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GRPR-targeted Protein Contrast 
Agents for Molecular Imaging of 
Receptor Expression in Cancers by 
MRI
Fan Pu1, Jingjuan Qiao1, Shenghui Xue1, Hua Yang2, Anvi Patel1, Lixia Wei1, 
Khan Hekmatyar3, Mani Salarian1, Hans E. Grossniklaus2, Zhi-Ren Liu1 & Jenny J. Yang1

Gastrin-releasing peptide receptor (GRPR) is differentially expressed on the surfaces of various 
diseased cells, including prostate and lung cancer. However, monitoring temporal and spatial 
expression of GRPR in vivo by clinical MRI is severely hampered by the lack of contrast agents with 
high relaxivity, targeting capability and tumor penetration. Here, we report the development of a 
GRPR-targeted MRI contrast agent by grafting the GRPR targeting moiety into a scaffold protein 
with a designed Gd3+ binding site (ProCA1.GRPR). In addition to its strong binding affinity for GRPR 
(Kd = 2.7 nM), ProCA1.GRPR has high relaxivity (r1 = 42.0 mM−1s−1 at 1.5 T and 25 °C) and strong Gd3+ 
selectivity over physiological metal ions. ProCA1.GRPR enables in vivo detection of GRPR expression 
and spatial distribution in both PC3 and H441 tumors in mice using MRI. ProCA1.GRPR is expected 
to have important preclinical and clinical implications for the early detection of cancer and for 
monitoring treatment effects.

Prostate cancer is the leading cause of tumor-related death in men in the Western world. According 
to the estimation from the National Cancer Institute, about 240,890 new cases occurred in 2011, with 
33,720 associated deaths. One of the major reasons for the high mortality is the limitations of current 
methods for the early detection, accurate diagnosis, and treatment monitoring capabilities of this dis-
ease. Current determination of the histological type of prostate cancer by invasive clinical diagnostic 
procedures, e.g., biopsy, may only be achieved several years after the initial finding of elevated levels of 
prostate-specific antigen (PSA) due to limitations of existing imaging methodologies for non-invasive 
assessment of the tumor. Similarly, lung cancer lacks an accurate and non-invasive detection method, 
despite being the leading cause of cancer related death in men and women in the United States, with 
86,740 deaths in men and 70,759 in women in 2012. Thus, there is an urgent need to develop sensitive 
and accurate non-invasive imaging methods to assess cancer states in vivo using biomarkers, and subse-
quently monitor tumor progression, metastasis, and treatment effectiveness with high specificity.

Biomarkers, such as gastrin-releasing peptide (GRP) receptor (GRPR), were suggested to be attractive 
early cancer indicators1,2. GRPR was reported to be overexpressed on the surfaces of various human 
cancers, including breast, colon, lung, and prostate cancer3–5. Elevated GRPR expression was found on 
the cell membrane of prostatic intraepithelial neoplasia, primary prostate cancer, invasive prostatic carci-
noma, and androgen-independent human cancer cells as well as well-differentiated and metastatic pros-
tate cancers4. In contrast, GPPR has very limited expression in normal prostate4. High levels of GRPR 
were observed in prostate and breast tissues during malignant transformation3,4.
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GRPR is a member of the mammalian bombesin receptor family with the capacity to bind short 
peptides, such as GRP or bombesin5. In vivo imaging of tumor cells and tumor-bearing mice with 
GRPR expression have been reported by conjugating residues 7–14 from the C-terminal of GRP and 
bombesin to NIR dyes6–8, quantum dots9, and SPECT or PET probes10–13. Preclinical and clinical uses 
of bombesin-based radiopharmaceuticals have also been reported14–17. These studies justify the poten-
tial applications of GRPR-targeted imaging and therapeutic reagents based on bombesin binding. 
However, monitoring differential expression of GRPR in different types of cancers using non-invasive 
and non-radioactive MR molecular imaging has not yet to be achieved.

As one of the leading diagnostic techniques in clinical and preclinical settings, MRI has the advantage 
of capturing three dimensional anatomical images with increased body depth without ionized radiation. 
Moreover, it enables the non-invasive and repetitive assessment of biological processes in the same living 
subject at different time points, significantly reducing the number of animals required and the subse-
quent cost associated with preclinical studies. Clinical TNM (Tumor, Node, and Metastasis) staging is 
commonly used in the USA. MRI is more accurate than CT, ultrasound and digital rectal examination 
in the assessment of unilateral or bilateral diseases (stage T2), extracapsular extension and invasion of 
seminal vesicles (stage T3), as well as invasion of adjacent structures (stage T4)18. However, it remains as 
a challenge for MRI to follow the recurrence and metastasis of prostate cancer upon PSA levels increasing 
after drug treatment.

Molecular imaging of cancer biomarkers using MRI potentially improves our understanding of dis-
ease states and effects of drug treatment19. However, one of the major hurdles for the application of MRI 
to assess specific disease markers for diagnosis and monitoring drug effects is the lack of contrast agents 
capable of enhancing the contrast between normal tissues and tumors with high relaxivity, targeting 
capability, tumor penetration and reduced toxicity. Clinical Gd3+-containing MRI contrast agents, such 
as Gd-DTPA, have relaxivities below 5 mM−1s−1. Additions of targeting moieties to this class of contrast 
agents fail to provide information about changes in biomarkers due to low relaxivity and low biomarker 
expression at nM or lower. In addition, high dosages (0.1–0.2 mmol/kg) are required to provide sufficient 
in vivo imaging contrast. Additional concerns about the risk of nephrogenic systemic fibrosis associated 
with metal toxicity must be addressed20. Taken together, there is an urgent need to develop MRI contrast 
agents with significantly improved relaxivities and targeting capabilities to monitor changes of disease 
biomarkers with sufficient temporal and spatial resolution.

We have developed protein-based MRI contrast agents (ProCAs) by introducing a Gd3+ binding site 
into a scaffold protein, CD2 (ProCA1), with high relaxivities compared to clinically available MRI con-
trast agents both in vitro and in vivo21–24. Although using short peptide ligands as targeting moieties 
has advantages for tumor penetration compared to larger antibodies, peptides often have less specificity 
as well as in vivo instability due to the lack of defined structures. In the present study, we report the 
development of GRPR-targeted reagent with improved targeting capability by a grafting approach. We 
then demonstrate that the designed GRPR-targeting reagent (ProCA1.GRPR) has the unique capacity to 
selectively enhance the MRI signal of xenografted prostate tumor depending on the expression levels of 
GRPR in vivo in mice due to its improved relaxivity, targeting capability and specificity. We also show 
that ProCA1.GRPR has no detectable acute toxicity.

Results
Design of Protein-based MRI contrast agent with improved targeting capability.  Figure  1 
shows the modeled structure of ProCA1 with three designed GRPR targeting moieties (ProCA1.G10, 
ProCA1.B10 and ProCA1.GRPR also named as ProCA1.B14) flanked by two glycine linkers grafted at 
position 52 of the host protein. These GRPR-targeted protein contrast agents were designed with the fol-
lowing considerations. First, ProCA1 is a protein-based MRI contrast agent with a designed gadolinium 
binding site in the scaffold protein, domain 1 of rat CD2. We have previously shown that the relaxivity of 
ProCA1 is significantly greater than that of clinically approved contrast agent, Gd-DTPA21. Second, our 
previous studies on applying a grafting approach for ligand recognition suggested that peptide ligands 
grafted into a scaffold protein are able to retain native conformations25–27. We reasoned that the GRP pep-
tide grafted into a scaffold protein will have an improved capacity for molecular recognition compared to 
short peptide fragments lacking a defined conformation in solution, and will also reduce risk of degrada-
tion26. Third, three targeting moieties were designed to test the contribution of ligand length and H to Q 
mutation in bombesin on binding affinity. We hypothesize that grafting a full length sequence (14 resi-
dues) of bombesin (named ProCA1.GRPR) rather than 10 residue fragment from the C-terminal of GRP 
or Bombesin (named ProCA1.G10 or ProCA1.B10, respectively) in ProCA1 would bestow greater GRPR 
binding affinity. Fourth, we further modify the surface of ProCA1.GRPR by PEGylation to increase 
protein solubility, stability, and in vivo retention time. Fifth, a near-infrared (NIR) dye was conjugated 
to ProCA1 variants to provide NIR fluorescence modality to verify molecular imaging by MRI (Fig. 1a).

The addition of a targeting moiety does not alter conformation and metal binding capacity. Three 
designed targeting reagents were bacterially expressed and purified. Far UV CD spectra suggested that 
the secondary structures of ProCA1 variants are similar to that of ProCA1 and are not altered by either 
the presence or absence of Gd3+ (Supplementary Fig. 1). The tryptophan fluorescence emission maxima 
of ProCA1 variants with addition of the targeting sequences are also near 330 nm, which is similar to 
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ProCA1 but largely blue shifted compared to free tryptophan excited at 280 nm. This result suggests that 
the aromatic tryptophan residues remain well buried in the native scaffold protein (Supplementary Fig. 1).

The Gd3+ binding capabilities of GRPR-targeted variants were determined by competition with 
Fluo-5N21. The fluorescence emission signals of Fluo-5N gradually increased upon the addition of Gd3+ 
in the solution. The calculated Kd value of Fluo-5N to Gd3+ is 5.2 ×  10−12 M (Supplementary Fig. 2). 
Supplementary Fig. 3a shows that the addition of targeting contrast agent ProCA1.GRPR results in a 
decrease of the fluorescence emission of Fluo-5N due to competition. All three GRPR-targeted contrast 
agents exhibit similar Gd3+ binding affinity near 10−12 M (Table 1).

Zn2+ is a major physiological metal ion that participates in the de-chelation of Gd3+ from clinical 
MRI contrast agents in vivo20. Therefore, it is crucial to evaluate the metal selectivity for Gd3+ over Zn2+ 
in developed MRI contrast agents. Table 1 summarizes the Zn2+ affinities to ProCA1 variants that were 
determined by the competition between ProCA1 variants and Fluozin-1 (Supplementary Fig. 3b). All of 
three GRPR-targeted contrast agents exhibit Zn2+ binding affinity around 10−6 M. Importantly, the Gd3+ 
selectivities over Zn2+ (log (KGd/KZn)) for the three targeted contrast agents are significantly greater than 
that of the clinically approved contrast agent, DTPA of 4.2. The Gd3+ selectivity over Zn2+ for ProCA1, 
ProCA1.GRPR, ProCA1.B10 and ProCA1.G10 is 5.4, 6.3, 6.3 and 6.5, respectively (Table 1).

Relaxivity measurement of ProCA1 variants.  The r1 and r2 relaxivity values of ProCA1 variants 
were measured at 25 °C at 1.4 T (Fig. 2a). As shown in Table 1, all GRPR-targeted ProCA1 variants have 
r1 relaxivity values between 42.0–49.2 mM− 1s1. These values are at least 12 fold greater than those of 

Figure 1.  Modeled structures of GRPR-targeted ProCAs and in silico docking of GRPR-targeted ProCAs 
to GRPR. (a) Optimizing GRPR targeting peptide for molecular imaging by MRI. The modeled structure 
of ProCA1 variants (blue) with grafted GRPR targeting peptide from GRP or bombesin (red). ProCA1 is 
a protein-based MRI contrast agent derived from domain 1 of rat CD2 with several mutations to form a 
gadolinium (orange) binding pocket on its surface. ProCA1.B10 and ProCA1.G10 contain 10 amino acids at 
the C-terminal of bombesin and GRP, respectively. They share the same peptide sequence except one residue 
(H/Q) difference which is related to the GRP/bombesin-GRPR binding affinity. ProCA1.GRPR contains the 
whole sequence of bombesin with 14 amino acids. The ProCA1 and GRPR targeting peptide were connected 
through a flexible linker (yellow). These GRPR-targeted contrast agents are also PEGylated and conjugated 
with Cy5.5. (b) In silico docking of GRPR-targeted ProCAs to GRPR by HADDOCK.
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Gd-DTPA (3.5 mM− 1s− 1). Addition of full length bombesin to ProCA1 (named ProCA1.GRPR) led to an 
increase of r1 relaxivity from 25.9 to 42.0 mM−1s1. In addition, ProCA1.GRPR has r1 of 9.4 ±  1.4 mM−1s−1 
and r2 of 123.5 ±  2.3 mM−1s−1 at 37 °C and 7 T (Fig. 2b,c).

Determination of the targeting and binding affinities of ProCA1 variants to GRPR on cancer 
cells.  We chose two independent cell lines, PC3 and H441, to evaluate the targeting properties of 
gastrin-releasing peptide receptor (GRPR)28,29. PC3 is an androgen independent human prostate cancer 
cell line and H441 is a human lung cancer cell line. We first quantitatively determined the expression lev-
els of GRPR on both cancer cell lines using ELISA coupled with the use of the Scatchard Plot (equation 
3 and Fig. 3a–c). The GRPR expression levels ([Bmax]) are approximately 4 ×  105 and 2 ×  104 receptors/
cell for PC3 and H441, respectively. Consistent with these results, data from Western blot also revealed 
that GRPR expression is significantly greater for PC3 cells than that for H441 cells (Fig. 3d). As shown in 
Fig. 3c, ProCA1.GRPR has the highest GRPR binding affinity with a dissociation constant (Kd) of 2.7 nM. 
GRPR binding affinity for ProCA1.B10 and ProCA1.G10 are 3 and 5.7 fold lower than that of ProCA1.
GRPR, respectively. Consistent with ELISA, ProCA1.GRPR shows the highest fluorescence staining in 
PC3 cells, compared with ProCA1, ProCA1.B10 and ProCA1.G10 (Fig. 3e,f).

Molecular imaging of ProCA1.GRPR targeting GRPR in tumor-bearing mice.  We chose 
ProCA1.GRPR for its high GRPR binding affinity as an agent to image GRPR in xenograft tumors in 
mice. ProCA1 and ProCA1.GRPR were PEGylated to increase the solubility of the protein and decrease 
its immunogenicity. An MRI/NIR dual modality imaging reagent was created by conjugating ProCA1.
GRPR with NIR dye Cy5.5. The metal binding affinity and relaxivity of modified ProCA1.GRPR remained 
unchanged.

Figure  4 shows the MR and NIR imaging of the mice before and after tail vein administration of 
ProCA1.GRPR at a dose 8-fold lower than the clinical injection dosage of Gd-DTPA. Both PC3 and 
H441 tumors were inoculated in the left and right flanks of mice. Consistent with results of the cultured 
cell studies (Fig.  3), GRPR expression level in PC3 tumor tissue is significantly higher than that in 
H441 tumor tissue revealed by IHC staining (Fig.  5a,b). Both tumor regions exhibit increases in con-
trast enhancement from 30 minutes to 48 hours post injection of GRPR-targeted contrast agent, ProCA1.
GRPR (Fig. 4a). By comparison, injection of ProCA1 without the GRPR targeting moiety or use of the 
clinical contrast agent Gd-DTPA to the tumor bearing mice did not result in any significant MRI contrast 
enhancement in tumor regions under the same conditions (Fig. 4b). PC3 and H441 tumors show 15–20% 

DTPA ProCA1 ProCA1.GRPR ProCA1.B10 ProCA1.G10

Kd Gd , M 3.5 ×  10−23 * 8.7 ×  10−13 * 2.1 ±  0.6 ×  10−12 5.1 ±  0.1 ×  10−12 1.3 ±  0.1 ×  10−12

Kd Zn, M 5.1 ×  10−19 * 1.9 ×  10−7 * 4.1 ±  2.0 ×  10−6 9.0 ±  0.1 ×  10−6 4.6 ±  0.4 ×  10−6

log (KGd/KZn) 4.2 5.4 6.3 6.3 6.5

r1, mM−1s−1, 1.4 T 3.5 25.9 ±  2.6 42.0 ±  2.6 47.5 ±  0.1 49.2 ±  0.2

r2, mM−1s−1, 1.4 T 5 41.2 ±  3.3 78.9 ±  2.6 80.3 ±  0.7 92.0 ±  0.1

Table 1.   Gd3+ and Zn2+ binding affinity and selectivity of Gd-DTPA and ProCA1 variants. *from 
references21.

Figure 2.  The relaxivities of ProCA1 variants. (a) The relaxivities (r1 and r2) of Gd-DTPA, ProCA1 and 
ProCA1.GRPR at 1.4 T and 25 °C. (b) r1 of Gd-DTPA, ProCA1 and ProCA1.GRPR at 7 T and 37 °C. (c) r2 of 
Gd-DTPA, ProCA1 and ProCA1.GRPR at 7 T and 37 °C. Data are expressed as mean ±  s.d.
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signal increase at 5 hour post injection of ProCA1.GRPR. The overall MRI enhancement in PC3 tumors 
is significantly higher than that in H441 tumors at both 24 and 48 hours post injection (approximately 
1.5 fold at 48 hours). We also observed NIR fluorescence emission for both PC3 tumor and H441 tumors 
48 hours post injection of ProCA1.GRPR (Fig. 4g). Ex vivo NIR imaging of tumor tissues revealed that 

Figure 3.  Characterization of the interaction between ProCA1.GRPR and GRPR on tumor cells. (a, 
b) Determination of the binding affinity of ProCA1 variants to GRPR in PC3 (a) and H441 cells (b) by 
Scatchard plot. (c) Summary of GRPR binding affinity of ProCA1 variants in PC3 and H441 cells. ProCA1.
GRPR exhibits the highest GRPR binding affinity among the three designed protein MRI contrast agents 
in both PC3 and H441 cells. The GRPR numbers (Bmax) per PC3 cell were 13–23 times higher than those 
of H441. (d) Western blot shows that GRPR has a higher level of expression in PC3 cells than that of H441 
cells. The images a,b,d are representatives of three independent experiments. (e) Fluorescence imaging of 
PC3 cells incubated with fluorescein-labeled ProCA1 variants (green). (f) Fluorescence intensity of PC3 cells 
incubated with different ProCA1 variants. The mean and standard derivation (error bar) of fluorescence 
intensity were quantified from 9, 28, 34 and 28 cells after incubation with ProCA1, ProCA1.G10, ProCA1.
B10, and ProCA1.GRPR, respectively. Data are expressed as mean ±  s.d.
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Figure 4.  Molecular imaging of the GRPR biomarker on mice xenografted with PC3 and H441 cells 
by T1-weighted spin echo MR imaging and NIR imaging. (a) T1-weighted spin echo MR imaging of 
ProCA1.GRPR targeting GRPR in PC3 (red arrow) and H441 (blue arrow) xenografted mice tumors. (b) 
T1-weighted spin echo MR imaging of non-targeted ProCA1 in PC3 (red arrow) and H441 (blue arrow) 
xenografted mice tumors. (c) Percentage of increase in MRI signal in PC3 and H441 tumor before and after 
injection of ProCA1.GRPR. PC3 tumor exhibits a 1.5 fold higher MRI enhancement compared with H441 
tumor at 48 hours post injection of ProCA1.GRPR. (d) Percentage of MRI signal increase in PC3 and H441 
tumor before and after injection of non-targeted ProCA1. As a negative control, non-targeted ProCA1 does 
not have significant enhancement in both tumors after injection of non-targeted ProCA1. Images a-d are 
representatives of three independent experiments. Data are expressed as mean ±  s.d. of percentage increase 
of tumor intensity values measured from different MRI slides of H441 or PC3 tumor in each representative 
animal from three independent experiments. (e, f) MRI shows heterogeneous enhancement in PC3 (e) and 
H441 tumors (f) after injection of ProCA1.GRPR. (g) NIR imaging of PC3 and H441 xenografted mice 
tumors 48 hours post ProCA1.GRPR injection. (h) NIR imaging of isolated PC3, H441 tumors and muscle 
48 h post injection of ProCA1.GRPR. PC3 tumor shows higher NIR intensity compared to H441 tumor. (i) 
Gd3+ distribution in different tissues 48 hours post ProCA1.GRPR injection. Data are expressed as mean ±  
s.d.
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tissues of PC3 tumor indeed have stronger NIR fluorescence than that of H441 tumor (Fig.  4h). This 
result is consistent with MR imaging studies, which further supports their GRPR targeting capability.

We monitored both Gd3+ (Fig.  4i and Supplementary Fig. 4) and protein (Fig.  5) content in 
tumor-bearing mice after molecular imaging. As shown in Fig. 4i, Gd3+ content in PC3 tumor is about 
three-fold greater than that in H441 tumor. Gd3+ contents in both PC3 and H441 tumors are significantly 
greater than that in muscle tissue that lacks the biomarkers. Intensity of immunofluorescence staining 
of ProCA1.GRPR in PC3 tumor tissue showed about 2-fold greater than that of H441 tumor tissues 
(Fig. 5c). The results from both Gd3+ content analyses and ProCA1.GRPR staining are in a good agree-
ment with non-invasive MRI contrast enhancement via molecular imaging, demonstrating the strong 
capability of our developed MRI contrast agent ProCA1.GRPR to monitor GRPR receptor expression 
levels in tumors in live mice.

Heterogeneous distribution of GRPR expression in tumor tissue.  We further examined the 
capacity of our developed contrast agent for tumor penetration, which is essential for quantifying spatial 
distribution of biomarkers. As shown in Supplementary Fig. 5, ProCA1.GRPR is distributed in regions 
encompassing the entire tumor, and the agent clearly penetrates the tumor vessels as shown by CD31 
staining. This result is consistent with our previous studies on the tumor penetrating capability of targeted 
ProCAs30, suggesting that ProCA1.GRPR meets the criteria to quantify spatial distribution of GRPR.

It is interesting to note that both PC3 and H441 tumors show clustered heterogeneous MRI enhance-
ment at 24 and 48 hours after injection of ProCA1.GRPR (Fig.  4e,f). IHC staining verified the heter-
ogeneous distribution of ProCA1.GRPR in PC3 tumors (Supplementary Fig. 6). Thus, our developed 
MRI contrast agent ProCA1.GRPR enables real time visualization of the differential spatial distribution 
of GRPR that depends on tumor types and tissue organization. PC3 tumors express GRPR in both 
the surrounding edge and center of the xenografted tumors whereas H441 tumors have a lower GRPR 
expression that is mainly expressed in the internal regions.

Biodistribution and pharmacokinetic studies.  Figure 4i shows the gadolinium contents detected 
by ICP-OES analysis in different organs of tumor-bearing mice post injection of ProCA1.GRPR. In addi-
tion to relatively higher distribution in PC3 tumor tissue, ProCA1.GRPR was also largely distributed in 
liver and kidney.

To determine the pharmacokinetics of ProCA1.GRPR, we obtained plasma samples from the mice 
at different time points post injection of ProCA1.GRPR or GdCl3. Those samples were measured for 
total Gd3+ using an ICP-OES. As shown in Supplementary Fig. 7, ProCA1.GRPR concentration declined 
rapidly during the distribution phase, (t1/2α =  0.5 hour) and more slowly during the elimination phase, 
(t1/2β =  8.6 hours). The mean total clearance was 6.6 ±  1.0 ml/h/kg. The steady state volume distribution 
(Vdss =  0.06 l/kg) indicates that ProCA1.GRPR was distributed in the extracellular extravascular space.

Toxicity study of ProCA1.GRPR in mice.  To probe the clinical acute toxicity of ProCA1.GRPR in 
mice, we injected PEGylated ProCA1.GRPR in normal mice and dissected the mice 2 days post injection. 
The blood samples were then collected to assess toxicity by clinical chemistry. In comparison with mice 
injected with saline, ProCA1.GRPR did not show significant difference in acute toxicity (Supplementary 
Table 1). We performed histological analysis of different organs by H&E staining. Comparing the 

Figure 5.  ProCA1.GRPR distribution and GRPR expression in xenografted tumor tissue. (a,b) 
Immunofluorescence staining of ProCA1.GRPR targeting to GRPR on H441 (a) and PC3 tumors (b) in 
xenografted mice. The red color indicates the staining of ProCA1.GRPR while the blue color represents 
nucleus staining. Insert: Immunohistochemistry staining of GRPR expression on H441 (a) and PC3 tumor 
(b) from xenografted mice. In comparison with H441 tumors, GRPR shows stronger expression (brown 
color) on PC3 tumor. (c) Fluorescence intensity of ProCA1.GRPR staining in PC3 and H441 tumors. Data 
are expressed as mean ±  s.d. Scale bar =  100 μ m. The images a-c are representatives of three independent 
experiments.
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pathology of control mice and the mice injected with ProCA1.GRPR, we concluded that there is no 
significant abnormal morphology in different organs (Supplementary Fig. 8).

Discussion
Exciting progress in the molecular imaging of disease biomarkers for tumor formation and biomarker 
expression has been achieved using several imaging methods such as NIR fluorescence and PET. While 
these imaging modalities are highly sensitive, their applications are often limited by spatial imaging 
resolution along with tumor penetration due to the large size of antibodies (~150 kDa). We and others 
have shown that antibodies tend to be inadequately distributed, clustering near tumor blood vessels 
even 24 hours-post injection in mice30. On the other hand, peptides derived from natural ligands used 
to target biomarkers, such as GRP often exhibit reduced specificity/affinity as well as in vivo biosta-
bility due to lacking a defined structure26. Therefore, there is an urgent need for the development of a 
non-invasive imaging agent capable of quantitatively determining expression level and spatial distribu-
tion of biomarkers31.

MRI is the most desirable imaging modality for the molecular imaging of biomarkers due to its capac-
ity for three-dimensional imaging of soft tissues with high resolution, without depth limitation or use of 
ionized radiation. While MRI scanners are popular worldwide with rapid instrumental progress, MRI is 
heavily underutilized for both clinical and preclinical application. That is mainly due to the limitations of 
approved contrast agents with low relaxivity (approximately 3.5 mM−1s−1), which do not permit molec-
ular imaging for monitoring biomarkers such as receptors with concentrations usually at the μ M or nM 
range. Tremendous effort has been devoted to develop MRI contrast agents with improved relaxivity 
and targeting capability to improve sensitivity and specificity for disease biomarkers32–40. Despite great 
success in tumor detection utilizing fluorescence and PET, molecular imaging in clinical MRI is now 
still in its infancy.

To address the urgent need for early and accurate diagnosis of prostate cancer, we aimed to develop 
a protein MRI contrast agent capable of monitoring the expression of GRPR. GRPR is an important bio-
marker for many types of diseases, such as prostate cancer, cervical cancer, lung cancer, uveal melanoma 
and pruritus41,42. Short peptides like GRP, bombesin and their analogues have been linked to radioactive 
isotopes as a means to label GRPR in prostate cancer and potentially to treat prostate cancer10–13,43–48. 
However, the molecular imaging of GRPR using MRI is limited substantially due to the lack of contrast 
agents with desired sensitivity due to relaxivity and specificity related to biomarker targeting capability.

We previously reported our studies in developing protein-based MRI contrast agents with targeting 
capability for molecular imaging of GRPR by engineering a 10-residue gastrin releasing peptide intro-
duced at different regions of ProCA1 (ProCA1.GRP)26. We have shown that contrast agents with a target-
ing peptide grafted in the loop region of ProCA1 have qualitatively better in vitro targeting abilities than 
those in which it is fused to the C-terminal of ProCA1 for GRPR expressed by both PC3 and DU145 
tumor cells26. While ProCA1.GRP has some MRI enhancement at tumor regions after intratumoral injec-
tion, it failed to show any significant tumor enhancement in mice xenografted with PC3 cells by tail vein 
injection of ProCA1.GRP (Supplementary Fig. 9).

In this paper, we have achieved the development of GRPR targeting contrast agents based on ProCA1 
using our developed grafting approach. The per Gd3+ relaxivity for ProCA1.GRPR is 42.0 ±  2.6 at 1.4 
T and 25 °C, more than 10 times higher r1 than that of clinically utilized MRI contrast agents, such as 
DTPA (around 3.5 mM−1s−1). Additionally, ProCA1 and ProCA1.GRPR have high r1 and r2 at 37 °C and 
7 T. Interestingly, the addition of targeting peptides to ProCA1 significantly enhanced r1 and r2 at 1.4 T. 
The dramatic increase of relaxivities could result from several possible factors. First, the addition of tar-
geting peptide may place the metal binding site closer to the barycenter of the scaffold proteins and also 
enhance second shell water contribution. Fulton et al. have reported that enhancement of the relaxivities 
of Gd-based MRI contrast agents can be achieved by placing the metal ion at the barycentre of the den-
dritic gadolinium complexes to improve coupling between the Gd-water vector and the tumbling motion 
of the complex as demonstrated49,50. Second, water exchange rate and secondary and outer sphere water 
contribution increased upon grafting targeting peptide in ProCA1 could also increase the relaxivity. 
Third, increase in water number upon addition of targeting moiety could cause r1 and r2 increase. This 
is less likely based on the fact that metal binding affinity is not dramatically changed.

To develop MRI contrast agents for in vivo application, contrast agents with strong Gd3+ stability 
are highly desirable. The stability of the contrast agents are characterized by thermodynamic stability, 
conditional stability and kinetic stability. We have shown here that the Zn2+ selectivity of ProCA1.GRPR 
is 2 orders of magnitude higher than that of clinical MRI contest agents (Table 1) that is very encour-
aging. Consistently, our primary results indicated that in the presence 50 μ M of Zn2+ or 50 and 500 µM 
Ca2+ does not alter the relaxation rate of ProCA1.GRPR (Supplementary Fig. 3c). On the other hand, 
ProCA1.GRPR exhibits 4 orders lower thermodynamic stability than that of Omniscan. The thermo-
dynamic stability of clinical contrast agents are ranged from 1016.85–1025.6 51. Since the in vivo release 
of Gd3+ was reported to be related to nephrogenic systemic fibrosis20, we will further optimize the in 
vivo stability, thermodynamic stability and kinetic stability of ProCA1.GRPR to moving to our goal for 
clinical applications.

Our understanding of the molecular recognition of these ligand peptides by the receptor is largely 
hampered by the lack of three dimensional structures and challenges associated with membrane 
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proteins52. To systematically dissect the key determinants for biomarker targeting, we have quantitatively 
determined the GRPR binding affinities of the developed contrast agents using Scatchard plot. Among 
three contrast agents we created, ProCA1.GRPR, with a 14-residue bombesin targeting moiety, shows the 
highest GRPR binding affinity (Kd of 2.7 ±  0.3 nM). This high affinity likely originates from two major 
factors. First, the Glu residue in the middle of the 10 residues at the C-terminal is likely to play an impor-
tant role in GRPR affinity. Our binding study for the 10-residue targeting moieties of bombesin (B10) 
and GRP (G10) revealed that B10 has a Kd of 8.1 ±  4.4 nM for GRPR, which is stronger than the Kd of 
15.4 ±  2.0 nM for G10. Second, comparison of the binding affinities of ProCA1.GRPR and ProCA1.B10 
for GRPR revealed that the additional 4 residues at the N-terminal of bombesin increase GRPR affinity 
about 3 fold. Interestingly, ProCA1.GRPR also has the lowest binding energy for its binding to GRPR 
by HADDOCK and a modelled structure of GRPR (Fig.  1b). The strongest affinity for the full length 
bombesin in ProCA1.GRPR is thus likely due to the combination of its ability to maintain a native con-
formation, additional interaction surface, and contribution of the H to Q mutation optimized for molec-
ular recognition. Previous binding studies using peptide models largely based on radiolabelled peptide 
and a competition assay that depends on temperature, salt conditions and cell types were somewhat 
controversial. The 10 amino acids in the C-terminal of bombesin and GRP were reported to be essential 
for their binding affinity for GRPR5 and a full length bombesin peptide was reported to have a stronger 
GRPR binding affinity than that of 9 amino acid fragment from the C-terminal of bombesin/GRP53,54. 
A full length bombesin peptide was also reported to have a stronger inhibition capability than that of 
a 10 amino acid fragment from the C-termini of bombesin/GRP in their binding to GRPR transiently 
expressed in BALB 3T3 cells53,54. Receptor binding capabilities of GRPR targeting peptides conjugated to 
imaging moieties were shown to be also related to the linkers6,55,56.

ProCA1.GRPR exhibits several unique capabilities for in vivo molecular imaging of GRPR for can-
cer detection. First, ProCA1.GRPR enabled unprecedented sensitivity for the non-invasive detection of 
GRPR at low expression levels (2 ×  104 receptors/cell) in H441 tumors and middling expression (4 ×  105 
receptors/cell) in PC3 prostate tumor using MRI for tumor xenografted mice with 8-fold lower injection 
dosage than that of Gd-DTPA. Second, MRI enhancements for both types of tumors by ProCA1.GRPR 
are correlated with their receptor expression level as supported by detailed metal and histological analysis 
as well as ex vivo NIR imaging. Third, although enhanced permeability and retention (EPR) effects allows 
macromolecules with a size larger than 40 kDa to accumulate in tumor57, the inadequate tumor penetra-
tion of these large molecules limited their application in molecular imaging. Dreher et al.,58 demonstrated 
that fluorescein-labeled dextran with a molecular weight of 40–70 kDa was able to accumulate in tumor 
within 30 min; however, these dextran mainly accumulated along the blood vessels. Conversely, dextran 
with a molecular weight between 4.7–10 kDa can penetrate deeply into the tumor within 30 min58, which 
increases their potential for tumor imaging and treatment. Due to the unique advantage of ProCAs for 
molecular imaging with their small size (2–3 nm), ProCAs were shown to have much higher tumor pen-
etration compared with antibodies30. Our results strongly demonstrate that ProCA1.GRPR is capable of 
semi-quantitatively evaluating GRPR expression levels between different tumor cells. Additionally, since 
the pixel resolution of MRI can easily achieve a sub-millimeter level59, ProCA1.GRPR could provide great 
spatial resolution to evaluate GRPR expression levels in tumor non-invasively.

Limited observations were reported for the heterogeneous distribution of other biomarkers such as 
integrin α vβ 360,61, VEGF/VEGFRs62, and protease activity63 using ultra small superparamagnetic iron 
oxide particles60, paramagnetic nanoparticles61, 124I-labeled anti-VEGF monoclonal antibody62, and fluo-
rescence probe63. An MRI para-CEST agent was reported for mapping tumor pH inoculated in mice. The 
pH map obtained by this agent shows a great heterogeneity with good spatial and temporal resolution64. 
Angiogenesis-targeted iron oxide-based nanoparticles were used to report the heterogeneous distribution 
of α vβ 3 integrin largely confined at blood vessel for angiogenesis based on T2 effect60. Our developed 
GRPR-targeted MRI contrast agents enable us for the first time to observe differential and heterogene-
ous distribution of GRPR expression levels in prostate tumor PC3 and lung tumor H441 models. Unlike 
these reported studies, our contrast agent enables the targeting of GRPR outside of tumor vessels with a 
brighter effect and improved in vivo pharmacokinetics. This study opens a new avenue for future devel-
opment and applications for probing the temporal and spatial changes of various biomarkers by MRI.

Conclusions
We have developed a GRPR-targeted MRI contrast agent by grafting a full length bombesin sequence into 
a scaffold protein with a designed Gd3+ binding site. Of three of GRPR-targeted ProCAs, ProCA1.GRPR 
displays the strongest binding affinity with Kd of 2.7 nM. It also has both high relaxivity of r1 and r2 that 
is 12–15 folds higher than that of Gd-DTPA. The high relaxivity, improved in vivo biodistribubtion and 
pharmacokinetics enable in vivo imaging of GRPR in tumor bearing mice with a significantly reduced 
injection dose. The MRI enhancement in both PC3 and H441 tumors were correlated with receptor 
expression levels and spatial heterogeneous expression and were further confirmed by ICP-OES and NIR 
imaging and histological analysis. The significantly superior metal selectivity of ProCA1.GRPR for Gd3+ 
over Zn2+ compared to DTPA, reduced injection dose, and lack of acute toxicity as assessed by blood 
chemistries and tissue analysis of ProCA1.GRPR suggests the potential for its in vivo application. These 
results suggest the possibility of using MRI to quantitatively trace the dynamic changes of biomarkers 
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during disease development and the possibility in evaluating the progression of prostate cancer and drug 
treatment effects in the clinical applications.

Materials and Methods
Design and production of GRPR-targeted MRI contrast agents.  ProCA1 is a protein contrast 
agent created by engineering a gadolinium binding site into the scaffold protein of domain 1 of rat 
CD221. GRPR targeting peptides, including full length bombesin variant (ProCA1.GRPR, also called 
ProCA1.B14), 10 amino acid peptide of C-terminal bombesin (ProCA1.B10) and GRP (ProCA1.G10) 
were inserted with glycine linkers flanking both ends at position 52 of ProCA1 (Fig. 1) using polymerase 
chain reaction (PCR). The amplified linear DNA sequences were phosphorylated by PNK (New England 
Biolabs), ligated by T4-ligase (New England Biolabs) and then used to transfect E. coli competent cells 
DH5α . The single colony grown on the plate was collected and amplified in LB medium with 0.1% ampi-
cillin. The extracted plasmids were sequenced. ProCA1 variants were expressed by E. coli BL21DE3 at 
25 °C overnight. E. coli cell pellets with expressed ProCA1 variants were purified by unfolding with urea. 
The refolded protein after dialysis was further purified by FPLC equipped with HiTrap Q HP column. 
The purified protein was then verified by mass spectrometry with expected molecular weight.

Determination of Gd3+ binding affinity of ProCA1 variants.  The Ca2+ dye Fluo-5N binds Gd3+ 
and produce a fluorescence signal. The binding affinity of ProCA1 variants to Gd3+ was determined by 
a competition method using Gd3+ loaded Fluo-5N (Life Technologies). Fluo-5N emission spectrum was 
monitored from 500 nm to 600 nm when it was excited at 488 nm. The binding affinity of Fluo-5N to 
Gd3+, Kd1, was determined by a Gd3+ titration in Gd3+ buffer system which used 1 mM nitrilotriacetic 
acid (NTA, Sigma) to control the concentration of free Gd3+. To calculate the Gd3+ affinity to ProCA1 
variant, Fluo-5N was mixed with Gd3+ at 1:1 ratio. ProCA1 variants were gradually added into the sys-
tem to compete Fluo-5N binding with Gd3+. An apparent dissociation constant, Kapp, was estimated by 
fitting the fluorescence emission intensity of Fluo-5N at 520 nm with different ProCA1 variant concen-
trations as a 1:1 binding model. Gd3 + binding affinities of ProCA1 variants, Kd2, were calculated with 
the equation 1:
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Determination of Zn2+ binding affinity of ProCA1 variants.  The Zn2+ dye Fluozin-1 (Life 
Technologies) binds Zn2+ and produces a fluorescence signal. The binding affinity of ProCA1 variants to 
Zn2+ was determined by a competition method using Zn2+ loaded Fluozin-121. Fluozin-1 emission spec-
trum was monitored from 500 to 600 nm when it was excited at 495 nm. The binding affinity of Fluozin-1 
to Zn2+, Kd1, was calculated by direct fluorescence titration. To calculate the Zn2+ affinity to ProCA1 var-
iants, Fluozin-1 was mixed with Zn2+ at 1:1 ratio. Then ProCA1 variants were gradually added into the 
system to compete Fluozin-1 with Zn2+. An apparent dissociation constant, Kapp, was estimated by fitting 
the fluorescence emission intensity of Fluozin-1 at 515 nm with different ProCA1 variant concentrations 
as a 1:1 binding model. Zn2+ binding affinities of ProCA1 variants, Kd2, were calculated with equation 1.

Relaxivity measurement of ProCA1 variants.  The T1 and T2 relaxation time of ProCA1 variants 
and Gd-DTPA were measured at 25 °C by 1.4 T Bruker Minispec and 37 °C by 7 T MRI scanner. r1 and 
r2 were calculated by equation 2:
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Where Ti,s is the T1 and T2 relaxation time of buffer with contrast agent, Ti,c is the T1 and T2 relaxation 
time of buffer without contrast agent, and C is the concentration of Gd3+.

Cell imaging of ProCA1 variants targeting GRPR.  PC3 cells were incubated with fluorescein-labeled 
ProCA1 variants at 37 °C for 1 h and then washed with Ringer buffer. All images were taken under the 
same conditions using Leica imaging system with 63×  oil objective lens. The fluorescence intensity of 
each cell was measured using ImageJ. The final fluorescence intensity of PC3 cells incubated with differ-
ent ProCA1 variants were plotted as average intensity ±  standard derivation.

Determination of GRPR numbers on cell surface and the ligand binding affinity.  The GRPR 
expression levels of two different cell lines (PC3 and H441) were evaluated by Western blots and ELISA. 
Indirect ELISA coupled with Scatchard plot was then used to further quantify the GRPR levels in the cell 
lines and the dissociation constants of the ProCA1 variants to GRPR. Cell lysates of PC3 (from 5 ×  104 
cells) and H441 (from 5 ×  104 cells) were separately precultured in a 96-well plate at 4 °C overnight. 
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After wash with 1×  Phosphate Buffered Saline Tween-20 (PBST), the medium was exchanged with 5% 
BSA to block non-specific binding. ProCA1 variants were added to interact with GRPR in cell lysates. 
Self-generated rabbit anti ProCA1 antibody was used as the primary antibody. A stabilized goat anti rab-
bit HRP-conjugated antibody (Pierce) was used as the secondary antibody. The absorbance intensity was 
detected by the FLUOstar OPTIMA plate reader at an absorbance wavelength of 450 nm. GRPR levels 
on different cell surface were quantified by Scatchard plot (equation 3).

= × − ×
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Where Ka is the association constant between GRPR and ProCA1 variants, [RT] was the concentration of 
total GRPR on the plate, [B] was the concentration of binding ProCA1variants, [F] was the concentration 
of free ProCA1 variants.

MR imaging of ProCA1.GRPR targeting GRPR in mouse tumor.  All animal procedures per-
formed in this study were complied in accordance with approved animal protocols by Institutional 
Animal Care and Use Committee (IACUC) in Georgia State University and University of Georgia. About 
5 ×  106 PC3 and H441 cells were injected into both flanks of athymic mice to generate the xenograft 
model. Tumors grew up to 1 cm in diameter near 8 weeks after inoculation. The contrast agents, ProCA1.
GRPR or ProCA1 (5 mM, 100 μ l), were injected into the mice with grafted tumors by tail vein injection. 
Mice were scanned on a 7 T MRI scanner using a 38 mm birdcage mouse coil. The mouse was anesthe-
tized with isoflurane during the MR scan process. Spin echo T1-weighted MR images were acquired by 
spin echo sequences (TR =  400 ms, TE =  14.52 ms) with field of view of 4 ×  4 cm, matrix of 128 ×  128, 
signal averaging of 4 and slice thickness of 1 mm.

NIR imaging of mouse after injection of ProCA1.GRPR.  ProCA1 variants were conjugated with 
NIR dye Cy5.5 (GE Healthcare Life Science) with the ratio 5:1. ProCA1 variants reacted with reduced 
agent Tris(2-carboxyethyl)phosphine and were then reacted with Cy5.5 in nitrogen saturated solution 
at dark conditions. Samples were further purified by FPLC30. ProCA1.GRPR with conjugated NIR dye 
exhibited fluorescence excitation and emission maxima at 675 and 694 nm, respectively. The NIR images 
of mice were acquired using The IVIS Lumina II (Caliper Life Sciences) 48 hours after tail vein injection 
of MRI contrast agent ProCA1.GRPR. Ex vivo NIR images of each organ tissues were also acquired under 
the same conditions.

Gd3+ distribution in different tissues detected by ICP-OES.  After MR and NIR imaging, the mice 
were dissected and various tissue samples were extracted. One part was encapsulated by optimal cutting 
temperature compound (O.C.T) and preserved at –80 °C for IHC analysis, while the other was digested 
by 70% HNO3 (Optima) at 110 °C overnight for ICP-OES analysis. The digested solution was evaporated 
to 1 ml and 2% HNO3 (Optima) was added to make the sample volume up to 5 ml. Gd3+ concentrations 
in samples were calculated based on the standard curve measured at 342.246 nm (Supplementary Fig. 4) .

ProCA1.GRPR target GRPR on PC3 and H441 xenograft tumors by immunofluorescence and 
immunohistochemistry staining.  After MRI and NIR imaging, the mice were sacrificed and vari-
ous tissues were extracted. The PC3 and H441 tumors were encapsulated by O.C.T and frozen in liquid 
nitrogen. The frozen specimens were cut in 5 μ m thick slices in the cryostat at –20 °C. The air dried 
samples were fixed with methanol at − 20 °C for 10 min and then blocked with horse serum. After the 
blocking solution was removed, the diluted primary antibody (OX-34) (Santa Cruz) was added to each 
section and incubated overnight at 4 °C. The next day, the primary antibody was washed away with PBST 
buffer, and HRP- or Alexa Fluor 555-conjugated secondary antibodies were then used to visualize the 
presence of protein contrast agents in tumor slides.

GRPR expression in different tumor tissues by immunohistochemistry staining.  The PC3 and 
H441 tumors from xenografted mice were encapsulated by O.C.T and frozen in liquid nitrogen. The 
frozen specimens were cut into 5 μ m thick slices in the cryostat at –20 °C. PC3 and H441 tumor tissues 
were stained with primary antibody against GRPR (Cas # ab39883) (abcam) and HRP-conjugated sec-
ondary antibody. Substrate solution was added to the slides to reveal the color of the antibody staining.

Statistical analysis.  The statistical analysis of acute toxicity study (supplementary Table 1) was per-
formed using one-tailed t-test. No significant statistical differences were detected between control group 
and mice injected with ProCA1.GRPR. The mouse group sizes were set to support statistically valid data 
and to minimize the use of the animals. Mice were randomly assigned to groups for the experiments. An 
experienced pathologist was blinded to the groups of H&E staining (supplementary Fig. 8) to evaluate 
the organ toxicity of ProCA1.GRPR.
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