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Recent studies suggest that intratumoral legumain promotes tumorigenesis. To monitor legumain ac-
tivity in tumors, we developed a new MRI contrast agent ([Gd-NBCB-TTDA-Leg(L)]) and a NIR fluores-
cence probe (CyTE777-Leg(L)-CyTE807). The MRI contrast agent was prepared by introduction of
cyclobutyl and benzyl group residues to TTDA (3,6,10-tri(carboxymethyl)-3,6,10-triaza-dodecanedioic
acid), followed by the attachment of a legumain-specific substrate peptide (Leg(L)). The NIR fluorescence
probe was designed by conjugating two NIR fluorochromes (CyTE777 and CyTE807) with Leg(L). Peptide
cleavage of the MRI contrast agent by legumain can increase its hydrophobicity and promote rotational
correlation time (sR). Peptide cleavage of the NIR probes by the legumain relieves the self quench of the
probe. Peptide cleavage of the MRI contrast agent and the NIR fluorescence probe by legumain were
confirmed by T1 relaxometric studies and by fluorescence studies, respectively. In vivo MR images
showed that [Gd-NBCB-TTDA-Leg(L)] attained 55.3 fold (254.2% versus 4.6%, at 2.0 h post-injection)
higher imaging enhancement, as compared with control contrast agent bearing a noncleaveable pep-
tide ([Gd-NBCB-TTDA-Leg(D)], in the CT-26 (legumainþ) tumors. Similarly, optical imaging probe
CyTE777-Leg(L)-CyTE807 attained 15.2 fold (3.34 � 109 photons/min versus 0.22 � 109 photons/min, at
24.0 h post-injection) higher imaging enhancement in the CT-26 (legumainþ) tumors, compared to a NIR
control probe (CyTE777-Leg(D)-CyTE807). These data indicate that the [Gd-NBCB-TTDA-Leg(L)] and the
CyTE777-Leg(L)-CyTE807 probes may be promising tools to image the legumain-expressing cancers for
diagnoses and targeted treatments.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetic resonance imaging (MRI) is one of the most important
tools for cancer diagnosis, and its imaging effect depends upon the
combination of MRI contrast agents and the density of water
molecules in the body. Advances in MRI have extended the appli-
cation of this technology from clinical diagnosis to routine cellular
imaging [1e3]. Hence, many interdisciplinary researchers have
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been interested in developing more efficient MRI contrast agents
for targeting MR imaging.

Many studies have reported the use of lactoferrin [4], folic acid
[5e7], peptide, [8,9] nucleic acid [10], and monoclonal antibodies
[11,12] as targeting components of MRI contrast agents. Receptor-
mediated endocytosis [13] of these conjugated MRI contrast
agents provides an efficient and specific tumor targeting and im-
aging. On the other hand, optical imaging techniques has been
established as a powerful tool for in vitro and in vivo molecular
imaging for its superior sensitivity and selectivity [14,15]. In this
settings, near-infrared (NIR) fluorochromes are more widely used
than fluorochromes with visible spectra since the excitation/
emission of NIR (650e900 nm) can penetrate deep tissues without
been absorbed by the blood [16,17]. Use of NIR optical imaging has
become increasingly attractive to biological scientists due to low
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Fig. 1. Systematic representation of (A) MRI contrast agent ([Gd-NBCB-TTDA-Leg(L)]) and (B) NIR fluorescent probe (CyTE777-Leg(L)-CyTE807) for legumain detection.
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auto fluorescence, low phototoxicity and deep tissue penetration
[18e20]. Proteases participate in tumor formation, angiogenesis,
local invasion, and metastatic spread [21e23]. Therefore, proteases
may be promising targets for developments of anticancer drugs
that act preferentially at cancer sites. In line with this notion,
several protease inhibitors, such as the MMP inhibitors marimastat
[24], AG3340 [25], S-3304 [26], and BAY 12-9566, [27] have entered
phase I, II, and III clinical trials for cancer therapy for colon cancers.

Many studies have clearly revealed the correlation between
protease expression and poor prognosis in patients with cancer,
[28] indicating that proteases may also be used as markers to
predict tumor recurrence and prognostic survival. Thus, tumor-
associated proteases seem attractive as both therapeutic targets
and prognosis markers. Therefore, the technology to image prote-
ase activity in vivo would provide a valuable tool to design
personalized, protease activity-based prodrug therapies and to
monitor tumor recurrences and patient prognoses. Based on these
recent developments, we chose legumain (Leg) as a target in this
study. Legumain or asparaginly endopeptidase (AEP) is a lysosomal
cysteine protease with a high cleavage specificity after an aspara-
gine residue of substrate proteins [29,30]. Legumain expression and
activity are linked to a number of pathological conditions including
cancer, atherosclerosis, and inflammation, yet its biological role in
these pathologies is not well-understood. It is over-expressed in a
majority of human solid tumors such as carcinomas of the breast,
colon, and prostate. Knock-down of legumain in mouse cancer
models results in marked decrease in tumor growth and metastasis
[29]. Several macromolecular substrates have been identified for
legumain including MMP-2, [31] cathepsins H, B, L, [32] thymosin
[33], and fibronectin [34]. Highly potent and selective inhibitors for
legumain would not only be valuable for functional studies of
legumain in these conditions, but also useful for therapies as well.
In addition, development of imaging probes capable of detecting
legumain activity is likely to aid in tumor diagnosis and treatments.

In this study, we designed and synthesized a new MRI contrast
agent ([Gd-NBCB-TTDA-Leg(L)]) and a NIR fluorescent probe
(CyTE777-Leg(L)-CyTE807) for in vitro and in vivo detection of
legumain activity. A cyclobutyl and a benzyl group residues
were introducted on the carbon backbone of TTDA (3,6,10-
tri(carboxymethyl)-3,6,10-triaza-dodecanedioic acid) to increase
lipophilicity to the Gd(III) complex upon cleavage of a legumain-
specific peptide substrate (Leg(L)) linked to the benzyl group.
Legumain-mediated cleavage of the peptide substrate thus facili-
tate better wrapping of the Gd(III) ion and increases the water
exchange rate (kex). The CyTE777-Leg(L)-CyTE807 was created by
conjugating two NIR fluorochromes (CyTE777 and CyTE807) to
Leg(L). In close proximity, emission from CyTE777 is expected to
transfer to CyTE807, thus quench CyTE777 signals. We postulated
that enzymatic removal of the peptide substrate of [Gd-NBCB-
TTDA-Leg(L)], followed by binding with HSA would eventually
lead to the formation of macromolecules. On the other hand,
enzymatic removal of the peptide substrate of CyTE777-Leg(L)-
CyTE807 would increase the distance between these two fluoro-
chromes, and unveil the NIR fluorescent emission from CyTE777
(Fig. 1). The MRI contrast agent and the NIR fluorescent probe were
evaluated by in vitro and in vivo MR imaging and optical imaging,
respectively. A nude mice model bearing subcutaneous tumor xe-
nografts of CT-26 (legumainþ) tumor was used for both MR and
optical imaging studies.

2. Experimental

2.1. Materials and methods

Ninhydrin and palladium/charcoal (10% Pd) were purchased from Merck (Die-
tikon, Switzerland). O-(7-Aza-1H-benzotrlazol-1-yl)-N,N,N0 ,N0-tetramethyluronlum
(HATU), N-methylmorpholine, trifluoroacetic acid (TFA), N-ethyldiisopropylamine,
magnesium sulfate anhydrous, N-methyl morpholine, and N,N0-dicyclohex-
ylcarbodiimide (DCC) were purchased from Alfa Aesar (Ward Hill, US). Triethylsilane
(TIS), acetic anhydride, and hydrazinemonohydratewere purchased fromAcros (Fair
Lawn, US). Borane tetrehydrofuran complex solution in THF (BH3-THF), cyclobutane-
1,1-dicarboxamide, succinic anhydride, thionyl chloride (SOCl2), 3-
mercaptopropionic acid, and Dulbecco’s minimal essential medium were pur-
chased from SigmaeAldrich (St. Louis, US). Fmoc-Ala, Fmoc-(L)-Asn(Trt), Fmoc-
Lys(Boc), Fmoc-Lys(ivDde), Fmoc-(D)-Asn(Trt), Fmoc-Leu, rink amide resin (200e
400 mesh), N-hydroxybenzotriazole (HOBT), and benzotriazole-1-yl-oxy-tris-pyr-
rolidino-phosphoniumhexafluoro-phosphate (PyBOP) were purchased from Nova-
biochem (Nottingham, UK). N-methyl-2-pyrrolidinone (NMP) was purchased from
Mallinckrodt Baker (Phillipsburg, US). All other chemicals and reagents for the syn-
thesis and biological studies were of high quality and procured commercially from
the reputed suppliers. The peptide synthesis was performed on PS-3 (Ridgefield, NJ,
US). The 1H NMR and 13C NMR spectra of the compounds were recorded in deuter-
ated water (D2O)/deuterated dimethulsulphoxide (DMSO-d6) at room temperature
using tetramethylsilane as an external standard on a Unity-300 NMR spectrometer
(Varian, CA, US). LC-MS analyses were performed with Micromass ZQ-4000 and Q-
Tof (Waters, MA, US). HPLC analysis was performed on AKTA basic 10
system (Amersham-Pharmacia, NJ, US) equipped with an UV-900 detector, Frac-920
fraction collector and RP-C18 column (5 mm, 4.6� 250 mm) (Supelco, PA, US), eluted
at a flow rate of 1 mL/min with a solvent system consisting of 0.1% TFA/H2O (solvent
B) and TFA/CH3CN (solvent A). UV/Vis and fluorescence spectra were measured with
U-3010 UV/Vis spectrophotometer (Hitachi, Tokyo, Japan) and F-9000 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan) at room temperature, respectively. The
relaxation time (T1) measurements were performed using NMS-120 Minispec
relaxometer (Bruker, Ettlingen, Germany) operating at 20 MHz and 37.0 � 0.1 �C.
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In vitro and in vivo MR imaging was recorded on 7.0-T Biospec MR scanner (Bruker,
Ettlingen, Germany) with a volume coil used as radio frequency transmitter and
receiver. In vitro and in vivo optical imageswere acquired using IVIS Spectrum System
(Caliper, MA, US).

2.2. Synthesis

Syntheses of peptide substrate (Fmoc-Leu-(L)-Asn(Trt)-Ala-Ala-Lys(Boc)-Lys(Boc)-
Lys(Boc)-Lys(ivDde), Leg(L) and Fmoc-Leu-(D)-Asn(Trt)-Ala-Ala-Lys(Boc)-Lys(Boc)-
Lys(Boc)-Lys(ivDde), Leg(D)) [35].

The solid-phase peptide assembled on PS-3 peptide synthesizer was synthe-
sized using rink amide resin (0.63 mmol/g) by Fmoc chemistry. The side chain
protecting groups of trifunctional amino acids were trifluoroacetic acid labile.
Legumain peptide substrate (Fmoc-Leu-(L)-Asn(Trt)-Ala-Ala-Lys(Boc)-Lys(Boc)-
Lys(Boc)-Lys(ivDde), Leg(L)) was synthesized on a 0.16 mmol scale using a 4-fold
molar excess of Fmoc-protected amino acids (0.62 mmol), which were activated
by 4-fold excess of PyBOP in the presence of N-methyl morpholine (20% v/v) in DMF.
Na -Fmoc protecting groups were removed by treating the resin-attached peptide
6  +  L(Trt)N(R)AAK(Boc)K(Boc)K(Boc)K(Boc)
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Scheme 1. Synthetic scheme of [Gd-NBCB-TTDA-Leg(L)] a
with piperidine (20% v/v) in DMF. The legumain functionalized resin (0.25 g,
0.16 mmol) was deprotected with the piperidine solution and washed in DMF as
described above. The collected fractions yielded legumain peptide substrate as a
green powder (253 mg, 85.8%). ESI-MS m/z calcd for C41H51N2O8S3: 899.14, found:
899.61 [M þ H]þ. The control legumain peptide substrate (Fmoc-Leu-(D)-Asn(Trt)-
Ala-Ala-Lys(Boc)-Lys(Boc)-Lys(Boc)-Lys(ivDde), Leg(D)) was synthesized by
following the steps as mentioned for Leg(L) by utilizing D-form asparagine as re-
action substrate. The collected fractions yielded legumain peptide substrate as a
green powder (241 mg, 81.7%). ESI-MS m/z calcd for C41H51N2O8S3: 899.14, found:
899.83 [M þ H]þ.

The details of the synthesis of compounds 1 to 6, 11, and 12 are reported in the
Supporting Information, (Schemes S1y and S2y), and compounds 7 to 10, and 13 to
14 are depicted in Schemes 1 and 2. The procedures are described as below.

2.2.1. Syntheses of NBCB-TTDA-Leg(L) (7) and
NBCB-TTDA-Leg(D) (8)

In order to expose the N-terminal of peptide, the resin (0.5 g, 0.20 mmol) was
soaked in NMP (2 mL) for 1 h. At the same time, HATU (120 mg, 0.32 mmol)/DMF
L(Trt)N(R)AAK(Boc)K(Boc)K(Boc)K(Boc)

t-Bu

t-Bu

K

KKK

nd control contrast agent ([Gd-NBCB-TTDA-Leg(D)]).
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(2.5 mL) was added to a solution of NBCB-COOH-5est (6; 0.32 g, 0.34 mmol) in
NMP (3 mL) and shaken vigorously for 15 min. DIEA/NMP (1 mL, 2 M) was then
added to the above mixture for 15 s to activate the ligand. The ligand solution
was added to the resin and the resulting mixture was shaken vigorously for 8 h.
After the reaction was completed, the cleave reagent (10 mL; TFA : deionized
water : TIS ¼ 95: 2.5: 2.5 (v/v)) and the resulting mixture was vigorously stirred
for 2 h, washed in CH2Cl2 and methanol and filtered. After filtration, TEA was
added to the mixture to neutralize remnant TFA and then the solvent was
vaporized under reduced pressure. To the residue, cold diethyl ether was added
and mixture was centrifuged (1500 rpm) for 5 min to precipitate. The same step
was repeated for 3e5 times and the white precipitate obtained was collected and
lyophilized using deionized distilled water. The freeze-dried powder was
concentrated, diluted in H2O, purified by HPLC, and lyophilized to yield white
powder compound 7 (83.0 mg, 27.0%). ESI-MS: m/z calculated: 1533.77, found:
1533.69 [M þ H]þ. The control probe (NBCB-TTDA-Leg(D)) was synthesized by
following the steps as mentioned for NBCB-TTDA-Leg(L) by using Leg(D) as a
control peptide substrate with yield of compound 8 (86.4 mg, 28.1%). ESI-MS: m/z
calculated: 1533.77, found: 1534.22 [M þ H]þ.

2.2.2. Preparation of [Gd-NBCB-TTDA-Leg(L)] (9) and [Gd-NBCB-TTDA-Leg(D)] (10)
The ligand (NBCB-TTDA-Leg(L)) was dissolved in deionized water (5 mL) and the

pH was adjusted to 5.5e6.5 using sodium hydroxide. GdCl3(aq) (510.7 mL, 94.6 mM)
was then added to the above solutions and stirred at 25 �C for 72 h. The completion
of complex formation was confirmed by xylenol orange test. The solution was
filtered and lypophilized to give the white powders complex 9. The purity of [Gd-
NBCB-TTDA-Leg(L)] was determined by HPLC and the identity was confirmed by
mass spectrometry. ESI-MS: m/z calculated: 1685.98, found: 1685.75 [M þ H]þ.
Complex 10 ([Gd-NBCB-TTDA-Leg(D)]) was prepared using the same procedure as
mentioned for [Gd-NBCB-TTDA-Leg(L)] by utilizing NBCB-TTDA-Leg(D) (78 mg,
0.051 mmol) as the control ligand and GdCl3(aq) (510.7 mL, 94.6 mM) as the reaction
precursors. The purity of [Gd-NBCB-TTDA-Leg(D)] was determined by HPLC
(Fig. S1y) and the identity was confirmed by mass spectrometry. ESI-MS: m/z
calculated: 1685.98, found: 1686.66 [M þ H]þ.

2.2.3. Syntheses of CyTE777-Leg(L)-CyTE807 (13) and
CyTE777-Leg(D)-CyTE807 (14)

In a separated vial, CyTE777 (446 mg, 0.57 mmol) and HOBT (77.2 mg,
0.57 mmol) were dissolved in DMF (5 mL) and cooled to 0 �C. DCC (116.9 mg,
0.57 mmol) was added and dissolved by stirring. The solution was then warmed to
room temperature and allowed to stand for 24 h after which it was added to the
legumain peptide substrate (Leg(L)). The side chain protection group (ivDde) on (L)-
Leg was removed by 2% hydrazine in DMF. In a separated vial, CyTE807 (453 mg,
0.57 mmol) and HOBT (77.2 mg, 0.57 mmol) were dissolved in DMF (5 mL) and
cooled to 0 �C. To this, DCC (116.9mg, 0.57mmol) was added and dissolved by gentle
stirring. The solutionwas warmed to the room temperature and allowed to stand for
24 h after which it was added to the solution. When the reactionwas completed, the
peptide solution was removed. The resin was washed in DMF and methanol, and
dried under vacuum. The cleave reagent (10 mL; TFA : deionized water : TIS ¼ 95 :
2.5 : 2.5 (v/v)) were added to the resin, and N2 was bubbled through the mixture for
2.0 h. After removing resin, CyTE777-Leg(L)-CyTE807 (13) was precipitated in ice-
cold diethyl ether and centrifuged (1500 rpm) for 5 min CyTE777-Leg(L)-CyTE807
was concentrated, diluted in H2O, purified by HPLC (Fig. S2y), and lyophilized to
yield green powder compound 13 (229.6 mg, 42.3%). MOLDI-TOF-MS: m/z calcu-
lated: 2441.17, found: 2440.92 [M � H]þ. CyTE777-Leg(D)-CyTE807 (14) was
11 + L(Trt)N(R)AAK(Boc)K(Boc)K(Boc)K(ivDde)
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Scheme 2. Synthetic scheme of NIR fluorescent probe (CyTE777-Le
prepared using the same procedure as mentioned for compound 13 by utilizing
Leg(D) as control peptide substrate. The yield of compound 14 was found to be
229.6 mg (47.8%). MOLDI-TOF-MS:m/z calculated: 2441.17, found: 2440.74 [M� H]þ.

2.3. Luminescent method for establishing solution hydration state

Luminescence lifetime data was obtained for the Eu(III) complex to determine
the number of inner-sphere water molecules in the aqueous solution [21e23]. The
luminescence lifetime (s) has been determined in both H2O and D2O. The complex
containing the number of inner-sphere water was calculated by equations (1) and
(2) [28,[36]]

q ¼ A
�
1=sH2O � 1=sD2O

�
A ¼ 1:05 (1)

q ¼ ��
1=sH2O � 1=sD2O

�� 0:25
�� 1:2 (2)

where q is the number of water molecules bound to metal ions, sH2O luminescence
half-life in water solution and sD2O is the luminescence half-life in deuterium oxide
solution.

2.4. Relaxivity (r1) measurement

To study the effect of legumain on the longitudinal relaxation time (T1) of [Gd-
NBCB-TTDA-Leg(L)] and the control contrast agent ([Gd-NBCB-TTDA-Leg(D)]), T1
values were measured in the presence and absence of legumain and HSA,
respectively. All the T1 values were measured using a 20 MHz relaxometer
operating at 37.0 � 0.1 �C. Before each measurement, the relaxometer was tuned
and calibrated. The T1 values were plotted against the concentration of agents, to
get six data points, respectively. Furthermore, the values of r1 were determined
from the slope of six data points generated by an inversion-recovery pulse
sequence.

2.5. Cell lines and animal model

Legumain-expressing 3T3 (legumainþ) cell line was a 3T3 cell line transfected
with legumain cDNA. CT-26 (legumainþ) (murine colon carcinoma cells), 3T3,
and legumain-expressing 3T3 (legumainþ) cell lines were cultured in Dulbecco’s
minimal essential medium supplemented with 10% bovine serum, penicillin
(100 mg/mL) and streptomycin (100 mg/mL) with 5% CO2 at 37 �C. Nude mice (5
weeks old, male) were purchased from the National Laboratory Animal Center
(Taipei, Taiwan). Animal experiments were performed in accordance with the
institutional guidelines. CT-26 (legumainþ) cells (106 cells) in PBS (100 mL) with
equal volume of matrigel were subcutaneously injected into nude mice (n ¼ 4)
and used for in vivo studies. Cells were injected into the right lateral thigh of the
mice. MR imaging was performed two weeks after tumor implantation, at which
time the tumors were measured approximately 500 mm3 in volume.

2.6. Cell cytotoxicity

CT-26 and 3T3 cell lines (105 cells) were seeded to the 96-well plates and
incubated for 24 h, respectively. Then, [Gd-NBCB-TTDA-Leg(L)], [Gd-NBCB-TTDA-
Leg(D)], CyTE777-Leg(L)-CyTE807, and CyTE777-Leg(D)-CyTE807 (each in the range
yTE807, 13

CyTE807, 14

CyTE807

CyTE777 L(Trt)N(R)AAK(Boc)K(Boc)K(Boc)K

CONH
2

CyTE807

(Boc)K(Boc)K

g(L)-CyTE807) and control probe (CyTE777-Leg(D)-CyTE807).



Table 1
q values of [Eu-NBCB-TTDA-Leg(L)], [Eu(NBCB-TTDA)]2�, and [Eu(BzCB-TTDA)]2�.

Compounds qb qc

[Eu-NBCB-TTDA-Leg(L)] 1.19 � 0.01 1.06 � 0.01
[Eu(NBCB-TTDA)]2� 1.31 � 0.03 1.20 � 0.04
[Eu(BzCB-TTDA)]2�a 1.26 � 0.02 1.14 � 0.03

a Data were obtained from Ref. [38].
b q value obtained using equation (1).
c q value obtained using equation (2).

Fig. 2. Fluorescent spectra of CyTE777-Leg(L)-CyTE807 incubated with legumain-
transduced 3T3 (legumainþ) cell lysate (solid line) and CyTE777-Leg(L)-CyTE807
alone (dotted line) in 0.1 M PBS (excitation: 745 nm).

Yu-J. Chen et al. / Biomaterials 35 (2014) 304e315308
of 0.01e10 mM) were added to the wells. After incubated for 24 h, the supernatant
was removed and the cells washed three times in PBS. Cell viability was estimated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
conversion test. MTT (50 mL) solution was added to each well for 2 h, each well was
then treated with dimethyl sulfoxide (50 mL) andmeasured by an ELISA reader at the
absorption wavelength set at 570 nm. The data represent the average of sixteen
wells. The viability of untreated cells was assumed to be 100%.

2.6.1. In vitro MR imaging study
For the enzymatic cleavage, the MR images of [Gd-NBCB-TTDA-Leg(L)] and

control contrast agent ([Gd-NBCB-TTDA-Leg(D)]) were recorded in the presence and
absence of legumain and HSA, respectively. All the MR images were obtained by
using T1-weighted (TR/TE ¼ 100/10 ms) two-dimensional spin-echo sequence and
the contrast enhancement (%) was calculated by the following equation (3)

Enhancementð%Þ ¼ �
SIpost � SIpre

��
SIpre � 100 (3)

where SIpost is the value of signal intensity of [Gd-NBCB-TTDA-Leg(L)] or control
contrast agent ([Gd-NBCB-TTDA-Leg(D)]) with cells and SIpre is the value of signal
intensity of [Gd-NBCB-TTDA-Leg(L)] or control contrast agent ([Gd-NBCB-TTDA-
Leg(D)]) alone.

2.7. In vitro optical imaging study

CyTE777-Leg(L)-CyTE807 and the control probe (CyTE777-Leg(D)-CyTE807)
were prepared with various concentrations (0.31, 0.63, 1.25, and 2.50 mM). The cell
lysates of legumain-expressing 3T3 (legumainþ) or 3T3 cells (105 cells each) were
incubated with CyTE777-Leg(L)-CyTE807 and the control probe for 30 min at 37 �C.
All samples were scanned at wavelength of excitation 745 nm and emission 820 nm.
The contrast enhancement (%) was calculated by equation (3) by considering SIpost is
the value of signal intensity of CyTE777-Leg(L)-CyTE807 or the control probe
(CyTE777-Leg(D)-CyTE807) with cells and SIpre is the value of signal intensity of
CyTE777-Leg(L)-CyTE807 or the control probe (CyTE777-Leg(D)-CyTE807) alone.

2.8. In vivo MR imaging study

Nude mice bearing CT-26 (legumainþ) tumors were studied by MR imaging
when the subcutaneous tumor xenografts reached approximately 500 mm3. A so-
lution of [Gd-NBCB-TTDA-Leg(L)] (0.1 mmol/kg) was injected via the tail veins. The
MR imaging of pentobarbital-anesthetizedmicewas performed every 10min for 1 h,
using 7.0-T Biospec MR scanner with a volume coil used as radio frequency trans-
mitter and receiver. All animals were scanned using a T1-weighted fast spin-echo
sequence (TR/TE/flip angle ¼ 400/15/10�) for imaging and the corresponding
contrast enhancement (%) was calculated by equation (3) by considering SIpost is the
value of signal intensity for [Gd-NBCB-TTDA-Leg(L)] or the control contrast agent
[Gd-NBCB-TTDA-Leg(D)] targeted on tumor cells, and SIpre is the value of signal
intensity before [Gd-NBCB-TTDA-Leg(L)] or the control contrast agent [Gd-NBCB-
TTDA-Leg(D)] injection.

2.9. In vivo optical imaging study

For the optical imaging experiments, tumor-bearing nudemicewere injected via
tail veins with CyTE777-Leg(L)-CyTE807 and the control probe (CyTE777-Leg(D)-
Table 2
Relaxivity (r1) of [Gd-NBCB-TTDA-Leg(L)], [Gd-NBCB-TTDA-Leg(D)], [Gd(NBCB-
TTDA)]2�, and [Gd(TTDA)]2�, at 20 MHz and 37.0 � 0.1 �C.

Compounds pH Relaxivity (r1)/mM�1 s�1

[Gd-NBCB-TTDA-Leg(L)] 7.4 � 0.1 4.94 � 0.03
[Gd-NBCB-TTDA-Leg(D)] 7.4 � 0.1 4.86 � 0.02
[Gd(NBCB-TTDA)]2�a 7.4 � 0.1 4.28 � 0.01
[Gd(TTDA)]2�a 7.4 � 0.1 3.85 � 0.03

a Data were obtained from Ref. [38].
CyTE807) (2 mmol/kg). Optical imaging was acquired at pre-injection and various
time points (0.5, 1, 4, and 24 h) of post-injection. The signal enhancement (%) was
calculated by the equation (3), in which SIpost is the value of signal intensity for
CyTE777-Leg(L)-CyTE807 or the control probe (CyTE777-Leg(D)-CyTE807) targeted
on tumor cells, and SIpre is the value of signal intensity before CyTE777-Leg(L)-
CyTE807 or the control probe (CyTE777-Leg(D)-CyTE807) injection.

2.10. Biodistribution study

CyTE777-Leg(L)-CyTE807 and the control probe (CyTE777-Leg(D)-CyTE807)
were intravenously injected into tumor-bearing nude mice. Mice were sacrificed
24 h after injection of CyTE777-Leg(L)-CyTE807 and the control probe. Blood, lungs,
livers, spleens, hearts, muscles, pancreata, intestines, kidneys, stomachs, bones, skin,
and CT-26 (legumainþ) tumors were collected and washed (except for blood) in PBS
(10 mL). The fluorescent signals of organs were recorded and the results were
represented as percentage of injected dose per gram of tissue (% ID/g).

3. Results and discussion

3.1. Syntheses of [Gd-NBCB-TTDA-Leg(L)] and
[Gd-NBCB-TTDA-Leg(D)]

In this study, [Gd-NBCB-TTDA-Leg(L)] and the control contrast
agent ([Gd-NBCB-TTDA-Leg(D)]) were synthesized for molecular
MR imaging by using CB-diamine (1), NBPDA (2), NBCB (3), NBCB-
NO2-5est (4), NBCB-NH2-5est (5), NBCB-COOH-5est (6), NBCB-
TTDA-Leg(L) (7), NBCB-TTDA-Leg(D) (8), GdCl3, and a legumain-
specific peptide substrate or a control peptide that contains D-
form asparagine (noncleavable to legumain) as reaction precursors.
The reactions involved in the syntheses of ligands and the corre-
sponding gadolinium complexes were given in Schemes S1y and
Scheme 1, respectively. All the synthesized compounds were
characterized using several techniques such as 1H NMR, 13C NMR,
HPLC, and ESI-MS and the data are summarized in respective
synthetic part under experimental sections. All the synthesized
compounds are relatively stable and soluble in aqueous solutions.

3.2. Syntheses of CyTE777-Leg(L)-CyTE807 and
CyTE777-Leg(D)-CyTE807

CyTE777-Leg(L)-CyTE807 was developed as a molecular NIR
fluorescent probe and CyTE777-Leg(D)-CyTE807 as a control probe.
Schemes S2y and Scheme 2 showed the schematic representation
of the syntheses of CyTE777-Leg(L)-CyTE807 and CyTE777-Leg(D)-



Fig. 3. Cell cytotoxicity of [Gd-NBCB-TTDA-Leg(L)] (A) and [Gd-NBCB-TTDA-Leg(D)] (B), as function of different concentrations (62.5e1000 mM) in MTT assay. Cell cytotoxicity of
CyTE777-Leg(L)-CyTE807 (C) and CyTE777-Leg(D)-CyTE807 (D) as function of different concentrations (0.01e10 mM) in MTT assay.

Fig. 4. (A) In vitro T1-weighted MR images of legumain-expressing 3T3 (legumainþ) and 3T3 cells treated with 0.25 mM of [Gd-NBCB-TTDA-Leg(L)] and [Gd-NBCB-TTDA-Leg(D)] in
the presence and absence of HSA; (B) color-map of MR imaging.
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Fig. 5. In vitro optical images of legumain-expressing 3T3 (legumainþ) and 3T3 cells
incubated with CyTE777-Leg(L)-CyTE807, and control probe (CyTE777-Leg(D)-
CyTE807) in the presence and absence of HSA; (A) CyTE777-Leg(L)-CyTE807 alone; (B)
CyTE777-Leg(L)-CyTE807 incubated with legumain-expressing 3T3 (legumainþ) cell
lysate; (C) CyTE777-Leg(L)-CyTE807 incubated with 3T3 cell lysate; (D) CyTE777-
Leg(D)-CyTE807 alone; (E) CyTE777-Leg(D)-CyTE807 incubated with legumain-
expressing 3T3 (legumainþ) cell lysate; (F) CyTE777-Leg(D)-CyTE807 incubated with
3T3 cell lysate (excitation: 745 nm; emission: 820 nm).
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CyTE807. A previous study has demonstrated that CyTE777 and
CyTE807 could be conveniently synthesized in one step [37]. To the
Leg(L) substrate sequence, leucine and lysine residues were incor-
porated at N- and C-terminal, respectively, for fluorochrome
conjugation. Upon complete syntheses of the peptide sequences,
the N-terminal Fmoc group was removed by piperidine in anhy-
drous DMF and the amino group was confirmed by Kaiser test [36].
The peptide substrate, which was preactivated by coupling reagent
(PyBOP and HOBT), were then coupled to fluorochrome (CyTE777),
catalyzed by DCC for 24 h. The crude compounds were washed in
methanol and then confirmed for completion of the reaction by
Kaiser test. After washed in methanol, CyTE777-Leg(L) was stored
at �80 �C to prevent decomposition. The amine-reactive carbox-
ylate group of CyTE807 was further conjugated to the deprotected
peptide sequence via the C-terminal lysine residue for 24 h. The
resin was removed by a mixture of TFA and TIS (10 mL), and the
compounds were precipitated by ice-cold diethyl ether. In addition,
CyTE777-Leg(D)-CyTE807 was synthesized via the same procedure
as mentioned for CyTE777-Leg(L)-CyTE807 by using Leg(D) as a
peptide substrate.

3.3. Assessment of hydration state

In order to assess the hydration state of Gd(III) complexes, Eu(III)
is commonly applied for lifetime measurements because of its
emission falls in the visible spectra and its longer emission time.
[24e26] The [Eu-NBCB-TTDA-Leg(L)] complex was synthesized and
its luminescent time (s) were measured in both water and deute-
rium oxide upon excitation at 395 nm. The inner-sphere water
molecule calculated for the [Eu-NBCB-TTDA-Leg(L)] complex by
using equations (1) and (2) and is found to be 1.19 and 1.06,
respectively (Table 1). These results indicate that the q value
obtained for [Eu-NBCB-TTDA-Leg(L)] fall within the usual range of
single hydration. Our measurements are similar to published data
that the q value of [Eu-NBCB-TTDA-Leg(L)] is close to those of
[Eu(NBCB-TTDA)]2� and [Eu(BzCB-TTDA)]2� [38].

3.4. Relaxivity (r1) study

The relaxivity (r1) values of [Gd-NBCB-TTDA-Leg(L)], [Gd-NBCB-
TTDA-Leg(D)], [Gd(NBCB-TTDA)]2�, and [Gd(TTDA)]2� at 37.0� 0.1 �C
are shown in Table 2. The relaxivity values obtained for [Gd-NBCB-
TTDA-Leg(L)], [Gd-NBCB-TTDA-Leg(D)], [Gd(NBCB-TTDA)]2�, and
[Gd(TTDA)]2� fall within the usual range that corresponds to single
hydration (Table 1). The relaxivity of [Gd-NBCB-TTDA-Leg(L)] is
similar to that of [Gd-NBCB-TTDA-Leg(D)], and slightly higher than
those of [Gd(NBCB-TTDA)]2� and [Gd(TTDA)]2� likely due to conju-
gation of the legumain-specific peptide substrate or control peptide
thus reduces the tumbling rate and enhances relaxivity [28,[38]].

3.5. Fluorescent study of legumain-induced peptide cleavage of
CyTE777-Leg(L)-CyTE807

The NIR fluorescent probe (CyTE777-Leg(L)-CyTE807) was
created by conjugating two NIR fluorochromes (CyTE777 and
CyTE807) to Leg(L). The emission maxima of CyTE777-Leg(L)-
CyTE807, CyTE777, and CyTE807 were 840, 820, and 840 nm,
respectively (Fig. 2 and S3y). The fluorescent signals of CyTE777
moiety was completely quenched by CyTE807 resulting from a
combination of static quenching and FRET mechanisms [39]. To
examine the effect of peptide cleavage by legumain, CyTE777-
Leg(L)-CyTE807 was incubated with legumain-transduced 3T3
cell lysate for 0.5 h and then its emission recorded. As shown in
Fig. 2, cleavage of the Leg(L) substrate occurred as a consequence of
the specific substrate recognition by legumain-induced hydrolysis
of asparaginyl bond (LeueAsn bond) on the legumain peptide
substrate. This cleavage induced a slight wavelength shift from
840 nm to 820 nm as compared with the emission from probes
without incubation in 3T3 (legumainþ) cell lysate. These results
indicated that CyTE777-Leg(L)-CyTE807 could be recognized by
legumain. Two fluorochromes (CyTE777 and CyTE807) connected
by a peptide is expected to quench fluorescent emission by one of
the dyes. Cleavage of peptide substrate increased the distance be-
tween these two fluorochromes, and revealed the fluorescence
emission previously quenched. These results demonstrate that
CyTE777-Leg(L)-CyTE807 is recognized specifically on the cleavage
site by legumain.

3.6. Cell cytotoxicity

Cytotoxicity is an important parameter for applying the imaging
agents in biomedical studies. We used MTT assay to evaluate
cytotoxicity of [Gd-NBCB-TTDA-Leg(L)], [Gd-NBCB-TTDA-Leg(D)],
CyTE777-Leg(L)-CyTE807, and CyTE777-Leg(D)-CyTE807 to CT-26
(legumainþ) and 3T3 cell lines. As shown in Fig. 3, [Gd-NBCB-
TTDA-Leg(L)], [Gd-NBCB-TTDA-Leg(D)], CyTE777-Leg(L)-CyTE807
and CyTE777-Leg(D)-CyTE807 displayed low cytotoxicity even at
high concentrations of the probes.

3.7. In vitro MR imaging

To further determine the potential utility of [Gd-NBCB-TTDA-
Leg(L)], in vitro MR imaging studies were performed and the
contrast enhancements (%) calculatedusing the equation (3). Contrast
enhancements after incubationwith 3T3 or legumain-expressing3T3
(legumainþ) cell lysats in the presence and absence of HSA, attained
3.4 � 0.9%, 46.7 � 2.4%, 27.1 � 2.8%, and 73.5 � 2.4%, respectively for



Fig. 6. In vivo T1-weighted MR images of mice bearing CT-26 (legumainþ) xenografts pre- and post-injection of [Gd-NBCB-TTDA-Leg(L)] (0.1 mmol/kg) (A). MR imaging was
performed on 7.0-T Biospec MR scanner by fast spin echo pulse sequence (TR/TE ¼ 400/15). (B) Color-map of (A).

Fig. 7. In vivo T1-weighted MR images of mice bearing CT-26 (legumainþ) xenografts pre- and post-injection of [Gd-NBCB-TTDA-Leg(D)] (0.1 mmol/kg) (A). MR imaging was
performed on 7.0-T Biospec MR scanner by fast spin echo pulse sequence (TR/TE ¼ 400/15). (B) Color-map of (A).
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[Gd-NBCB-TTDA-Leg(L)] (Fig. 4). [Gd-NBCB-TTDA-Leg(L)] showed
marked contrast enhancement compared to the control contrast
agent ([Gd-NBCB-TTDA-Leg(D)]) (73.5 � 2.4% vs. 28.4 � 1.1%, in
presence of legumain activity and HSA) [38], likely due to D-form
asparagine in the peptide sequence of the control probe renders the
peptide resistant tohydrolysis by legumain. These invitroMRimaging
results indicate that legumain significantly and specifically increased
contrast enhancement of [Gd-NBCB-TTDA-Leg(L)] but not of the
control contrast agent [Gd-NBCB-TTDA-Leg(D)].

3.8. In vitro optical imaging

In vitro optical imaging studies were performed with graded
concentrations of CyTE777-Leg(L)-CyTE807 and control probe
CyTE777-Leg(D)-CyTE807 with the legumain-expressing 3T3
(legumainþ) or 3T3 cell lysate. As shown in Fig. 5, signal intensity
of CyTE777-Leg(L)-CyTE807 was increased by incubation with
legumain-expressing 3T3 (legumainþ) cell lysate. In the absence
of legumain, signal intensity was slightly increased maybe due to
non-specific cleavage to the probe. Only marginal increase in the
signal intensity of control probe (CyTE777-Leg(D)-CyTE807) was
noted when present at high concentrations. These results indi-
cate that CyTE777-Leg(L)-CyTE807 was specifically cleaved by
legumain such that self-quench between CyTE777 and CyTE807
was relieved.

3.9. In vivo MR imaging

In vivo MR imaging was carried out for [Gd-NBCB-TTDA-Leg(L)]
and the control contrast agent ([Gd-NBCB-TTDA-Leg(D)]). Images
Fig. 8. In vivo NIR fluorescence images of CyTE777-Leg(L)-CyTE807 and the control probe
injected CyTE777-Leg(L)-CyTE807 (2 mmol/kg) (A) and CyTE777-Leg(D)-CyTE807 (2 mmol/kg
(excitation: 745 nm; emission: 820 nm).
were acquired at pre-injection and various time points (1 min,
0.5 h, 1 h, 2 h, 3 h, and 24 h) after injection of contrast agents to
nude mice bearing CT26 (legumainþ) tumors. The MR images of
[Gd-NBCB-TTDA-Leg(L)] and [Gd-NBCB-TTDA-Leg(D)] after intra-
venous injection were shown in Figs. 6 and 7. The contrast en-
hancements (%) at CT26 tumors after [Gd-NBCB-TTDA-Leg(L)]
injection reached 4.5%, 39.9%, 146.1%, 254.2%, 103.5%, and 3.9%,
respectively. In contrast, only slight enhancements (3.9% at 1 h
post-injection, and 4.6% at 2 h post-injection) were observed for
the control contrast agent [Gd-NBCB-TTDA-Leg(D)]. The relative
contrast enhancement were 37.5 (146.1% versus 3.9%, 1 h post-
injection) and 55.3 (254.2% versus 4.6%, 2 h post-injection) fold
higher with [Gd-NBCB-TTDA-Leg(L)], compared to the control
contrast agent. Thus, [Gd-NBCB-TTDA-Leg(L)] maybe an useful
contrast agent for in vivo MR imaging of legumain-expressing
tumors.

3.10. In vivo optical imaging

To investigate the usefulness of CyTE777-Leg(L)-CyTE807, in vivo
imaging of mice bearing CT-26 (legumainþ) tumors was attempted.
CyTE777-Leg(L)-CyTE807 or CyTE777-Leg(D)-CyTE807 were intra-
venously injected into the tumor-bearing nude mice via tail veins.
The fluorescent signals were recorded in mice at various time
points (0.5 h, 1 h, 4 h, and 24 h) after injection. As demonstrated in
Fig. 8, high fluorescent intensities were observed in the tumors for
the mice treated with CyTE777-Leg(L)-CyTE807 (5.23 � 109 pho-
tons/min at 0.5 h and 3.34 � 109 photons/min at 24 h post-
injection). Furthermore, fluorescent signal persisted in CT-26
(legumainþ) tumor over 24 h. On the contrary, minimal
(CyTE777-Leg(D)-CyTE807). Mice bearing CT-26 (legumainþ) tumor xenograft were
) (B). Optical images were acquired pre-injection, 0.5 h, 1 h, 4 h, and 24 h post injection.
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fluorescent signal was found in the tumors for the mice treated
with CyTE777-Leg(D)-CyTE807 (4.98 � 109 photons/min at 0.5 h
and 0.22 � 109 photons/min at 24 h, Fig. 8B). The relative fluores-
cent enhancements were 1.1 fold higher at 0.5 h and 15.2 fold
higher at 24 h post-injection with CyTE777-Leg(L)-CyTE807 injec-
tion. These results indicate that CyTE777-Leg(L)-CyTE807 is a spe-
cific optical imaging probe for legumain-expressing tumors.

3.11. Biodistribution study

The biodistributions of CyTE777-Leg(L)-CyTE807 and control
probe(CyTE777-Leg(D)-CyTE807)wereexamined.CT-26 (legumainþ)
tumorandotherorganswere excisedandsubjected tooptical imaging
at 24 h post-injection of CyTE777-Leg(L)-CyTE807 or CyTE777-
Leg(D)-CyTE807. As shown in Fig. 9, marked fluorescent intensities
of CyTE777-Leg(L)-CyTE807 treated mice were noted in CT-26
(legumainþ) tumors, livers, and kidneys (5.89 � 109 photons/min,
1.28 � 1010 photons/min, and 1.59 � 109 photons/min, respectively)
Fig. 9. In vivo fluorescent images of dissected organs of mice bearing CT-26 (legumainþ) tum
(excitation: 745 nm; emission: 820 nm). (A) White light image ((1) blood, (2) heart, (3) kidne
(12) spleen, (13) CT-26 (legumainþ) tumor); (B) near-infrared fluorescence images; (C) qua
whereasmoderate intensitiesweredetected in skin, pancreata,bones,
stomachs, and spleens. Signal percentage per dose gram (% ID/g) for
CT-26 (legumainþ) tumors, livers, and kidneys were 18.3%, 21.2%, and
7.2%, respectively. On the other hand, fluorescent signals of CyTE777-
Leg(D)-CyTE807 treated mice was observed in CT-26 (legumainþ)
tumors and livers (9.99 � 108 photons/min and 1.62 � 109 photons/
min, Fig. 10B). The corresponding % ID/g values for tumors and livers
were 1.6% and 26.1% (Fig. 10C). These results clearly demonstrate that
CyTE777-Leg(L)-CyTE807 can effectively and specifically accumulate
in tumors that over-expresses legumain.

4. Conclusion

In summary, a MRI contrast agent ([Gd-NBCB-TTDA-Leg(L)]) and
a NIR fluorescent probe (CyTE777-Leg(L)-CyTE807) were success-
fully developed. Legumain-mediated cleavage of the substrate
peptide increases contrast enhancements or fluorescent intensity
of the respective probes. Our data indicate that the contrast agent
ors, sacrificed 24 h after intravenous injection of CyTE777-Leg(L)-CyTE807 (20 nmol)
y, (4) skin, (5) muscle, (6) brain, (7) pancreas, (8) bone, (9) liver, (10) stomach, (11) lung,
ntitative fluorescent intensities of dissected organs of the mice.



Fig. 10. In vivo fluorescent images of dissected organs of the mouse bearing CT-26 (legumainþ) tumors, sacrificed 24 h after intravenous injection of CyTE777-Leg(D)-CyTE807
(20 nmol) (excitation: 745 nm; emission: 820 nm). (A) White light image ((1) blood, (2) heart, (3) kidney, (4) skin, (5) muscle, (6) brain, (7) pancreas, (8) bone, (9) liver, (10) stomach,
(11) lung, (12) spleen, (13) CT-26 (legumainþ) tumor); (B) near-infrared fluorescence images; (C) quantitative fluorescence intensities of dissected organs of the mouse.
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and the optical probe can specifically and efficiently target
legumain-expressing cancers in vivo. Potentially, this strategy can
be used for in vivo imaging of other proteases by changing the
substrate peptides in the constructs. This unique development of
efficient MRI contrast agent and optical probe may useful for
detection of in vivo legumain expression in biomedical studies.
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