rendering of αMSH-PEG-Cy5-C′ dots
Left side shows rendering of the entire dot, with inserts on the right depicting αMSH 

chemical structure (top) and encapsulated Cy5 dye (bottom). Silicon, oxygen, carbon, 

nitrogen, sulfur and rhenium atoms are colored in purple, red, gray, blue, yellow and light 

green, respectively. Hydrogen atoms are not displayed in the model for better visualization.
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Table 1

Radiodosimetry of 125I-αMSH-PEG-Cy5-C′ dots

in a 70-kg standard human based on the pharmacokinetics in M21 and B16F10 tumor-bearing mice and the 

OLINDA dosimetry program.

Tissue Absorbed Dose (mGy/MBq)

Based on M21 biodistribution data Based on B16F10 biodistribution data

Adrenals 0.204 0.206

Brain 0.140 0.168

Breasts 0.129 0.147

Gallbladder Wall 0.223 0.224

Lower Large Intestine Wall 0.276 0.263

Small Intestine 0.243 0.248

Stomach Wall 0.270 0.247

Upper Large Intestine Wall 0.249 0.240

Heart Wall 0.206 0.206

Kidneys 0.324 0.242

Liver 0.335 0.251

Lungs 0.249 0.192

Muscle 0.179 0.169

Ovaries 0.204 0.226

Pancreas 0.215 0.220

Red Marrow 0.212 0.193

Bone 0.354 0.308

Skin 0.115 0.128

Spleen 0.262 0.195

Testes 0.152 0.178

Thymus 0.164 0.178

Thyroid 0.161 0.179

Urinary Bladder Wall 0.281 0.359

Uterus 0.206 0.243

Total Body 0.192 0.194

Effective Dose 0.222 0.223
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