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Abstract

Prostate-specific membrane antigen (PSMA) is one of the most specific cell surface markers for 

prostate cancer diagnosis and targeted treatment. However, achieving molecular imaging using 

non-invasive MRI with high resolution has yet to be achieved due to the lack of contrast agents 

with significantly improved relaxivity for sensitivity, targeting capabilities and metal selectivity. 

We have previously reported our creation of a novel class of protein Gd3+ contrast agents, 

ProCA32, which displayed significantly improved relaxivity while exhibiting strong Gd3+ binding 

selectivity over physiological metal ions. In this study, we report our effort in further developing 

biomarker-targeted protein MRI contrast agents for molecular imaging of PSMA. Among three 

PSMA targeted contrast agents engineered with addition of different molecular recognition 

sequences, ProCA32.PSMA exhibits a binding affinity of 1.1 ± 0.1 μM for PSMA while the metal 

binding affinity is maintained at 0.9 ± 0.1 × 10−22 M. In addition, ProCA32.PSMA exhibits r1 of 

27.6 mM−1 s−1 and r2 of 37.9 mM−1 s−1 per Gd (55.2 and 75.8 mM−1 s−1 per molecule r1 and r2, 

respectively) at 1.4 T. At 7 T, ProCA32.PSMA also has r2 of 94.0 mM−1 s−1 per Gd (188.0 mM−1 

s−1 per molecule) and r1 of 18.6 mM−1 s−1 per Gd (37.2 mM−1 s−1 per molecule). This contrast 

capability enables the first MRI enhancement dependent on PSMA expression levels in tumor 

bearing mice using both T1 and T2-weighted MRI at 7 T. Further development of these PSMA-

targeted contrast agents are expected to be used for the precision imaging of prostate cancer at an 
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early stage and to monitor disease progression and staging, as well as determine the effect of 

therapeutic treatment by non-invasive evaluation of the PSMA level using MRI.

Introduction

Prostate cancer is the most common non-skin cancer diagnosed in men and currently is the 

second leading cause of deaths in men in the United States.1 Current treatment methods for 

prostate cancer have high morbidity and a high probability for relapsing after treatment, 

which endangers the patient’s quality of life and survival. The growth and spread of prostate 

tumor are often very slow and remain undetected at the early stages of the cancer. However, 

if it is diagnosed early, there is a 98.9% chance of five year survival; therefore, early 

detection of prostate cancer becomes crucial for devising effective strategies towards 

curative treatment options.2

To date, biopsy is commonly used to diagnose prostate cancer recurrence or metastasis. This 

invasive procedure has a large sampling error especially for small tumor (<11.9 mm)3 and is 

associated with hemorrhaging, infections, and has the risk of spreading cancer cells. The 

introduction of the PSA (prostate specific antigen) test significantly decreased the mortality 

rate.4 However, it does not provide information about tumor location and suffers from a high 

false positive rate.5

Prostate specific membrane antigen (PSMA) has been shown to be one of the best diagnostic 

and therapeutic biomarkers for prostate cancer.6,7 PSMA is a 100 kDa glutamate 

carboxypeptidase II and is also a folate hydrolase and N-acetyl-α-linked acidic dipeptidase I 

(NAALADase I).8 It plays important roles in physiological processes such as signal 

transduction, receptor function, nutrient uptake and cell migration. The expression level of 

PSMA in normal prostate is usually 10 times higher than that in other types of organs, which 

is further increased ~10 folds in prostate tumors.9,10 In addition, the expression level of 

PSMA is increased when the androgen receptor is down regulated.11 The increasing 

expression level of PSMA is associated with tumor grade, pathologic stage, high Gleason 

score and PSA recurrence.12–14 Furthermore, there is a clear trend towards more and earlier 

PSA recurrence in strongly PSMA positive tumors.12 Perner et al.,13 characterized PSMA 

protein expression in a high-risk patient cohort by univariate Cox regression analysis to 

predict PSA recurrence. In their study, PSMA overexpression was significantly associated 

with PSA recurrence as were other prognostic markers including seminal vesicle invasion, 

high Gleason score, high metastatic tumor burden and the presence of extraprostatic 

extension. Ross et al.,14 also indicated that the incidence of PSA recurrence in patients with 

high PSMA expression tumors significantly increased than those with lower PSMA levels. 

They identified that PSMA was an independent predictor of pathologic stage by multivariate 

analysis for biochemical recurrence. PSMA is also expressed in tumor metastasis from 

prostate to spleen and bone. Studies have shown that if the cells expressing PSMA can be 

specifically targeted, both localized and aggressive conditions can be treated.15 Therefore, 

noninvasive monitoring of the PSMA expression level and three-dimensional distribution 

provides an attractive avenue for accurate diagnostics and staging as well as drug treatment. 

Targeting PSMA with a positron emission tomography (PET) imaging moiety enables more 
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specific imaging of primary and metastasis prostate tumor than 18F-FDG-PET that has 

relatively low avidity of prostate cancer.2 [64Cu]6, a 64Cu labeled PSMA inhibitor, was 

developed by the conjugation of 64Cu chelated CB-TE2A to the lysine–glutamate urea 

scaffold. It shows high tumor penetration, and specific distribution to the PSMA positive 

tumor implanted in the mice model compared with the control PSMA negative tumor and 

background tissue.16

Among several clinical imaging modalities, magnetic resonance imaging (MRI) has the 

advantages of high resolution without depth limitation, requiring no ionized radiation and 

being able to image subjects repeatedly. While T2-weighted MRI has been applied to 

diagnose primary prostate cancer, it has limitations in differentiating between tumors since 

more than 70% of cancer in the peripheral zone of prostate shows decreased intensity in T2-

weighted MRI. Prostatitis, scars, infarction, calcification in the peripheral zone, as well as 

post biopsy haemorrhage in the gland also show similar T2-weighted MRI signal decrease.17

To enhance sensitivity, contrast agents with paramagnetic metal ions are applied to generate 

either brighter (T1) or darker (T2) images. Clinically approved MRI contrast agents, such as 

Gd-DTPA, have an r1 relaxivity of 4 mM−1 s−1 and r2 relaxivity of 5 mM−1 s−1. Because of 

such low relaxivities, a local concentration of 0.1 mM is needed to generate a significant 

signal change.18 However, the expression level of biomarkers is usually relatively low (at 

nM or pM level).19–21 This low relaxivity limits their capability to target biomarkers such as 

PSMA at this level.22,23 In addition, the improper PK/PD limits their capability to capture 

biomarkers with high quality MRI. Therefore, there is a pressing need to develop MRI 

contrast agents with significantly improved relaxivity as well as PSMA-targeting capability 

for the early detection, disease progression, and monitoring of prostate cancer.2,15,24

In this paper, we report the development of PSMA-targeted protein MRI contrast agents for 

the molecular imaging of the PSMA level extending the targeting capability of our recently 

reported ProCA32, a protein MRI contrast agent (ProCA).25 By protein engineering, we 

have created a PSMA targeted MRI contrast agent, named ProCA32.PSMA, using ProCA32. 

ProCA32.PSMA shows high Gd3+ binding affinity and metal selectivity, relaxivity, and 

strong PSMA targeting capability. This is the first report to achieve molecular imaging of 

PSMA expression in tumor bearing mice using Gd3+-based MRI contrast agents with both 

T1 and T2-weighted MRI. The developed PSMA-targeted protein MRI contrast agents are 

expected to have applications in the molecular imaging of early stage of prostate cancer and 

follow drug treatment effects by noninvasive evaluation of the PSMA level using MRI.

Experimental

Protein design, expression and purification

In the contrast agent design, PSMA-targeting peptides (MAEWQPDTAHHWATLPDP for 

Saupw-1, SHSFSVGSGDHSPFT for 562 and LSFFSCWLRRSFSLT for 564) were linked to 

the C-terminal of ProCA32 by a flexible linker. These PSMA-targeted protein MRI contrast 

agents were named, ProCA32.wp, ProCA32.562 and ProCA32.PSMA, respectively. These 

PSMA-targeted MRI contrast agents were expressed according to the previously reported 

method.25 In brief, the E. coli competent cell strain BL21(DE3)plysS was transformed with 
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plasmids of PSMA-targeted contrast agents. The protein expression was induced by 0.5 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) when the bacterial growth is up to the 

exponential phase. After IPTG induction, the culture temperature was maintained at 37 °C 

for 3 h, and then decreased to 25 °C overnight. Cell pellets were re-suspended in PBS buffer 

supplemented with benzonuclease and phenylmethanesulfonyl fluoride and were completely 

broken by a sonicator and cell disruptor. The supernatant of bacteria lysates was boiled at 

90–95 °C for 10 min. The precipitates after boiling were removed by centrifuge. The 

supernatant was mixed with 3% streptomycin sulphate and placed at 4 °C overnight to 

precipitate DNA in the solution. On the next day, the precipitate DNA was removed by 

centrifuge and the supernatant was dialyzed in 10 mM HEPES buffer (pH 8.0) at 4 °C 

overnight. After dialysis, the protein solution was filtered by a 0.45 μm filter and further 

purified by fast protein liquid chromatography (FPLC) equipped with a HiTrap Q HP 

column. The purified protein MRI contrast agents by FPLC were confirmed by SDS-PAGE 

and UV spectrum. Gd3+ was loaded with these protein MRI contrast agents at a 2:1 ratio. 

The concentration of Gd3+ used in this paper was calibrated by Varian inductively coupled 

plasma optical emission spectrometers (ICP-OES) at 342.246 nm based on the standard 

curve generated by gadolinium standard solution (High-Purity™ Standards). 2 ppm YCl3 

solution was used as an internal reference.

Cell culture

Human prostate cancer (PCa) cell lines PC3-Luc and C4-2-Luc were kindly provided by Dr 

Leland WK Chung (Cedars-Sinai Medical Center, Los Angeles, CA), and routinely 

maintained in T-medium (Invitrogen, Carlsbad, CA) with 5% fetal bovine serum (FBS). A 

final concentration of 400 μg ml−1 G418 was added to maintain the stable expression of 

luciferase. PC3, LNCaP and C4-2 cells are cultured in RPMI 1640 medium (Cellgro) 

supplemented with 5% FBS.

PSMA expression on LNCaP and C4-2 cells by western blot

To identify the PSMA expression in PC3, LNCaP and C4-2 cell lines, the same amount of 

cell lysates were applied in western blot. Proteins from the total cell lysates of PC3 and 

LNCaP cells were separated by 15% polyacrylamide gel electrophoresis (PAGE) and 

transferred to the PVDF membrane. A rabbit anti-PSMA antibody (ABcam) was applied as 

the primary antibody to directly interact with the membrane. The PSMA band was then 

visualized by using Immun-Star™ AP Chemiluminescence Kits (BioRad).

Enzyme-linked immunosorbent assay (ELISA)

LNCaP, C4-2 or PC3 cell lysates from 104 cells were coated in 96-well plates at 4 °C 

overnight. After being blocked with 5% bovine serum albumin (BSA), a series of different 

concentrations of ProCA32.wp and ProCA32.PSMA were incubated with cell lysate. After 

incubation at 4 °C overnight, the unbounded ProCA32 variants were washed away with 1× 

TBST. The homemade polyclone rabbit-anti-ProCA32 antibody was applied with 1:1000 

dilution as the primary antibody against protein contrast agents. A stabilized goat-anti-rabbit 

HRP-conjugated antibody (Pierce) was used as the secondary antibody. After a robust wash 

with 1× TBST, the remaining secondary antibody in the 96 well plate was visualized by 

using 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo Fisher Scientific). The 
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absorbance intensity was detected by the FLUO-star OPTIMA plate reader at an absorbance 

wavelength of 450 nm.

Metal binding affinity

Determining Tb3+ binding affinity of ProCAs was based on the Tb3+ luminescence 

resonance energy transfer (LRET) experiment.25 30 μM ProCAs was prepared in 5 mM 

DTPA, 50 mM HEPES, 150 mM NaCl at pH 7.2. The ratio of Tb-DTPA concentration ([Tb-

DTPA]) and free DTPA concentration ([DTPA]free) were controlled by titration of TbCl3 in 

the system. The protein-Tb3+ LRET emission spectra were collected between 520 and 580 

nm using an excitation wavelength of 280 nm. The free Tb3+ concentrations ([Tb]free) in 

each titration point were calculated by eqn (1)

(1)

where  is the dissociation constant between Tb3+ and DTPA based on National 

Institute of Standards and Technology Standard Reference Database 46. The dissociation 

constant between Tb3+ and ProCA  is calculated by the Hill equation (2)

(2)

where f is the fractional change of the LRET signal at each titration point and n is the hill 

number.

Gd3+ binding affinities to ProCAs were measured by the LRET competition method.25 10 

μM of ProCA and 20 μM Tb3+ were incubated with 0 to 200 μM of GdCl3 at room 

temperature overnight. The Tb3+ LRET spectra were collected between 520 and 580 nm 

using an excitation wavelength of 280 nm. The apparent dissociation constants  were 

calculated by fitting the plot of LRET peak intensities over different concentrations of Gd3+ 

(eqn (3)) and the dissociation constants of Gd3+ to ProCAs  were calculated by 

eqn (4),

(3)

(4)
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where f is the fractional change of the LRET signal, [Tb]T is the total Tb3+ concentration, 

[Gd]T is the total Gd3+ concentration in each titration point, and  is the 

dissociation constant between Gd3+ and ProCA determined by eqn (2).

The dissociation constant between Zn2+ and PSMA-targeted ProCAs was determined by the 

fluorescence competition method with some modifications.26 The fluorescence of 2 μM 

Fluozin-1 was excited at 495 nm and the emission spectra were collected between 500 and 

600 nm in the presence of 2 μM Zn2+ and different concentrations of PSMA-targeted 

ProCAs. The apparent dissociation constant  was calculated by eqn (5),

(5)

where f is the fractional change of the fluorescence intensity of Fluozin-1, [Zn]T is the total 

Zn2+ concentration, and [ProCA]T is the total concentration of protein contrast agents at 

each titration point.

The dissociation constants between ProCAs and Zn2+  were then calculated by 

eqn (6),

(6)

where  is determined by eqn (5),  is the Zn2+ affinity to Fluozin-1 and 

[Fluozin]T is the total Fluozin-1 concentration.

The dissociation constants between Ca2+ and ProCAs were determined based on Tsien’s 

method27 with some modifications. 10 μM ProCAs were added into the calcium-buffer 

system containing 50 mM HEPES, 100 mM NaCl, 5 mM EGTA, at pH 7.2. The system was 

titrated with different concentrations of CaCl2 to alter the concentration ratio between the 

Ca-EGTA ([Ca-EGTA]) and free EGTA ([EGTA]free). The tryptophan (Trp) fluorescence 

changes were monitored under the emission spectra between 300 and 390 nm as excited at 

280 nm. The free calcium concentration at each titration point was calculated by eqn (7)

(7)
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where the dissociation constant of Ca2+ to EGTA ( ) is 1.51 × 10−7 M.27 The Kd of 

Ca2+ to ProCAs  was determined by eqn (8)

(8)

where f is the fractional change of Trp fluorescence intensity, [CA]free is the free Ca2+ 

concentration in each titration point determined by eqn (7).

Relaxivity

Different concentrations of ProCAs were mixed with GdCl3 at a 1 : 2 ratio. The T1 and T2 

relaxation times of water in the presence or absence of ProCAs were measured at 37 °C by 

using a 1.4 T Bruker Minispec using saturation recovery and CPMG sequence, respectively. 

The T1 and T2 of Gd-DTPA and ProCA32.562 were also measured by using a 7 T-Agilent 

scanner using saturation recovery and spin echo sequence. r1 and r2 were calculated by eqn 

(9)

(9)

where Ti,S is the relaxation time of water in the presence of a contrast agent, Ti,C is the 

relaxation time of water in the absence of a contrast agent, and C is the concentration of 

Gd3+.

Animal study

All animal experiments were performed in compliance with the National Institutes of Health 

guidelines and Institutional Animal Care and Use Committees from Georgia Regents 

University, Georgia State University and Emory University. Institutional Animal Care and 

Use Committees from Georgia Regents University, Georgia State University and Emory 

University have approved the animal experiments reported in this paper. Athymic male nude 

mice (Hsd: Athymic Nude-nu; six-week-old; Harlan Laboratories, Indianapolis, IN) were 

used to inoculate PCa tumors subcutaneously. For each mouse, two sites (over the shoulder 

and over the flank area) on the left side were inoculated with PC3-Luc cells, and two sites on 

the right side were inoculated with C4-2-Luc cells, respectively. For each site, 2.0 × 106 PCa 

cells (in 100 μl ice-cold PBS) were mixed with Matrigel® high concentration (Corning, Inc., 

Corning, NY) at a ratio of 1:1 before inoculation. Blood specimens were collected at the end 

points for serum prostate-specific antigen (PSA) determination using an ELISA kit from 

United Biotech, Inc (Mountain View, CA).

Bioluminescence imaging (BLI)

Ami X optical imaging system (Spectral Instruments Imaging, LLC, Tucson, AZ) was used 

for BLI of PC3-Luc and C4-2-Luc tumors. Mice were anesthetized by isoflurane, and 
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injected with D-luciferin (Caliper Life Sciences, Waltham, MA) at a dose of 100 mg per kg 

body weight.

MRI

MRI of tumor bearing mice was collected at Bruker 7 T MRI scanner at Georgia Regents 

University (GRU). T2-weighted MRI images were collected before contrast agent injection 

and different time points after I.V. injection of 100 μl 5 mM ProCA32 or ProCA32.PSMA 

using the T2-weighted RARE sequence under the following setup: repetition time (TR) = 4.4 

s, echo time (TE) = 56 ms, matrix = 256 × 256, Fov = 4 cm × 3 cm and slice thickness = 1 

mm. The T2-map was collected before the contrast agent injection and at different time 

points after I.V. injection of 5 mM ProCA32 or ProCA32.PSMA using the MSME sequence 

with the following parameters: TR = 3 s, different length of TE, matrix = 128 × 128, Fov = 4 

cm × 3 cm, and slice thickness = 1 mm. The final T2-map images were generated by using a 

ImageJ plugin MRI T2 calculator.

Immunofluorescence

Immunofluorescence staining was performed on the tissues collected from the tumor bearing 

mice post injection of non-targeted ProCA32 or ProCA32.PSMA for 48 hours. Tissues were 

embedded in O.C.T cryostat sectioning medium and cut with a thickness of 5 μm. ProCA32 

and ProCA32.PSMA were stained by home-made rabbit antibody against ProCA32 and 

Alex Fluo 555-conjugated secondary antibody against the rabbit antibody. The nuclei of the 

cells were stained by DAPI.

Gd3+ distribution in tissue

After injection of non-targeted ProCA32 or ProCA32.PSMA for 48 hours, the tumor-bearing 

mice were euthanized and tissues from these mice were digested by 70% nitric acid. These 

tissue digestion solutions were further diluted by 2% nitric acid before analysis. Gd3+ 

concentration in tissues was determined by Varian ICP-OES at 342.246 nm based on the 

standard curve generated by gadolinium standard solution (High-Purity™ Standards). 2 ppm 

YCl3 solution was used as an internal reference.

Results

Design of protein-based MRI contrast agents with PSMA targeting capability

An ideal MRI contrast agent for molecular imaging of PSMA must have the following 

features. First, MRI contrast agents must have targeting moieties with affinity at least in the 

μM range. Second, MRI contrast agents must have high relaxivity in order to bring 

significant contrast difference to the tumor site before and after injection of contrast agents. 

Third, MRI contrast agents must have strong Gd3+ affinity and high Gd3+ selectivity over 

the physiological metal ions to avoid free Gd3+ being released and causing toxicity. 

Selectivity of a contrast agent towards Gd3+ over other physiological metal ions such as 

Zn2+ and Ca2+ is one of the important characteristics of an ideal MRI agent since the release 

of Gd3+ is related with the cause of nephrogenic systemic fibrosis.28 Additionally, because 

PSMA is mainly expressed on prostate tumor cells that are far away from blood vessels, 

MRI contrast agents with strong tumor penetration are highly desired.
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To meet these criteria, we designed PSMA-targeted Gd3+-and protein-based MRI contrast 

agents based on the following considerations. We have previously developed a non-targeted 

protein based MRI contrast agent, ProCA32, by converting the calcium binding sites in rat 

α-parvalbumin to Gd3+ binding sites and further modified with PEG. ProCA32 shows high 

Gd3+ stability and at least 10 times greater per Gd3+ r1 and r2 relaxivities compared with that 

of clinical MRI contrast agents.25 We chose ProCA32 for further development based on its 

high relaxivity at clinical field strength and high field strength, such as 4.7 and 7 T 

respectively. Second, these contrast agents have small size (<3 nm) with efficient tumor 

penetration that is required for quantitative evaluation of the expression level of biomarkers. 

Third, targeting peptides such as Saupw-1, 562, and 564, have been shown to be able to 

interact with cancer cells with high expression of PSMA.24,29 We developed three PSMA-

targeted protein contrast agents named ProCA32.wp, ProCA32.562 and ProCA32.PSMA by 

engineering these three different PSMA-targeting peptides at the C-terminal of ProCA32, 

respectively (Fig. 1). A flexible linker was inserted between ProCA32 and the targeting 

peptide to avoid the interference of the targeting capability of the peptide by the protein 

frame. Addition of the targeting moiety at the C-terminal of ProCA32 has less effect on the 

expression and folding of the protein variants. Fourth, we further PEGylated these protein 

contrast agents to improve their in vivo properties.30 We hypothesize that incorporation of 

PSMA targeting peptide to ProCA32 with a flexible linker equips ProCA32 with PSMA-

targeting capacity while maintaining high metal affinity and selectivity as well as high 

relaxivities.

PSMA-targeted ProCAs have high relaxivities

The designed PSMA-targeted ProCAs expressed in bacteria, were purified and loaded with 

Gd3+ using established methods.25 Gd3+ concentration was determined by ICP-OES. A 

fluorescence stoichiometry study confirmed that the loading ratio of Gd3+ to ProCAs is 2:1 

with the expected loading efficiency (Fig. S1†). The PSMA-targeted ProCAs were 

developed based on the determined crystal structure of rat α-parvalbumin (pdb code: 

1RWY)31 with a determined size of ~3 nm in diameter. The molecular weight of purified 

ProCA32.562 determined by matrix assisted laser desorption/ionization mass spectrometry 

is 13568.5 Da and is in good agreement with the expected value, corresponding to the 

calculated size of approximately 3 nm in diameter.32 The relaxivities of ProCA32.PSMA, 

ProCA32.562 and ProCA32.wp were measured at 37 °C, 1.4 T. As shown in Fig. 2 and 

Table 1, ProCA32.PSMA, ProCA32.562 and ProCA32.wp all have about 7–8 times higher r1 

and r2 relaxivities than that of Gd-DTPA. Among three PSMA-targeted contrast agent 

variants, ProCA32.PSMA has the highest relaxivities. The per Gd3+ r1 and r2 for 

ProCA32.PSMA are 27.6 ± 0.9 mM−1s−1 and 37.9 ± 1.1 mM−1 s−1, respectively. Since these 

contrast agents have two Gd3+ binding sites, the per particle r1 and r2 for ProCA32.PSMA 

are 55.2 ± 1.8 mM−1 s−1 and 75.8 ± 2.3 mM−1 s−1, respectively. Interestingly, at 7 T, 

ProCA32.PSMA exhibits per Gd3+ r1 and r2 of 18.6 ± 0.4 mM−1 s−1 and 94.0 ± 4.1 mM−1 

s−1, respectively. The per molecule r1 and r2 for ProCA32.PSMA are 37.2 ± 0.8 mM−1 s−1 

and 188.0 ± 8.2 mM−1 s−1 at 7 T, respectively. These results are consistent with our 

simulation of r1 and r2 at different magnetic fields based on the Solomon–Bloembergen–

†Electronic supplementary information (ESI) available. See DOI: 10.1039/c5nr09071g
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Morgan theory18 (Fig. S2†). To our knowledge, such high values in both r1 and r2 at both 1.4 

and 7 T have not been reported before.

PSMA-targeted ProCAs have high Gd3+ binding affinity and high metal selectivity

Strong Gd3+ binding affinity is required to enable contrast agents to maintain a stable 

complex with Gd3+ in vivo. We applied Tb3+-DTPA buffer system and Tb3+-sensitized 

luminescence energy transfer (Tb3+-LRET) to determine the Tb3+ affinity to these PSMA-

targeted ProCAs.25 As shown in Fig. 3a, the LRET fluorescence between Trp and Tb3+ in 

PSMA-targeted ProCAs increase when the free Tb3+ concentration is higher than 10−22 M, 

indicating an extremely strong binding between PSMA-targeted ProCAs and Tb3+. The Kd 

between Tb3+ and PSMA-targeted ProCAs are 3.3 ± 0.3 × 10−22, 2.5 ± 0.3 × 10−22, 6.8 

± 0.2 × 10−22 M for ProCA32.PSMA, ProCA32.562 and ProCA32.wp, respectively (Table 

1). We further used a competition assay to determine the Gd3+ binding affinity to these 

targeted ProCAs. As shown in Fig. 3b, the Trp-Tb3+ LRET signal intensity decreased upon 

increase of the Gd3+ concentration, indicating that Gd3+ competes for the same metal 

binding sites. The Gd3+ binding affinity of ProCA32.wp, ProCA32.562 and 

ProCA32.PSMA are 2.4 ± 0.3 × 10−22, 1.3 ± 0.1 × 10−22, and 0.9 ± 0.1 × 10−22 M, 

respectively (Table 1). The Gd3+ binding affinity of PSMA-targeted ProCAs are comparable 

with clinical MRI contrast agents, such as Magnevist (Gd-DTPA).

A fluorescence spectroscopic method was used to investigate the selectivity of PSMA-

targeted ProCAs towards Gd3+ over Zn2+ (Fig. 3c). Additionally, the Ca2+ affinities of 

PSMA-targeted ProCAs were determined based on the Trp fluorescence change in the 

tightly controlled free calcium concentration by the Ca2+-EGTA buffer system (Fig. 3d).27 

As shown in Table 1, all three PSMA-targeted ProCAs have significantly lower affinities to 

Zn2+ and Ca2+ than to Gd3+. For example, the binding affinities of ProCA32.PSMA for Zn2+ 

and Ca2+ were 1.6 × 10−6 and 1.7 × 10−8 M, respectively. The Zn2+ and Ca2+ affinities for 

DTPA (6.3 × 10−19 M for Zn2+ and 1.5 × 10−10 M for Ca2+) are much stronger than that of 

ProCAs.25 These results suggest that in addition to the high Gd3+ binding affinity and high 

PSMA targeting capability, the developed contrast agent is highly selective towards Gd3+ 

and has 1013 and 102-fold higher metal selectivity than DTPA for Zn2+ and Ca2+, 

respectively. To the best of our knowledge, ProCA32.PSMA has the greatest metal 

selectivity among all Gd3+-based contrast agents. We further applied competitive binding 

assays to compare the metal selectivity between ProCA32 and clinical contrast agents. 

Transmetallation study was performed by incubating ProCA32.PSMA with phosphate and 

ZnCl2 at 37 °C and ProCA32.PSMA remained intact under such conditions for more than 

4000 hours (Fig. S3†). In addition, we compared Gd3+ selectivity over Zn2+ by direct 

incubating Omniscan (containing 20 μM Gd-DTPA-BMA and 1 μM Ca-DTPA-BMA) and 

20 μM of apo-ProCA32 (ProCA32 without loading Gd3+) in the presence of 100 μM ZnCl2. 

This mixture has per Gd r1 of 5.8 mM−1 s−1 without heating which indicates that the 

Omniscan held the majority of Gd3+ under such conditions. Interestingly, after incubation at 

95 °C for 30 min, the per Gd r1 of this mixture increased to 21.2 mM−1 s−1 indicating that 

most of the Gd3+ in the Omniscan was competed out by ProCA32 and Zn2+, and the 

released Gd3+ bound to ProCA32 to generate high r1 (Table S1†). These two experiments 

also showed that high concentration of Zn2+ is not able to compete with Gd3+ in ProCA32. 
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Thus, these results strongly demonstrated that ProCA32 has higher Gd3+ selectivity than that 

of clinical contrast agents, such as Omniscan.

ProCA32.PSMA targets prostate cancer cells with high PSMA expression

We chose PC3, LNCaP and C4-2 prostate cancer cell lines to investigate the interaction 

between ProCA32 variants and PSMA. PC3 is an androgen-independent cell line while 

LNCaP and C4-2 are androgen-dependent. Western blotting showed (Fig. 4 and Fig. S4†) 

that PSMA expression levels in C4-2 and LNCaP cell lysates are much greater than the PC3 

cell. These results are consistent with the reported literature which states that LNCaP and 

C4-2 cells are high in PSMA expression levels with 251 900 and 204 900 molecules per cell, 

respectively.22 Therefore, we use the LNCaP or C4-2 cell lines as PSMA-positive cells 

whereas PC3 is a PSMA-negative cell line.

Next, we evaluated the PSMA targeting capacity of designed contrast agents by enzyme 

linked immunosorbent assay (ELISA). As shown in Fig. 4a, ProCA32.PSMA shows the 

highest LNCaP cell-targeting capacity among the three PSMA-targeted ProCAs when the 

concentration of PSMA-targeted ProCAs increased from 1 μM to 10 μM. There is no 

significant ELISA signal enhancement when the concentrations of these PSMA-targeted 

ProCAs were lower than 1 μM. Incubation of ProCA32, ProCA32.wp and ProCA32.PSMA 

in PSMA negative PC3 cells did not cause any significant ELISA signal increase (Fig. 4b). 

The affinities of PSMA-targeted ProCAs to C4-2 cells were further determined by the 

ELISA coupled Scatchard plot.33 As shown in Fig. 4c, ProCA32.PSMA binds to C4-2 cells 

with 1.1 ± 0.1 μM affinity.

The PSMA-targeting capacity of these contrast agents was further accessed by 

immunofluorescence imaging of C4-2 cells. As shown in Fig. 4d–g, ProCA32.PSMA has the 

highest fluorescence intensity among the four ProCAs, further suggesting that 

ProCA32.PSMA has the greatest PSMA targeting capability (Fig. 4e). On the other hand, 

non-targeted ProCA32 is not able to target C4-2 cells (Fig. 4d).

Taken together, ProCA32.PSMA exhibits the greatest molecular imaging capability of 

prostate cancer cells with high PSMA expression due to its high Gd3+ affinity, stability and 

high PSMA affinity.

Molecular imaging of PSMA in tumor beard mice

We then evaluate the MR imaging capacity of ProCA32.PSMA in the mice model. 

Luciferase labeled PC3 (PC3-Luc) and C4-2 (C4-2-Luc) cells were implanted in the left and 

right flank of the mice, respectively. The growth of both cell lines were confirmed by 

bioluminescence Imaging (Fig. 5). Compared with the C4-2 tumor without ProCA32.PSMA 

injection, I.V. injection of ProCA32.PSMA for 30 min–24 hours in tumor bearing mice led 

to approximately 50% signal decrease in the C4-2-Luc tumor at T2-weighted MRI at 7 T 

(Fig. 6). The percentage of signal change in C4-2-Luc cells at 48 hours post injection of 

ProCA32.PSMA is decreased to ~15% due to the excretion of an injected contrast agent. 

Tail vein injection of ProCA32. PSMA did not generate any significant SNR change in the 

PC3-Luc tumor without PSMA expression between 30 min and 48 hours (Fig. 6). To 

demonstrate that T2-weighted MRI signal change is not due to non-specific accumulation of 
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contrast agents in tumors, we injected non-targeted ProCA32 in the mice implanted with 

both PC3-Luc and C4-2-Luc tumors. Injection of ProCA32 did not generate any significant 

signal change in PC3-Luc and C4-2-Luc tumors between 30 min and 48 hours post injection 

of ProCA32 (Fig. 6g). These results indicate that the T2-weighted MRI signal change in the 

C4-2 tumor is due to the specific interaction between PSMA and ProCA32.PSMA. However, 

due to 5-fold lower r1 than r2 at 7 T, the C4-2-Luc tumor has a less dramatic signal change in 

T1-weighted MRI (Fig. 6j and k).

The percentage of MRI signal change in T2-weighted MRI is mainly due to the change of T2 

relaxation time by the accumulation of MRI contrast agents. The T2 map of the same MRI 

slices was generated based on a set of MRI collected under different echo times. The T2 

relaxation time of C4-2-Luc tumor is 37 ms at 7 T without injection of MRI contrast agents. 

Consistent with T2-weighted MRI, the T2 relaxation time of the C4-2-Luc tumor decreased 

to 30, 26, 23, and 33 ms at 30 min, 3 hours, 24 hours and 48 hours post injection of 

ProCA32. PSMA (Fig. 6h). Injection of non-targeted ProCA32 did not cause any significant 

T2 change in the C4-2-Luc tumor (Fig. 6i). Additionally, due to the lack of PSMA 

expression, the T2 relaxation time of PC3-Luc tumor does not change before and after 

injection of ProCA32.PSMA or ProCA32 (Fig. 6h and i). Three dimensional T1-weighted 

MRI further showed that ProCA32 is mainly distributed in the liver, kidney and blood at 45 

min and 3.5 hours post injection (Fig. S5†). These MRI results were further confirmed by 

immunofluorescence staining and ICP-OES analysis of tissue after the injection of contrast 

agents for 48 hours. As shown in Fig. 7, the C4-2-Luc tumor from mice with I.V. injection of 

ProCA32.PSMA shows strong fluorescence staining in fluorescence imaging, indicating that 

ProCA32.PSMA accumulated in the C4-2-Luc tumor. As a PSMA-negative tissue, PC3-Luc 

tumor and heart from the same mouse did not have strong contrast agent staining. Consistent 

with the MRI of the mice injected with non-targeted ProCA32, C4-2-Luc, PC3-Luc and 

heart tissue from these mice after injection of non-targeted ProCA32 did not have strong 

fluorescence staining (Fig. 7). Additionally, ICP-OES analysis demonstrates that 

ProCA32.PSMA has three times higher Gd3+ distribution in the C4-2-Luc tumor than that of 

the PC3 tumor (Table 2). These results strongly support that ProCA32.PSMA has the 

capacity to target PSMA in C4-2-Luc tumor and efficiently change its relaxation properties 

for in vivo MRI.

Discussion

PSMA as a prostate specific biomarker

PSMA with its surface expression has been proven to be a valuable and specific target to 

detect primary and metastatic prostate cancer. The expression level of PSMA in prostate 

cancer tissues is about 10 times higher than that in the normal prostate which is also much 

greater than that of other types of tissues.9,10 In addition, the PSMA level is increased when 

the androgen receptor is down regulated. Furthermore, PSMA is also expressed in the 

secondary tumors metastasized from prostate cancer.9 This specific prostate cancer property 

is very different from GRPR that is expressed from many types of cancers such as breast, 

colon, and lung. With these unique properties, PSMA has become one of the best recognized 

targets for the specific diagnosis and treatment of prostate cancer. For instance, a PSMA 

Pu et al. Page 12

Nanoscale. Author manuscript; available in PMC 2017 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antibody-based SPECT contrast agent, named Prostascint, has been approved by the FDA. 

An inhibitor-based PSMA targeting molecule has also been robustly developed in the 

preclinical field for PET and SPET/CT imaging.34–36 Thus, the development of PSMA 

targeted imaging reagents is expected to enable most specific and accurate imaging for 

prostate cancer and its progression or treatment.

Approaches for targeting PSMA

Among several strategies available for PSMA targeting, imaging agents can be conjugated to 

antibody, peptide, aptamer, or inhibitors to enable the binding between PSMA and imaging 

agents. Aptamers and inhibitors require additional steps before conjugation with imaging 

agents, such modification could change their binding affinity to receptors.16,37,38 Antibodies 

usually have high binding affinity and specificity, but their large size limits their tumor 

penetration. Several antibodies against PSMA have been applied for the diagnosis of 

prostate cancer. However, some of them, such as 7E11,39 target the intracellular region of 

PSMA impairing the application of these antibodies for in vivo imaging. A monoclonal 

antibody in a clinical developmental phase, named J591, was designed to target the 

extracellular domain of PSMA for specifically delivering imaging agents or drugs to PSMA-

positive prostate cells.8 Currently, PSMA antibodies have been linked to radioactive isotopes 

and quantum dots for the preclinical and clinical images of prostate cancer.40

Using PSMA-specific targeting peptides is an alternative way of molecular imaging PSMA 

with high tissue penetration without the limitation of large size. The first PSMA-targeting 

peptide, WQPDTAHHWATL, was screened by the phage-display technique. The monomer 

form of this peptide, however, lost its PSMA targeting capability.41 Wu et al. further made 

an improved version of the PSMA-targeting peptide by adding an additional 3 amino acids 

at both flanks of the WQPDTAHHWATL peptide. The improved peptide, named Saupw-1, 

was shown to be able to bind to PSMA of LNCaP cells.29 Additionally, the newly screened 

three promising peptides, named 562, 563, and 564 peptides, show strong PSMA-targeting 

properties at a micromolar (μM) level.24 However, the in vivo targeting capabilities of these 

peptides have not been fully evaluated. Our studies reported here demonstrate that we can 

extend ProCA32’s targeting capability by engineering the targeting peptide 564 (denoted as 

ProCA32. PSMA) with the strongest biomarker targeting capability. ProCA32.PSMA with 

1.1 μM binding affinity to PSMA is able to monitor the biomarker expression level in tumor 

bearing mice by MRI.

Novel strategy to increase relaxivity for molecular MRI contrast agents

Evaluating cancer biomarkers using non-invasive imaging methods enables efficient and 

repetitive evaluation of disease stage and treatment. MRI, with non-invasive, non-radioactive 

and high soft tissue penetration properties, has become one of the leading methods for 

disease diagnosis. The molecular imaging of disease biomarkers using MRI, however, is 

underdeveloped mainly because of the lack of MRI contrast agents with high relaxivity, low 

toxicity, and specific targeting capacity for biomarkers. Robust progress has been made in 

the past several decades for the development of MRI contrast agents for the in vivo diagnosis 

of the disease. Clinical MRI contrast agents, such as Gd-DTPA, have low relaxivity and no 

targeting moieties for the surface disease biomarkers, which limits their application for 
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molecular imaging in MRI. Increasing relaxivity often results in reduction of the relaxivity 

of small chelators. Improving relaxivity of MRI contrast agents while maintaining high Gd3+ 

binding affinity and metal selectivity is the prerequisite for achieving molecular imaging of 

biomarkers such as PSMA.

To overcome such limitations, various strategies have been explored by conjugating Gd3+-

chelates to polymers, dendrimers, nanoparticles and proteins.42,43 An albumin based multi-

modality imaging and photothermal therapy agent, HSA-Gd-IR825, was developed for the 

imaging and treatment of cancer cells. This agent can serve as a T1 contrast agent for 

imaging as well as a near infrared probe for both imaging and treatment.44 Alternatively, the 

modification of natural metal binding proteins to contrast agents has been demonstrated as a 

feasible way to improve the sensitivity of MRI contrast agents. Proteins and protein 

complexes with size in the nanoscale are good scaffolds for creating MRI contrast agents. 

Gas vesicles (typically 50–500 nm in size) formed entirely from proteins has been applied 

for the hyperpolarized 129Xe MRI.45 A manganese-nanocomposite with high r2 has been 

developed by the modification of recombinant ferritin.46 Genetically modified paramagnetic 

iron binding proteins, such as BM3h, with altered T1-weighted MRI signals in the presence 

of dopamine, have been applied for noninvasive imaging of dopaminergic signaling.47,48

In addition to its required tissue and tumor penetration, we have shown that small PEGylated 

protein (about 3 nm) can be used to create MRI contrast agents with optimized rotational 

correlation time (about 3–10 ns) to achieve both high relaxivity at medically related field 

strength as well as at higher field strength. By either creating Gd3+ binding sites with site-

directed mutagenesis or engineering calcium binding sites in proteins to Gd3+ binding, we 

have developed several protein contrast agents such as ProCA1 and ProCA32 with 

significantly improved relaxivity.

Our previous work shows that ProCA32 has comparable Gd3+ stability to Gd-DTPA, while 

ProCA32 has about 10 times higher per Gd3+ relaxivity and about 20 times higher per 

particle relaxivity than that of Gd-DTPA while achieving unprecedented metal binding 

affinity and selectivities.25 Importantly, this approach also enables us to optimize relaxivity 

and metal binding affinity simultaneously. This overcomes the major limitations in the 

trading of relaxivity with metal binding stability and selectivity observed in small 

chelators.20,21 ProCA32 enables the detection of small metastatic liver tumors from the 

current size 1–2 cm to 0.24 mm.25 In this paper, we report a sensitive, specific Gd3+-based 

protein MRI contrast agent for the molecular imaging of PSMA in both T1 and T2-weighted 

MRI at high magnetic field. This is the first report of a Gd3+-based PSMA targeted contrast 

agent which efficiently decreases T2 of the PSMA-tumor and changes the signal in the T2-

weighted MRI. We further determined the relaxivity of ProCA32.562, ProCA32.wp and 

ProCA32.PSMA, as summarized in Table 1. ProCA32.PSMA has high per Gd3+ relaxivities 

(r1 = 27.6 mM−1 s−1, r2 = 37.9 mM−1 s−1 at 1.4 T), which are 7 times higher than that of Gd-

DTPA. We have shown that PSMA-targeted ProCAs have comparable Gd3+ binding affinity 

to Gd-DTPA. ProCA32.562 has a Gd3+ binding affinity of 1.3 × 10−22 M while 

ProCA32.PSMA has a Gd3+ binding affinity of 0.9 × 10−22 M. Both of them have 

comparable Gd3+ affinity to the clinical MRI contrast agent, Gd-DTPA (1.86 × 10−21 M). 

Our previous work has shown that the protein contrast agent is stable in serum for at least 12 
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days with high resistance for protease cleavage.25 No organ toxicity nor acute toxicity were 

detected for ProCAs. Additionally, the protein contrast agent had reduced Gd3+ 

accumulation in vivo compared with Gd-DTPA at its clinical injection dosage at 14 days 

post injection.25 In this paper, we further show that the protein contrast agent has higher 

Gd3+ selectivity over Zn2+ by a direct competitive binding assay (Table S1†). Omniscan is a 

clinical MRI contrast agent reported to have the best metal selectivity among all Gd3+-based 

clinically approved MRI contrast agents. However, incubation of apo-ProCA32 (ProCA32 

without loading Gd3+) with Omniscan in the presence of Zn2+ at 95 °C for 30 minutes 

caused the increase of r1 from 5.8 mM−1 s−1 to 21.2 mM−1 s−1. This result suggests that our 

ProCA32 is able to chelate Gd3+ released from Omniscan and is consistent with its stronger 

Gd3+ binding affinity and metal selectivity. High stability and relaxivity of ProCAs support 

their promise in in vivo applications. These studies along with our previous studies further 

demonstrate the strategy of extending the protein contrast agent to biomarker targeting by 

the addition of peptide, glycans, or synthesized small ligands without sacrificing metal 

binding affinity and relaxivity.19–21,30

Implication for clinical molecular imaging of prostate cancer

Non-invasive molecular imaging reagents with high sensitivity, specificity and resolution are 

highly desired for the diagnosis and stage determination of prostate cancer. Targeting PSMA 

with a positron emission tomography (PET) imaging moiety enables specific imaging of the 

primary and metastasis prostate tumor rather than 18F-FDG-PET which has relatively low 

avidity for prostate cancer.2 [64Cu]6, a 64Cu labeled PSMA inhibitor developed by the 

conjugation of 64Cu chelated CB-TE2A to the lysine–glutamate urea scaffold, shows high 

tumor penetration, and specific distribution to the PSMA positive tumor implanted in the 

mice model compared with the control PSMA negative tumor and background tissue.16,49–52

Although MRI has superior resolution, and no radiation compared with other imaging 

techniques, the PSMA-targeted MRI contrast agents are less developed compared with the 

robust development of imaging reagents for other imaging techniques. Currently, PSMA-

targeted MRI contrast agents are mainly developed by the iron oxide nanoparticle 

conjugated with PSMA-targeting moieties.15,53–59 Given the fact that larger size in the 

nanoparticle hampers efficient tumor tissue penetration, it would be imperative to develop 

PSMA-targeted MRI contrast agents with smaller size and higher tumor penetration 

efficiency. PSMA-targeted MRI contrast agents derived from high payload Gd-DOTA are 

also under development for T1-weighted MRI.60 Gd3+ based MRI contrast agents are 

routinely applied as T1-weighted MRI contrast agents. For the clinical MRI contrast agent, 

due to its low r2, it is not efficient to significantly change T2 of the tissue at a physiologically 

achievable concentration. We have previously demonstrated that non-targeted ProCA32 with 

increased r2 relaxivity is able to decrease the liver signal in T2-weighted MRI.25

Different from other contrast agents targeting PSMA, ProCA32.PSMA is the first Gd3+-

based MRI contrast agent capable of altering both the T1 and T2-weighted MRI signal, 

especially T2-weighted, for the molecular imaging of PSMA. We further demonstrate that 

PSMA-targeted contrast agents can decrease T2 of C4-2 tumor from 37 ms to 23 ms, which 

causes the decrease of the MRI signal in a typical T2-weighted MRI. ProCA32.PSMA only 
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targets the PSMA positive tumor rather than the PSMA negative tumor. Thus, 

ProCA32.PSMA not only has high sensitivity for the molecular imaging in T2-weighted 

MRI but also has high specificity for targeting the PSMA positive tumor. Additionally, 

ProCA32.PSMA also enhances the C4-2-Luc tumor in the T1-weighted MRI at 7 T. 

However, because of the relatively low r1 relaxivity at 7 T, the MRI signal change of the 

C4-2-Luc tumor in the T1-weighted MRI is less dramatic than that in the T2-weighted MRI. 

Although decrease of r1 is less desired, increased r2 at high field could improve molecular 

imaging by the T2-weighted MRI. In this paper, we report the first Gd3+-based MRI contrast 

agents for molecular imaging of PSMA by T2-weighted MRI.

The pharmacokinetics profile of ProCA32 was previously reported.25 ProCA32 has a 

distribution half-life of 0.15 h, and elimination half-life of 2.86 h. The volume distribution 

for ProCA32 is 0.08 l kg−1 and 0.13 l kg−1 for the initial state and steady state, respectively. 

The values of volume distribution of ProCA32 indicate that ProCA32 is distributed in the 

blood stream, and extracellular extravascular space of the liver and kidney. According to the 

volume distribution values, it is less likely for ProCA32 to have major non-specific uptake in 

the cells. We will perform detailed studies to examine the pharmacokinetics of 

ProCA32.PSMA with the addition of the 15-amino acid targeting moiety in the future.

Potential advantages of ProCA32.PSMA over PSMA-targeted low molecular weight imaging 
agents in PET, SPECT, and PET-MR

Comparing with reported studies of PET, SPECT and PET-MR, our developed MRI contrast 

agents for imaging PSMA have the main advantage of not using harmful radioactive 

labeling. With more than 10 times improved per particle r1 and r2 compared with small 

molecular MRI contrast agents, ProCA32. PSMA greatly improved the sensitivity for MRI 

for molecular imaging of PSMA. The small size (about 3 nm) of ProCA32. PSMA allows 

high tumor penetration. In addition, owing to the unique properties of MRI over other 

imaging modalities, ProCA32.PSMA has much higher spatial resolution for imaging PSMA 

in prostate cancer compared with PET/SPECT agents. Moreover, clinical MRI scanning has 

much lower cost compared with that of clinical PET/SPECT, making ProCA32.PSMA more 

cost-effective for imaging PSMA. Besides, the molecular imaging of PSMA by 

ProCA32.PSMA in MRI could be easily coupled with other MRI imaging techniques to 

assess the physiological parameters of tumors, such as tumor blood vasculature, tumor pH 

and oxygen level, water diffusion, and concentration of various metabolites in the tumor. 

Finally, since MRI mediated interventional therapy is routinely performed for the treatment 

of the tumor, ProCA32.PSMA-assisted molecular imaging can be easily adapted for MRI 

mediated tumor interventional therapy.

Advances in molecular diagnostics and staging

We have reported several protein based contrast agents with targeting capabilities to HER2 

and gastric releasing peptide receptor (GRPR) using the first generation of ProCAs 

(ProCA1).19,26,33,61,62 Our current studies illuminate several additional advances in 

molecular imaging especially for prostate cancer. First, GRPR and HER-2 are expressed in 

multiple tumors, therefore, these GRPR and HER-2 targeted contrast agents can be applied 

for the imaging of tumor originating from different tissues. Because of the unique feature of 
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PSMA expression, ProCA32.PSMA is expected to specifically target cancer originating 

from the prostate, including primary prostate cancer and metastasis from the prostate. 

Nevertheless, our development extends our imaging capability towards different types of 

prostate cancers. Second, ProCA32.PSMA has significantly improved metal binding affinity 

and selectivity compared with ProCA1.GRPR and the ProCA1.Affibody.26,33,61 Third, here 

we have systemically studied both T1 and T2 effects at a high field strength 7 T for protein-

based MRI contrast agents. T2-weighted MRI for the molecular imaging of biomarkers has 

not been well studied for Gd3+-based MRI contrast agents. The capability in a broad range 

of field strengths from the medically related low field strength to high field strength is very 

unique and important. It enables us to correlate human imaging results with mice studies 

with the required resolution. In addition, we demonstrate a new avenue to achieve the 

quantitative imaging of biomarkers and monitor their temporal and spatial changes using 

non-invasive whole body imaging.33 Further development of these PSMA-targeted MRI 

contrast agents are expected to be used for the early detection of primary and metastatic 

prostate cancer with the desired sensitivity and specificity and for following disease 

progression and therapeutic treatment effects by non-invasive determination of the PSMA 

level using MRI.

Conclusions

We have developed a PSMA-targeted MRI contrast agent by engineering a biomarker 

binding peptide into a protein contrast agent ProCA32. The newly constructed PSMA-

targeted MRI contrast agent exhibits PSMA binding affinity (Kd = 1.1 ± 0.1 μM) while 

maintaining its high r1 and r2 values, strong metal binding affinity and selectivity. 

Intravenous injection of ProCA32.PSMA in tumor bearing mice results in PSMA expression 

level dependent MRI signal change in both T1 and T2-weighted MRI at 7 T. Further 

development of this PSMA targeted MRI contrast agent will advance our capability for early 

detection of primary and metastatic prostate cancer, and for following disease progression 

and treatment and facilitating image-guided interventional therapy.
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Fig. 1. 
Model structure of PSMA-targeted protein MRI contrast agents for the molecular imaging of 

PSMA in prostate cancer. Each PSMA targeting peptide (red) was fused at the C-terminal of 

PEGylated ProCA32 (gray) using flexible peptide linkers (blue).
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Fig. 2. 
Relaxivity measurements (r1 and r2) of PSMA-targeted protein MRI contrast agents. 

Changes in R1 and R2 relaxation rates were plotted over various concentrations of 

ProCA32.PSMA (a, d), ProCA32.562 (b) and ProCA32.wp (c) at 1.4 T (a–c) and 7 T (d).
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Fig. 3. 
Determination of Tb3+, Gd3+, Zn2+ and Ca2+ affinity to ProCA32. PSMA. (a) Determined 

Tb3+ affinity to ProCA32.PSMA using the Tb-DTPA chelator buffer system. Free [Tb3+] 

was maintained in a range between 10−23 and 10−17 M by a tightly controlled concentration 

ratio between Tb-DTPA and free DTPA. The interaction between Tb3+ and ProCA32. 

PSMA was quantified by fluorescence intensity increase mediated by the luminescence 

resonance energy transfer between Trp in ProCA32.PSMA and bounded Tb3+. (b) 

Determined Gd3+ affinity by using Gd3+ competition assay. Different concentrations of Gd3+ 

were incubated with Tb3+-loaded ProCA32.PSMA. The fluorescence intensity caused by the 

luminescence resonance energy transfer between Trp in ProCA32.PSMA and bounded Tb3+ 

decrease when Gd3+ competed Tb3+ out of the metal binding pocket. (c) Determined Zn2+ 

affinity using Fluozin-1 competition assay. (d) Determined Ca2+ affinity to ProCA32.PSMA 

using the Ca2+-EGTA buffer system. Free [Ca2+] was maintained in a range between 10−10 

and 10−4 M by the tightly controlled concentration of Ca2+ and EGTA. The interaction 

between Ca2+ and ProCA32.PSMA was monitored by the Trp fluorescence intensity 

increase by increasing Ca2+ concentration.
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Fig. 4. 
Characterization of PSMA targeting capacities of protein contrast agents at the cell level. (a, 

b) Comparison of the binding capability between ProCA32.wp and ProCA32.PSMA in 

LNCaP (a) and PC3 (b) cell lysates by ELISA. ProCA32.PSMA binds to LNCaP cell lysate 

at 1 and 10 μM. ProCA32.PSMA does not bind to PSMA-negative PC3 cells. (c) 

Determination of PSMA affinity by ELISA coupled with the Scatchard plot. (d–g) 

fluorescence staining of C4-2 cells incubated with ProCA32 (d), ProCA32.PSMA (e), 

ProCA32.562 (f), and ProCA32.wp (g). Among these PSMA-targeted ProCAs, 

ProCA32.PSMA shows the best PSMA targeting capacity. (h) Western blot shows the high 

expression of PSMA in C4-2 cells and no expression of PSMA in PC3 cells.
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Fig. 5. 
Bioluminescence imaging of nude mice implanted with PC3-Luc and C4-2-Luc tumors after 

injection of the substrate (a, b). Each tumor was given a different ID. The bioluminescence 

intensity of each tumor was listed in the table (c).
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Fig. 6. 
MR imaging of PSMA in xenografted mice tumors by protein based MRI contrast agents. 

(a) T2-weighted MRI of the mice implanted with both PC3-Luc and C4-2-Luc tumors before 

and after injection of ProCA32.PSMA. The PSMA-positive tumor, C4-2-Luc, exhibited 

decreased MRI signal intensity at 30 min–48 hours post injection of ProCA32.PSMA. After 

injection of ProCA32.PSMA, the PSMA-negative tumor, PC3-Luc, did not show any 

significant MRI signal change. (b) T2-weighted MRI of the C4-2-Luc tumor implanted mice 

before and after injection of ProCA32.PSMA. (c) T2 map of C4-2-Luc tumor implanted 

mice before and after injection of ProCA32.PSMA. (d) T2-weighted MRI of the PC3-Luc 

tumor implanted mice before and after injection of ProCA32.PSMA. (e) T2 map of PC3-Luc 
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tumor implanted mice before and after injection of ProCA32.PSMA. (f) After injection of 

ProCA32.PSMA, the PSMA positive tumor (C4-2-Luc) shows a dramatically decreased 

signal between 30 min and 24 hours in T2-weighted MRI at 7 T. The PSMA negative tumor, 

PC-3-Luc, did not show any significant MRI signal change before and after injection of 

ProCA32. PSMA. (g) After injection of non-targeted ProCA32, the T2-weighted MRI 

signals in both PC3-Luc and C4-2-Luc were not changed due to the lack of PSMA targeting 

moieties in ProCA32. (h) After injection of ProCA32.PSMA, the C4-2-Luc tumor shows a 

decreased T2 value at 30 min, 3 hours and 24 hours. T2 of the C4-2-Luc returned to 33 ms at 

48 hours post injection of ProCA32.PSMA. As a PSMA negative tumor, the T2 of PC-3-Luc 

did not have a significant signal change before and after injection of ProCA32.PSMA. (i) T2 

of both C4-2-Luc and PC3-Luc tumors did not have significant change before and after 

injection of non-targeted ProCA32. (j) After I.V. injection of ProCA32.PSMA, the C4-2-Luc 

tumor in the xenografted mice showed increased MRI signal in the T1-weighted MRI. (k) 

The percentage signal increase plot of C4-2-Luc tumor in xenografted mice after injection of 

ProCA32.PSMA.
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Fig. 7. 
Immunofluorescence imaging of tumor implanted mice tissues (C4-2-Luc tumor, PC3-Luc 

tumor and heart) after injection of ProCA32. PSMA or ProCA32 for 48 hours. Red color 

stains ProCA32.PSMA or ProCA32. Consistent with MRI results, only C4-2-Luc tumor 

tissue from mice injected with ProCA32.PSMA can be positively stained, indicating 

ProCA32.PSMA targets the C4-2-Luc tumor by the specific interaction with PSMA.
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Table 1

Summary of in vitro properties of PSMA-targeted ProCAs

Contrast agent ProCA32.wp ProCA32.562 ProCA32.PSMA

r1 (mM−1 S−1) 24.4 ± 0.08 21.5 ± 0.2 27.6 ± 0.9

r2 (mM−1 S−1) 33.5 ± 0.1 29.8 ± 0.3 37.9 ± 1.1

Kd (Tb3+) (M)   6.8 ± 0.2 × 10−22   2.5 ± 0.3 × 10−22   3.3 ± 0.3 × 10−22

Kd (Gd3+) (M)   2.4 ± 0.3 × 10−22   1.3 ± 0.1 × 10−22   0.9 ± 0.1 × 10−22

Kd (Ca2+) (M)   1.2 ± 0.03 × 10−8   1.4 ± 0.01 × 10−8   1.7 ± 0.02 × 10−8

Kd (Zn2+) (M)   1.4 ± 0.03 × 10−6   2.5 ± 0.05 × 10−6   1.6 ± 0.04 × 10−6

Kd (PSMA) (μM)   1.1 ± 0.1
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Table 2

Gd distribution of PC3 and C4-2 tumor implanted mice before and after injection of ProCA32.PSMA or 

ProCA32 for 48 hours

Tissue ProCA32 μg g−1 tissue ProCA32.PSMA μg g−1 tissue

Muscle 0.24 ± 0.05 0.26 ± 0.00

Heart 0.80 ± 0.01 0.76 ± 0.00

Kidney 1.55 ± 0.01 1.43 ± 0.01

PC3-Luc 0.44 ± 0.01 0.51 ± 0.01

C4-2-Luc 0.38 ± 0.00 1.29 ± 0.02
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