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Abstract

A disulfide-bridged cyclic RGD peptide, named iRGD (internalizing RGD, c(CRGDK/RGPD/

EC)), is known to facilitate tumor targeting as well as tissue penetration. After the RGD motif-

induced targeting on αv integrins expressed near tumor tissue, iRGD encounters proteolytic 

cleavage to expose the CendR motif that promotes penetration into cancer cells via the interaction 

with neuropilin-1. Based on these proteolytic cleavage and internalization mechanism, we 

designed an iRGD-based monolithic imaging probe that integrates multiple functions (cancer-

specific targeting, internalization and fluorescence activation) within a small peptide framework. 

To provide the capability of activatable fluorescence signaling, we conjugated a fluorescent dye to 

the N-terminal of iRGD, which was linked to the internalizing sequence (CendR motif), and a 

quencher to the opposite C-terminal. It turned out that fluorescence activation of the dye/quencher-

conjugated monolithic peptide probe requires dual (reductive and proteolytic) cleavages on both 

disulfide and amide bond of iRGD peptide. Furthermore, the cleavage of the iRGD peptide leading 

to fluorescence recovery was indeed operative depending on the tumor-related angiogenic 

receptors (αvβ3 integrin and neuropilin-1) in vitro as well as in vivo. Compared to an ‘always 

fluorescent’ iRGD control probe without quencher conjugation, the dye/quencher-conjugated 
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activatable monolithic peptide probe visualized tumor regions more precisely with lower 

background noise after intravenous injection, owing to the multifunctional responses specific to 

tumor microenvironment. All these results, along with minimal in vitro and in vivo toxicity 

profiles, suggest potential of the iRGD-based activatable monolithic peptide probe as a promising 

imaging agent for precise tumor diagnosis.
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1. Introduction

Selective molecular imaging of cancer cells at the malignant tumor sites allows for accurate 

diagnosis of cancer. To this end, many synaphic targeting agents including antibodies, 

peptides, nucleic acids, and small molecules, have been discovered to provide specific 

interaction with targets overexpressed in tumor microenvironment [1-6]. Chemical 

conjugation of contrast agents to such targeting ligands has widely been employed to 

develop molecular imaging probes for cancer theranostics [7, 8]. In general, however, the 

circulation of the untargeted imaging probes remaining in the body produces inevitable 

background signals, leading to a low target-to-background imaging contrast.

To minimize such a background noise coming from off-target tissues, fluorescent probes that 

are initially inactive but activatable only in the target tissue in response to the specific 

microenvironment, have been devised [8, 9]. Typically, these probes are comprised of 

fluorescence resonance energy transfer (FRET) or self-quenching systems whose 

fluorescence can be turned on by cleavage or conformational change of the specific moiety 

in the probe. For tumor imaging, unusual tumor microenvironments, such as hypoxic 

condition, low pH, or a variety of overexpressed biomarkers, are employed to trigger the 

fluorescence activation [10-15]. Tumor-specific signals with no activation in off-target 

tissues can minimize the background noise, to yield a high contrast for tumor imaging.

Among tumor targeting agents, peptides afford advantages such as low toxicity, low 

immunogenicity, fast renal clearance, and high specificity. Because of the versatility of 

peptides, tumor targeting peptides, such as RGD and NGR peptides, have served cancer 

diagnostics and therapeutics [2, 16-18]. Furthermore, the peptide-based small theranostic 
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system has relatively simple, compact, biocompatible, and unidirectional structures, 

demonstrating remarkable theranostic performances and low side effects over the 

nanoparticle-based system [19]. Recently, Ruoslahti group discovered a tumor-homing 

peptide by phase display, named iRGD (internalizing RGD, CRGDK/RGPD/EC), which 

shows more efficient tumor penetration than conventional RGD peptides [20]. Tumor 

homing of the disulfide-bridged cyclic iRGD peptide follows the consecutive steps: the RGD 

sequence binds to αv integrins on tumor endothelium, then iRGD undergoes a proteolytic 

cleavage to expose the CendR motif (R/KXXR/K) that triggers neuropilin-1 (NRP-1)-

mediated internalization into cells [20, 21]. These distinct attributes of iRGD have been 

utilized to improve the tumor targeting and internalization of imaging agents and drugs 

[22-29].

In this study, we introduce monolithic functionalization of iRGD with the capability of 

fluorescence activation as a new design concept for a peptide-based smart probe that 

integrates multiple functions of cancer targeting, internalization and diagnostic signal 

activation within a small molecular framework. In the probe design, the tumoral proteolytic 

cleavage of iRGD is employed to modulate the quenching/dequenching states of 

fluorescence. Scheme 1 shows the design of an initially quenched iRGD probe that is 

cyclized via a disulfide linkage and conjugated with a fluorescent dye on the N-terminus of 

iRGD, a part of the internalizing sequence (CendR motif), and a quencher on the opposite C-

terminus. The iRGD-derived multifunctional nature differentiates this monolithic peptide 

probe from other dye/quencher-combined activatable systems that necessitate further 

modifications for cancer targeting and internalization [11-13, 30-32]. Here, we report the 

synthesis and fluorescence turn-on characteristics of the resulting iRGD probe, as well as the 

in vitro dependence of signaling on tumor-related angiogenic receptors (αvβ3 and NRP-1) 

in cells and tumor spheroids. We also demonstrate that upon intravenous injection of the 

iRGD monolith into a tumor-bearing mouse model, the iRGD-derived multiple functions 

(cancer targeting, internalization and proteolytic reaction) interplay cooperatively to enhance 

the diagnostic imaging contrast by tumor-specific fluorescence activation.

2. Materials and Methods

2.1. General method

Unless otherwise noted, all solvents and reagents were obtained from commercial suppliers 

and used without further purification. The peptide fragments analysis and purification were 

carried out on an Agilent Technologies 1200 HPLC system (Agilent, USA) equipped with 

UV-VIS and fluorescence detector using XBridge BEH C18 Column (10 μm, 150 mm × 4.6 

mm, Waters Corp., USA) and XBridge BEH130 Prep C18 (10 μm, 250 mm × 10 mm, 

Waters Corp., USA). Mass spectra were acquired on a MALDI-TOF, Voyager-DETM STR 

Biospectrometry Workstation (Applied Biosystems Inc., USA) and a high-resolution 

electrospray ionization mass spectrometry (HR-ESI-MS, Thermo Finnigan, LTQ-Orbitrap). 

Fluroescence spectra were acquired by a fluorescence spectrophotometer (Hitachi F-7000, 

Japan). Cell images were collected using an Axioimager M1 microscope (Zeiss, Germany) 

and tumor spheroids were observed with FluoView FV10i confocal laser scanning 

microscope (Olympus, Japan). UV absorption for WST-1 assay was measured by 
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SpectraMax M5 (Molecular Devices, USA). All in vivo data and images were taken on an 

IVIS Spectrum imaging system (Caliper, USA). The histological images were obtained from 

optical microscope (BX 51, Olympus, Japan).

2.2. Solid-phase Peptide Synthesis of iRGD Peptides and Control Peptides

Synthesis of Fmoc-Ahx-c(CRGDRGPDC)-Ahx-K-NH2 (iRGDK, 1)—iRGDK 

peptide (Fmoc-Ahx-c(CRGDRGPDC)-Ahx-K-NH2, iRGDK) was synthesized manually on 

Fmoc-Rink amide core–shell type resin (0.2 g, 0.30 mmol/g) [33] using Fmoc/tBu solid-

phase procedure. For coupling reaction, the resin was treated with pre-activated amino acid 

solution, which was prepared with Fmoc-amino acid (0.18 mmol, 3 equiv.), HBTU (0.18 

mmol, 3 equiv.), HOBt (0.18 mmol, 3 equiv.) and DIPEA (0.36 mmol, 6 equiv.) in NMP (4 

mL). All amino acid couplings were performed for 1 h at 25 °C. After the coupling reaction, 

the resin was washed with NMP (5 mL × 3), CH2Cl2 (5 mL × 3), and MeOH (5 mL × 3). 

The Fmoc group was removed using 20% piperidine/NMP (4 mL, 5 min + 10 min). 

Completion of each coupling step was monitored by the Kaiser test. After the last amino 

acid coupling, on-bead cyclization (S-S) was performed by treating the resin containing 

linear peptide with the S-Acm protecting groups with Tl(tfa)3 (0.12 mmol, 2 equiv.) in NMP 

(4 mL) for 2 h. The final peptide was cleaved with 4 mL of TFA:thioanisole:TIS:H2O 

(85:5:5:5, v/v) solution for 1 h and was recovered by ether precipitation as a crude white 

solid powder. For the peptide analysis, a flow rate of 1.0 mL/min and a 20 min-gradient of 

10–80% of solvent B followed by a 5 min-constant flow of 100% solvent B (solvent A, 0.1% 

TFA in water; solvent B, 0.1% TFA in acetonitrile) was used with XBridge BEH C18 

Column (10 μm, 150 mm × 4.6 mm). For the peptide purification, a flow rate of 4.0 mL/min 

and a 20 min-gradient of 10–80% of solvent B followed by a 5 min-constant flow of 100% 

solvent B (solvent A, 0.1% TFA in water; solvent B, 0.1% TFA in acetonitrile) was used 

with XBridge BEH130 Prep C18 (10 μm, 250 mm × 10 mm). Absorbance was measured at 

230 nm. The lyophilized peptide was obtained by freeze drying of HPLC fraction containing 

the product (23 mg). The yield was calculated based on the initial loading level of resins 

(yield: 25%). iRGDK (1) was analyzed by MALDI-TOF (calculated exact mass = 1551.7201 

for C68H103N20O18S2 (iRGDK) [M+H]+, found 1551.2295).

Synthesis of H-Ahx-c(CRGDRGPDC)-Ahx-C-NH2 (iRGDC, 2)—Another iRGD 

peptide (H-Ahx-c(CRGDRGPDC)-Ahx-C-NH2, iRGDC) was synthesized by the same 

procedure as used for iRGDK (1). After the last Fmoc deprotection, the peptide was cleaved 

from the resin by 4 mL of TFA:thioanisole:1,2-ethanedithiol:anisole (90:5:3:2) solution for 1 

h and was recovered by ether precipitation. The crude peptide was treated with the 

methanolic 2,2-dipyridyl disulfide solution (10 mL, 1 mg/mL) for 1 h. Disulfide formation 

was monitored by HPLC. The final peptide was obtained by deprotection of t-butyl on the 

C-terminal cysteine with TFA:TFMSA:thioanisole:EDT (80:8:8:4, v/v). HPLC conditions 

for analysis and purification of the peptide were the same as used for iRGDK (1). After 

HPLC purification, the lyophilized peptide was obtained by freeze drying of HPLC fraction 

containing the product (12 mg). The yield was calculated based on the initial loading level of 

resins (yield: 15%). iRGDC (2) was analyzed by HRMS (calculated exact mass = 1304.5662 

for C50H86N19O16S3 (iRGDC) [M+H]+ and [M+2H]2+, found 1304.5789 and 652.7883).
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Synthesis of Fmoc-Ahx-c(CGGGGGGGC)-Ahx-K-NH2 (CG7CK, 3)—Glycine 

cyclic peptide was synthesized by the same procedure as used for iRGDK (1). The final 

lyophilized peptide was obtained in 17% yield (12 mg). CG7CK (3) was analyzed by 

MALDI-TOF (calculated exact mass = 1197.5185 for C53H77N14O14S2 (CG7CK) [M+H]+, 

found 1197.6894).

2.3. Dye and Quencher Conjugation on iRGD Peptides

Synthesis of AF488-iRGDK-dab (4)—Dabcyl-OSu (dab-OSu, 1.06 mg, 2.90 μmol) and 

DIPEA (0.67 μL, 3.86 μmol) were added to iRGDK (3 mg, 1.93 μmol) in DMF (0.5 mL). 

The mixture was stirred at room temperature for 2 h. Reaction progress was monitored by 

HPLC. After ether precipitation, the Fmoc group was deprotected by 20% piperidine/DMF 

(0.5 mL) for 10 min. The crude peptide was washed with diethylether (2 mL × 3). Then, 

Alexa Fluor 488 NHS ester (AF488-NHS, Invitrogen, USA, 1 mg, 1.55 μmol) and DIPEA 

(0.67 μL, 3.86 μmol) were added to the crude peptide dissolved in DMF (0.5 mL) at room 

temperature. The reaction was completed in 1 h, monitored by HPLC. HPLC flow 

conditions for analysis and purification of the peptide were the same as used for iRGDK (1). 

UV was measured at 230 nm, and fluorescence detection used excitation at 495 nm and 

emission at 519 nm. After HPLC purification, the final lyophilized AF488-iRGDK-dab was 

obtained by freeze drying of HPLC fraction containing the product (∼ 1.3 mg, yield: 32%). 

AF488-iRGDK-dab (4) was analyzed by MALDI-TOF (calculated exact mass = 2096.7512 

for C89H118N25O27S4 (AF488-iRGDK-dab) [M+H]+, found 2096.8908).

Synthesis of Cy5.5-iRGDC-BK01 (5)—QFlamma Black-I maleimide (BK01-

maleimide, Bioacts, Korea, 1.55 mg, 1.84 μmol) and DIPEA (0.53 μL, 3.07 μmol) were 

added to iRGDC (2 mg, 1.53 μmol) in DMF (0.5 mL). The mixture was stirred at room 

temperature for 1 h. Reaction completion was monitored by HPLC. After ether precipitation, 

Cy5.5 NHS ester (Cy5.5-NHS, GE Healthcare Life Sciences, USA, 2.08 mg, 1.84 μmol) and 

DIPEA (0.53 μL, 3.07 μmol) were added to the crude peptide dissolved in DMF (0.5 m). 

The mixture was stirred at room temperature for 1 h, monitored by HPLC. HPLC flow 

conditions for analysis and purification of the peptide were the same as used for iRGDK (1). 

UV was measured at 230 nm, and fluorescence detection used excitation at 675 nm and 

emission at 690 nm. After HPLC purification, the final lyophilized Cy5.5-iRGDC-BK01 

was obtained by freeze drying of HPLC fraction containing the product (∼ 1.2 mg, yield: 

26%). Cy5.5-iRGDC-BK01 (5) was analyzed by MALDI-TOF (calculated exact mass = 

3045.9224 for C130H165N28O40S9 (Cy5.5-iRGDC-BK01) [M+H]+, found 3045.9224).

Synthesis of AF488-CG7CK-dab (6)—AF488-CG7CK-dab was synthesized from 

CG7CK (2 mg, 1.67 μmol) by the same procedure as used for AF488-iRGDK-dab (4). After 

purification process by HPLC, AF488-CG7CK-dab was obtained in 24% yield (∼ 0.7 mg). 

The final peptide was analyzed by HRMS (calculated exact mass = 1740.5340 for 

C74H90N19O23S4 (AF488-CG7CK-dab) [M-H]-, found 1740.8339).

Synthesis of Cy5.5-iRGDC (7)—iRGDC (2 mg, 1.53 μmol) dissolved in DMF (0.5 mL) 

was treated with Cy5.5-NHS (1.55 mg, 1.84 μmol) and DIPEA (0.53 μL, 3.07 μmol). The 

mixture was stirred at room temperature for 1 h. Reaction completion was monitored by 
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HPLC. After ether precipitation, the peptide was purified by HPLC. HPLC conditions for 

analysis and purification of the peptide were the same as used for Cy5.5-iRGDC-BK01 (5). 

The final peptide was obtained by freeze drying of HPLC fraction containing the product (∼ 
1.3 mg, yield: 39%). Cy5.5-iRGDC (7) was analyzed by MALDI-TOF (calculated exact 

mass = 2202.7232 for C91H127N21O29S7 (Cy5.5-iRGDC) [M+H]+, found 2202.9662).

2.4. In Vitro Cell Internalization of iRGD peptide

A431, PC-3, and U-87 MG cells (3 × 104 cells/well) were seeded onto 8-well chamber slides 

(Nunc Lab Tek) and grown overnight. The cells were incubated with 5 nM of AF488-

iRGDK-dab (4) and AF488-CG7CK-dab (6) for 1 h at 37 °C. The cells were washed with 

PBS (1×, pH 7.4) and fixed in 4% (v/v) paraformaldehyde for 10 min at 4 °C. After PBS 

(1×, pH 7.4) washing, the cells were finally mounted with ProLong Gold antifade reagent 

with DAPI (Life Technologies). Fluorescence images were collected using an Axioimager 

M1 microscope (Zeiss).

2.5. WST-1 Cell Proliferation Assay

To determine cell viability under AF488-iRGDK-dab (4) and AF488-CG7CK-dab (6), cell 

proliferation was measured by WST-1 assay according to the manufacturer's manual 

(Clontech). In brief, A431, PC-3, and U-87 MG cells (1 × 104 cells/well) were seeded onto 

96-well plates and incubated for 24 h. The culture medium was replaced with 200 μL of 

serum-free medium without or with AF488-iRGDK-dab (4) and AF488-CG7CK-dab (6), 

followed by incubation for 24 h at 37 °C. After the cells were washed twice with serum-free 

culture medium, each well was treated with WST-1 for 2 h and then the absorbance was 

measured at 450 nm using SpectraMax M5 (Molecular Devices, USA).

2.6. Tumor Spheroids Internalization of iRGD peptide

For spheroid generation, U-87 MG cells (2 × 106 cells/well) were seeded into Ultra Low 

Attachment (ULA) 24-well flat-bottomed plates (Costar®). After the plate was incubated for 

4 days at 37 °C (5% CO2, 95% humidity), cells were maintained a sphere form. For AF488-

iRGDK-dab (4) and AF488-CG7CK-dab (6) treatment, the 4-day-old U-87 MG spheroids 

were transferred to a new ULA plate with medium, and then were incubated for 1 h in the 

presence of 1 μM of AF488-iRGDK-dab (4) or AF488-CG7CK-dab (6). After 1 h, U-87 MG 

spheroids were collected in V-bottomed 15-ml Falcon tubes and allowed to sediment. 

Supernatant was removed by gentle pipetting and pellets were washed once with PBS (1×, 

pH 7.4). Then, 1 mL of 4% paraformaldehyde (PFA) was added for overnight at 4 °C. After 

washing with PBS (1×, pH 7.4), 250 μL of Hoechst 33342 solution was gently added to the 

fixed U-87 MG spheroids for 40 min to stain the nucleic acid. After spheroids were washed 

once with PBS, U-87 MG spheroids were embedded in 1% Agarose Gel on a glass bottom 

dish (MatTek Corporation). U-87 MG spheroids were observed with FLUOVIEW FV10i 

confocal microscope (Olympus).

2.7. In Vivo/Ex Vivo Fluorescence Imaging and Histological Analysis

The animal study was performed according to the procedures approved by the animal care 

and use committee of Korea Institute of Science and Technology. For tumor xenograft and in 
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vivo imaging, BALB/c mice (6-week-old male; Orient Bio Inc., Korea) were anaesthetized 

with intraperitoneal injection of the solution (300 μL) of tiletamine hydrochloride (1 mg/

mL), zolazepam hydrochloride (1 mg/mL), and xylazine hydrochloride (0.2 mg/mL) in 

saline. Tumor xenografts were established by subcutaneous inoculation of U-87 MG and 

PC-3 cells (1 × 107 cells suspended in the culture medium of 80 μL) into the thigh of mice. 

After 2 weeks, Cy5.5-iRGDC-BK01 and Cy5.5-iRGDC (10 nmol, 200 μL) were 

intravenously injected into U-87 MG and PC-3 tumor-bearing mice. In vivo imaging was 

carried out at certain time points with anaesthetized mice by IVIS Spectrum (Caliper, USA) 

equipped with excitation (675/30 nm) and emission (720/20 nm) filters. The tumor and 

major organs were resected at 3 h after intravenous injection and directly imaged by IVIS 

Spectrum. For inhibition test, anti-αvβ3 antibody or anti-NRP-1 antibody (0.1 mg/mL, 100 

μL) was intravenously injected into the U-87 MG tumor-bearing mouse 15 min before the 

peptide injection.

For histological analysis, the major organs were excised from U-87 MG tumor-bearing mice 

in 3 days after intravenous injection of PBS (control) or Cy5.5-iRGDC-BK01. The excised 

organs were fixed with 4% formaldehyde solution, embedded in paraffin, and sliced into ∼5 

μm thickness. The sections were stained with haematoxylin and eosin (H&E), and visualized 

by optical microscope (BX 51, Olympus, Japan).

3. Results and Discussion

3.1. Synthesis of dye/quencher-conjugated activatable iRGD probes

As sketched in Scheme 2, iRGD peptides were synthesized using the Fmoc/tBu strategy of 

solid-phase peptide synthesis (SPPS) on Rink amide linker coupled core–shell type resin.

[33] After amino acid coupling, on-bead cyclization was performed using thallium(III) 

trifluoroacetate to make disulfide bridge in iRGD peptide.[34] As the proteolytic cleavage 

event generates the tissue-penetrating moiety (CendR motif) on the N-terminal fragment of 

iRGD,[20, 21] we conjugated a fluorescent dye on the N-terminus with a quencher attached 

to the opposite C-terminus to construct activatable fluorescence turn-on system. For 

quencher conjugation, a lysine (iRGDK, 1) or a cysteine (iRGDC, 2) was added to the C-

terminus of iRGD peptides, depending on the type and feature of quenchers. To ensure 

access to intrinsic iRGD-binding site and to enhance the further coupling efficiency, a spacer 

residue, 6-aminohexanoic acid, was incorporated on both termini of the peptides. AF488-

iRGDK-dab (4) was synthesized in three steps from the iRGDK peptide (1): Dabcyl-NHS as 

a quencher was coupled with the ε-amine of lysine on the C-terminus. After Fmoc 

deprotection on the N-terminus of iRGDK with a 20% piperidine solution, AF488-NHS as a 

fluorescent dye was conjugated on the deprotected amine. For in vivo studies, a near-

infrared (NIR) cyanine dye (Cy5.5-NHS) and a wide absorbable quencher (BK01-

maleimide, λabs: 400∼705 nm) were conjugated on both termini of iRGDC (2) via an 

orthogonal coupling method using amine-NHS ester and thiol-maleimide reactions (Cy5.5-

iRGDC-BK01, 5). As a control peptide without targeting and internalizing moieties, AF488-

CG7CK-dab (6) was synthesized from CG7CK (3) in the same synthetic method as AF488-

iRGDK-dab. All the synthesized iRGD peptide derivatives (1–6) were fully characterized by 

HPLC, MALDI-TOF mass, and HRMS (Supplementary data).
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3.2. Fluorescence recovery of the quenched iRGD probe

To evaluate the proteolytic cleavage-induced fluorescence activation, the dye/quencher-

conjugated iRGD probe (AF488-iRGDK-dab, 4) was incubated in the presence of DTT and 

trypsin. The intact fluorescence-quenched AF488-iRGDK-dab showed very weak 

fluorescence. As the concentration of DTT increased under excessive trypsin condition and 

vice versa, however, its fluorescence gradually increased with a linear correlation (Fig. 1a,b). 

It turned out that the fluorescence-quenched state is preserved in the absence of DTT or 

trypsin, indicating that the fluorescence activation necessarily requires both cleavages on 

disulfide and amide of the iRGD probe. The quenching efficiency of the intact AF488-

iRGDK-dab in PBS buffer (pH 7.4) was estimated as 96% that was determined based on the 

fluorescence intensity ratio between the intact and the fully dequenched solutions at the 

same concentration (Fig. 1c).[35] It was observed that in the absence of both DTT and 

trypsin, the quenched fluorescence of intact AF488-iRGDK-dab was stably maintained at 

various pH (pH 4.4–12) and in human serum for 2 h (quenching efficiency: 94–95%, Fig. 

1c), validating that physiological environments other than an abnormally raised proteolytic 

condition have a minimal influence on the fluorescence recovery. Taken together, it is 

suggested that the fluorescence activation of the dye/quencher-conjugated iRGD probes are 

exclusively responsive to the coexistence of bioreductants and proteases, being useful for 

monitoring the tumoral microenvironment.

3.3. In vitro fluorescence activation in cancer cells (2D) and tumor spheroids (3D)

To confirm the roles of receptors (αvβ3 integrin and NRP-1) for the cancer cell binding and 

internalization of iRGD (Scheme 1) [20], three types of cancer cells (A-431, PC-3, and U-87 

MG) were treated with fluorescence-quenched peptides (AF488-iRGDK-dab, 4 and AF488-

CG7CK-dab, 6) and observed with a fluorescence microscope (Supplementary Fig. S1). 

After 1 h incubation, the fluorescence of AF488-iRGDK-dab was still quenched in A-431 

cells that are devoid of both αvβ3 integrin and NRP-1. [36, 37] In contrast, clear 

fluorescence signals of the AF488 dye attached to AF488-iRGDK-dab were observed in 

PC-3 and U-87 MG cells expressing both the receptors.[38-40] The iRGD-free control 

peptide without targeting and internalizing functions, AF488-CG7CK-dab, showed no 

fluorescence dequenching response in all the cancer cells studied. These results elucidate 

that the receptor-mediated multistep mechanism involved in the function of iRGD is indeed 

operative depending on both αvβ3 integrin and NRP-1 in cancer cells. The iRGD probe 

showed minimal cytotoxicity (Supplementary Fig. S2), further validating its utility for 

biomedical uses.

For in-depth evaluation of the iRGD functions in tumor microenvironment, we prepared an 

U-87 MG tumor spheroid model that is known to closely mimic tumor tissues with many 

features of tumor microenvironment [41, 42]. In particular, tumor spheroids establish active 

protease secretion by cells into extracellular matrix [43, 44], which is suitable to assess the 

cleavage and the penetration of the iRGD probe. After treating the spheroids with AF488-

iRGDK-dab and AF488-CG7CK-dab for 1 h, vertical sections of the tumor spheroids were 

collected from top to bottom by confocal fluorescence microscopy. As shown in Fig. 2, the 

quenched fluorescence of AF488-iRGDK-dab was dramatically recovered in the tumor 

spheroid, whereas that of AF488-CG7CK-dab was not activated under the same condition. 
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Furthermore, the dequenched fluorescence of AF488-iRGDK-dab was widespread within 

the entire tumor spheroid (Supplementary Fig. S3, S4), indicating prominent tumor 

penetration and accumulation of the fluorescence-labeled iRGD fragment generated by the 

proteolytic cleavage event.

3.4. In vivo imaging of tumors in mice with the iRGD peptide

With successful in vitro fluorescence recovery in response to the tumoral angiogenic 

receptors, we applied the dye/quencher-conjugated monolithic iRGD probe to the in vivo 
tumor diagnosis via systemic administration. For in vivo imaging, Cy5.5-iRGDC-BK01 (5) 

was used as an activatable probe with deep tissue-penetrating NIR fluorescence. For 

comparison, an iRGD peptide without quencher conjugation (Cy5.5-iRGDC, 6) was used as 

an ‘always fluorescent’ control. ‘Fluorescence activatable’ or ‘always fluorescent’ iRGD 

peptides were intravenously injected into the mice bearing a U-87 MG tumor and 

comparatively imaged at selected time points (excitation and emission at 675 and 720 nm, 

respectively). It was observed that both the intravenously injected iRGD peptides exhibit 

good blood circulation throughout the whole body and fast renal clearance, along with 

significant fluorescence signals from the tumor (in vivo fluorescence images in 

Supplementary data). As shown in Fig. 3, the ‘always fluorescent’ iRGD peptide (Cy5.5-

iRGDC) displayed strong signals in both tumoral as well as normal tissues, which 

diminished the diagnostic contrast at the tumor. In the case of ‘activatable’ iRGD probe 

(Cy5.5-iRGDC-BK01), however, the initial weak signal that is mostly localized at the tumor 

was gradually intensified with time, resulting in more evident tumor visualization. To 

quantify the imaging contrast, tumor-to-normal tissue ratios (T/N) were determined with 

signal intensities from the regions indicated blue and red circles in Fig. 3. At initial time 

points after intravenous injection (20, 60, 120 min), Cy5.5-iRGDC-BK01 indeed provided 

notably higher T/N ratios than those of Cy5.5-iRGDC with statistical significance (p < 0.05) 

(Fig. 4a). Such a better imaging contrast is attributable to the tumor-specific signaling ability 

of Cy5.5-iRGDC-BK01 with minimal nonspecific fluorescence activation in background 

normal tissues. In addition to the enhanced contrast, ‘activatable’ Cy5.5-iRGDC-BK01 

provided more sustaining tumor signals than ‘always fluorescent’ iRGD peptide 

(Supplementary Fig. S5), revealing an advantageous feature of the activatable iRGD probe 

for tumor visualization. All these comparative results confirm that the exclusive fluorescence 

activation by the tumoral proteolytic cleavage event is operative for enhancing the imaging 

precision in tumor diagnosis. Furthermore, the ‘activatable’ iRGD probe (Cy5.5-iRGDC-

BK01) showed minimal in vivo toxicity with no conspicuous abnormities in major organs 

including heart, lung, liver, spleen, and kidney (Supplementary Fig. S6), validating its 

potential as a biomedical imaging probe.

We further examined the dependence of in vivo tumor imaging performance on the 

angiogenic receptors (αvβ3 integrin and NRP-1) by inhibition test. For competitive 

inhibition, U-87 MG tumor-bearing mice were pre-administered with anti-αvβ3 or anti-

NRP-1 antibody before the Cy5.5-iRGDC-BK01 injection. By such pretreatment, cancer 

targeting or cell internalization of the iRGD peptide is expected to be blocked, which would 

minimize the probe localization at tumor microenvironment and thus attenuate proteolytic 

fluorescence activation. Indeed, the fluorescence contrasts (T/N ratios) of the Cy5.5-iRGDC-
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BK01 were considerably reduced in the anti-αvβ3 or anti-NRP-1 antibody-pretreated mice 

(Fig. 4b). These results clearly evidence that the intrinsic attributes of iRGD (cancer 

targeting and internalization) cooperatively assist tumoral proteolytic reaction for tumor-

specific signaling, to enhance the diagnostic precision.

4. Conclusion

We have synthesized a fluorescence-activatable multifunctional monolithic probe based on 

the cyclic iRGD peptide for precise tumor imaging. It has been demonstrated that both 

reductive and proteolytic cleavages of the probe (on disulfide and peptide linkages, 

respectively) are necessary for the fluorescence activation of the dye/quencher-conjugated 

monolithic iRGD probe. It turned out that such cleavage-induced fluorescence recovery is 

strongly dependent on the angiogenic receptors (αvβ3 and NRP-1) under both in vitro and 

in vivo conditions. Unlike the ‘always fluorescent’ iRGD control, the dye/quencher-

conjugated iRGD peptide showed the background-minimized tumor-specific signal and thus 

greatly improved the fluorescence contrast between tumor and normal tissues. Besides the 

outstanding imaging performance, the activatable iRGD-based peptide monolith revealed 

minimal in vitro and in vivo toxicity profiles, holding potential for biomedical imaging uses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Fluorescence responses of AF488-iRGDK-dab (10 μM) to (a) various concentrations of 

DTT (0–640 μM) under the excessive trypsin condition (10 μg/mL) in PBS (pH 7.4), and (b) 

various concentrations of trypsin (0–10 μg/mL) under the excessive DTT condition (640 

μM) in PBS (pH 7.4). The fluorescence spectra were obtained after mixing at 37 °C for 1 h 

(ex/em = 488/515 nm). (c) Quenching stability of AF488-iRGDK-dab (10 μM) at various pH 

(4.4–12) and human serum solution. Quenching efficiencies were estimated based on the 

fluorescence intensity of AF488-iRGDK-dab after mixing at 37 °C for 2 h (ex/em = 488/515 

nm).
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Fig. 2. 
Confocal images of U-87 MG spheroids treated with AF488-iRGDK-dab and AF488-

CG7CK-dab (1 μM) for 1 h. All images were extracted at the middle of the spheroids. 

Green, Alexa Fluor 488; blue, nucleus-staining DAPI. Scale bar: 200 μm.
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Fig. 3. 
In vivo fluorescence images of U-87 MG tumor-bearing mice before and after intravenous 

injection of Cy5.5-iRGDC-BK01 and Cy5.5-iRGDC (50 μM). Blue and red circles indicate 

the tumor and the normal thigh regions nearby the tumor, respectively. The scales of the 

fluorescence intensity were adjusted to make maximum-to-minimum ratios of average tumor 

intensity the same.
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Fig. 4. 
In vivo fluorescence intensity ratios of iRGD probes between tumor and normal tissues. (a) 

Comparison between probes with and without quencher conjugation (Cy5.5-iRGDC-BK01 

and Cy5.5-iRGDC). (b) Receptor inhibition test by anti-αvβ3 antibody or anti-NRP-1 

antibody to block binding or internalization function of Cy5.5-iRGDC-BK01. All tumor-to-

normal fluorescence intensity ratios were calculated from the ROIs of tumor and normal 

tissues (blue and red circles in Fig. 3, respectively) at selected time points (20, 60, and 120 

min). Error bars are presented as standard deviation (n = 3), and the statistical analysis was 

evaluated according to one-way ANOVA (*p < 0.05).
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Scheme 1. 
Schematic of fluorescence recovery process of dye/quencher-conjugated iRGD peptide. 

After targeting on αvβ3 integrin and cleavage near tumor environment, the CendR motif 

with turned-on fluorescence is internalized into cancer cells via NRP-1.
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Scheme 2. 
Synthetic routes for (a) functional cyclic peptides and (b) dye/quencher conjugated peptide 

probes.
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