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Introduction

Prostate cancer (PCa) is a heterogeneous disease with the 
biological potential to develop an aggressive and lethal 
phenotype (1). PCa is the most common cancer diagnosed 
in men in the Western countries but only one of every 
8-10 patients diagnosed with PCa will die from this disease 
(2,3). Thus it is important to develop effective methods not 
only to diagnose PCa but also to effectively select patients 
who need to be treated and avoid unnecessary treatment. 
It is also vital to target tumors that have recurred, escaping 
initial treatments and developing into metastatic disease. 
Molecular imaging of PCa using such conventional imaging 
methodologies as X-ray computed tomography (CT), 
magnetic resonance imaging (MRI) and ultrasound has been 
successful for detecting organ-confined or metastatic disease 

for disease staging and companion diagnosis and prognosis 
(4,5). However, these techniques also show the limitations of 
current cancer-specific imaging and cannot reliably delineate 
the occurrence, the location, and the biochemical status of 
cancer and cancer metastases. Positron emission tomography 
(PET)/single-photon emission computed tomography 
(SPECT) for nuclear imaging have distinct advantages over 
conventional imaging, with unique noninvasive properties 
capable of monitoring the metabolic and molecular 
characteristics of cancer cells. These approaches utilize short-
lived nuclear tracers and acquire signals emanating from 
the body after administration of imaging agents that target 
cancer-specific alterations, including glucose, amino acid and 
fatty acid metabolism, receptor status, cellular proliferation, 
tumor hypoxia and blood flow (6). Currently, several PET 
tracers have been applied for clinical imaging of both early- 
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and late-stage PCa, such as 18F-fluorodeoxyglucose (FDG), 
choline (11C and 18F labeled), 18F-dihydrotestosterone 
(FDHT) and sodium 18F-fluoride (NaF). These molecular 
imaging agents can potentially greatly elevate our ability to 
diagnose, prognose and monitor treatment responses in PCa 
patients.

Near-infrared fluorescence (NIRF) imaging agents can 
potentially increase the sensitivity and specificity of cancer 
diagnosis because NIRF have low autofluorescence, tissue 
absorbance, and scatter at NIR wavelengths (700-900 nm) (7).  
Once the specificity of these agents is established, a number 
of modifications can be made including the conversion 
of these agents into effective nuclear imaging probes, or 
conjugating these agents with effective therapeutic drugs to 
target cancer metastasis. The NIRF approach shares common 
physical properties with nuclear imaging techniques, such as 
the potential use of tracer administration of a contrast agent, 
which enables the development of combinational use of both 
techniques for cancer imaging (see below). Most conventional 
approaches for utilizing NIR dyes in cancer imaging require 
chemical conjugation of NIR fluorophores with appropriate 
cancer-targeting moieties such as peptides, antibodies, 
aptamers, growth factors and metabolic substrates (8-11). 
However, these approaches are less efficient because of tumor 
cell heterogeneity. Only a limited number of cancer cells 
may express the specified cell surface receptors or ligands, 
and the constant evolution of cancer cells known to occur 
within a tumor could alter cancer cell surface properties 
(12,13). The specificity and affinity of targeting ligands can 
also be altered subtly following chemical conjugation (14).  
Our group has recently discovered a novel class of NIR 
heptamethine carbocyanine dyes that can be used as dual 
imaging and targeting agents, and demonstrated their 
preferential accumulation and retention in cancer but not 
normal cells, enabling cancer-specific targeting without the 
need for chemical conjugation (15,16). These agents greatly 
fulfill the unmet needs for specific imaging of PCa despite its 
heterogeneity, which to some extent is inadequately assessed 
by conventional methods. In this review, we will discuss 
recent advances in the development of novel NIRF, NIRN 
and NIRF-derived agents and techniques for imaging and 
targeting localized and metastatic PCa.

NIRF imaging of prostate cancer

NIRF imaging agents

Indocyanine green (ICG) is a noninvasive NIRF imaging 

dye that has been used clinically for more than 50 years 
for ophthalmic angiography and to determine cardiac 
output and liver blood flow and function (7,17). This 
tricarbocynanine dye is also used in cancer patients to map 
sentinel lymph nodes, for the detection of some tumors due 
to their enhanced angiogenesis, and for angiography during 
reconstructive surgery as the only NIRF agent approved 
by the United States Food and Drug Administration 
(FDA) (18-21). Most human NIR imaging studies employ 
ICG within the blood and lymphatic vasculatures. ICG 
and its derivatives are widely used clinically and show 
reasonable NIR features (ex/em 760-785/820-840 nm) 
and the capability to image normal but not cancerous 
tissues, generating weaker fluorescent properties (i.e., 
lower extinction coefficients) in comparison to the NIRF 
described herein (7,17). Several new NIRF agents have 
been developed including heptamethine carbocyanine dyes. 
Some of these agents have become commercially available 
in recent years, such as Cy5.5 (22) and IRDye 800-CW (23),  
which have been coupled with peptides or antibodies 
and successfully used for the targeted visualization of 
neoplastic tumors in animal models. Marshall et al., for 
example, reported a safety and toxicity study of the NIRF 
dye IRDye 800CW in rats that showed no evidence of 
organ toxicity based on the hematologic, clinical chemistry 
and histopathologic analyses of tissues harvested from the 
experimental animals (23). These new NIRF agents offer 
great promise for future clinical applications of NIRF 
imaging agents.

NIRF imaging of prostate cancer

Conventional application of NIRF agents in PCa imaging 
use the chemical conjugation of specified NIRF agents to 
cancer cell-surface targeting moieties, such as peptides and 
antibodies recognized as tumor-specific biomarkers (19). 
One such biomarker is prostate-specific antigen (PSA), 
an androgen receptor (AR) target gene expressed almost 
exclusively by prostate epithelium. PSA, expressed by both 
benign and malignant prostate epithelium, potentially 
reflects active AR signaling activity (24). Since AR-
mediated cell signaling pathways are known to determine 
human PCa initiation and progression, and AR expression 
and activity are elevated in some castration-resistant PCa 
(CRPC) (25), many groups have sought to image PCa 
through the use of PSA as a biomarker. PSA is initially 
produced as a catalytically active serine protease (free 
PSA), released subsequently into the perivascular space, by 
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rapid and irreversible conversion to non-catalytic forms 
(26,27). In a recent study, Ulmert et al. described a new 
approach to specifically image tumor-associated free PSA 
in multiple preclinical models with 89Zr-labeled 5A10, a 
novel radiotracer consisting of a monoclonal antibody that 
specifically recognizes an epitope adjacent to the catalytic 
cleft of PSA (28). In line with the same principle, Ho et al.  
developed an enzymatically cleavable peptide sequence 
labeled with NIR fluorophores (ex/em 740/770 nm), 
PSA750, which is optically quenched (>95%) and only 
becomes fluorescent upon cleavage by enzymatically-active 
PSA, yielding a significantly increased NIR signal from the 
site where PSA is secreted or deposited (29). Currently, 
serum PSA levels are widely used clinically as an indicator 
for primary screening and a biomarker for therapeutic 
responses, but PSA expression alone cannot distinguish 
benign from malignant prostate epithelium (30,31).  
The noninvasive imaging tools developed for measuring 
tumor-associated PSA expression could more clearly reflect 
AR-driven changes in PSA expression and could be used to 
supplement the current clinical PSA test.

Another cell-surface antigen for PCa is prostate-specific 
membrane antigen (PSMA). PSMA, elevated in CRPC, is 
a plausible target for imaging probe development (32-34).  
Radioactive 111In-labeled PSMA antibody has been used 
as a reagent in SPECT imaging. In addition to being a 
biomarker of PCa, PSMA has been proposed as a target 
for image-guided surgery due to its cell surface-expressing 
characteristics. To better identify prostate tumor margins 
during surgery, Nakajima et al. synthesized an activatable 
anti-PSMA monoclonal antibody (J591)-NIR fluorophore 
(ICG) conjugate and tested it in a PC-3 prostate tumor 
xenograft mouse model (35). Prior to binding to PSMA and 
cellular internalization, the conjugate yielded little light. 
However, upon internalization and cleavage, NIR-ICG 
intensity in PCa was elevated by 18-fold, permitting the 
detection of PSMA+ PC-3 but not PSMA- PC-3 tumors 
for up to 10 days after a low-dose (0.25 mg/kg) injection. 
In another study, Humblet et al. synthesized a single 
nucleophile-containing small molecule specific for the 
active site of PSMA enzyme that is chemically conjugated 
to an ICG derivative (10). This conjugate shows high-
affinity binding to PSMA in xenograft prostate tumors 
by NIRF imaging. These NIRF-based PSMA-targeting 
imaging approaches are reproducible at the cellular level 
in PCa as well. Liu et al. developed a NIRF imaging probe 
(Cy5.5-CTT-54.2) by chemical conjugation of a Cy5.5 
derivative with a potent PSMA inhibitor (CTT-54.2) (36). 

The probe displays high potency against PSMA and has 
demonstrated successful application for specifically labeling 
PSMA+ LNCaP PCa cells in both 2D and 3D cell culture 
conditions.

Another approach to developing targeted molecules 
relies on the aberrant metabolic pathways established by 
cancer cells. Cancer cells have been observed to exhibit 
altered metabolism and increased requirements for glucose 
and glutamine, which is facilitated by the overexpression 
of glucose transporter proteins (GLUTs) (37-39). FDG is 
a glucose analog that has been used extensively in cancer 
detection and therapeutic monitoring in the form of a 
18F-FDG probe, detected by PET (40,41). The 18F-FDG 
probe, however, has several limitations, such as an extremely 
short half-life for following by positron-emitting nuclides, 
exhibiting low spatial resolution, being a radioactive 
compound, and is also abundantly taken up by tissues with 
high basal metabolic rates, such as the brain. To overcome 
these intrinsic PET imaging limitations, an NIRF imaging 
approach has been proposed and developed as a replacement 
for metabolic imaging using a similar targeting principle. 
Korotcov et al. (42) designed an NIRF probe (cypate) 
chemically conjugated to one or more glucosamine (GlcN) 
moieties, a common substrate for all 4 isoforms of GLUTs 
with higher affinity for GLUT2 than glucose (39,42,43), 
and demonstrated good uptake of the GlcN-linked NIRF 
probe in both PC-3 cell culture and live mice. In summary, 
diverse molecular imaging approaches from different 
research groups have demonstrated the effectiveness of 
targeting cell surface-based biomarkers or the metabolic 
differences between normal and cancer cells for monitoring 
PCa growth and recognizing the surgical margins of PCa 
tumors during surgery. 

NIRF imaging of metastases in experimental 
prostate cancer models

Imaging of lymph node metastases 

Early-stage PCa develops seminal vesicle invasion and 
micrometastases to surrounding lymph nodes (LNs). Pelvic 
LN dissection (PLND) is widely used in the clinic for 
nodal staging and assessing LN metastases in PCa (44).  
However, this method is invasive and underestimates 
LN involvement; 40-50% of patients are found to have 
metastatic LNs outside the standard resection area (45,46). 
There is an unmet need for more accurate noninvasive 
diagnostic techniques. Abnormal lymphatic function has 
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been associated with a wide spectrum of diseases and is also 
intimately involved in cancer metastases (7,47). Preclinical 
cancer studies show apparent dilation and proliferation 
of tumor-draining lymphatic vessels and tumor-draining 
lymph node remodeling (47), which offers a targeting 
opportunity for noninvasive lymphatic imaging with 
NIRF probes. As the only NIRF agent approved by the 
FDA, ICG has been used noninvasively in humans to 
uniquely detect blood and lymphatic vasculatures and used 
intraoperatively in sentinel LN mapping for visualization 
of tumor-draining LNs in several types of cancers 
including PCa (7). Van der Poel et al. recently reported 
an approach integrating ICG with a radioisotope (99mTc) 
and nanoparticles for injection into the prostate prior to 
surgery for improved surgical guidance via multimodal 
imaging, particularly fluorescence imaging (48). Ex vivo 
analysis further revealed a strong correlation between the 
radioactive and fluorescent content in the excised LNs. 
Similar detection outcomes in the percentages of PCa 
metastases to LNs by NIRF imaging (63%) and μPET/CT 
(64%) were also reported by Hall et al., further confirmed 
by pathological examination (49). Alternatively, targeting 
PCa biomarker molecules as a conventional approach 
facilitates NIRF detection of LN metastases. Cai et al. (50)  
synthesized NIRF dye (Alexa Fluor 680) conjugated 
BBN[7-14]NH2 peptides that target gastrin-releasing 
peptide receptors (GRPRs), which showed high densities 
on the cell membranes of prostatic intraepithelial neoplasia 
(PIN), primary PCa and invasive prostatic carcinomas 
with predominately negative expression in normal prostate 
tissue and benign prostatic hyperplasia (BPH) (51,52), in 
an orthotopic PC-3 xenograft mouse model. Within 2-hour 
post-injection, the conjugate reached the highest binding 
specificity and affinity in GRPR+ cancer in vivo, and LN 
and peritoneal metastases were detected by NIRF imaging, 
which was later confirmed by histopathology. These 
studies across different groups suggest the promising 
future clinical utility of NIRF imaging in PCa staging and 
laparoscopic LN dissection, which would be boosted by 
improved imaging devices with better signal capture from 
deep tissue in the near future.

Imaging of bone metastases 

PCa patients develop lethal bone metastases in the late stage 
of disease progression. Current clinical examinations of PCa 
bone metastases rely on PET/SPECT/CT scans. While 
potential limitations in the use of these radiotracers in 

PET and SPECT imaging including exposure to radiation, 
difficulty in synthesizing radioactive tracers, and short 
interval of tracer retention in tumors, they are nevertheless 
preferred in patients due to the variability of tumor depth 
in patients. NIRF imaging, however, offers companion 
diagnostic and prognostic value by having a potentially 
better safety profile, lower cost and desirable sensitivity 
for the diagnosis of cancer metastasis. Recent advances 
have been made in multiple NIRF imaging approaches 
to the visualization of bone metastases utilizing different 
targeting strategies. We previously synthesized a NIR 
quantum dot (QD) probe (QD800) conjugated to an anti-
PSMA antibody and demonstrated the specific recognition of  
C4-2B xenografts residing in mouse tibia by this NIRF 
conjugate using the IVIS Imaging System (53). The maximal 
light emission was detected 30 minutes after intravenous 
injection of QD800 conjugate in mice. In addition to the 
conventional chemical conjugation method, we were also 
able to detect metastatic PCa cells in either bone metastases 
or in the precursor state as circulating tumor cells (CTCs) by 
a novel class of heptamethine carbocyanine dyes (see below) 
in an orthotopic ARCaPM xenograft mouse model (16).

Novel heptamethine carbocyanine fluorescence 
dye-based imaging of prostate cancer

Heptamethine carbocyanine fluorescence imaging agents

We recently discovered a novel class of NIRF heptamethine 
carbocyanine dyes, IR-783 and MHI-148, which is an 
effective cancer-specific imaging agent. These agents show 
preferential uptake and retention in cancer but not normal 
cells (15,16). By conjugating chemotherapeutic agents with 
these dyes, we observed tumor-specific cell kill without 
cytotoxicity in host mice, suggesting the potential use 
of these carbocyanine dyes as carriers for cancer-specific 
targeting by small molecules (see below). The advantages 
of this new class of NIRF as imaging agents are: (I) they 
have relatively low molecular weights that facilitate their 
effective uptake into both localized and metastatic cancers; 
(II) they can be synthesized in pure form and are stable 
upon storage; (III) they are taken up by many different 
types of cancer cells, including circulating or disseminated 
tumor cells and cancer tissues regardless of their cell-surface 
properties and their plasticity; and (IV) they have the 
potential of recognizing live versus dead cells and therefore 
can be used for follow-up in patients subjected to treatment 
by hormonal, radiation and chemotherapeutic agents. We 
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found that these dyes can be retained in established PCa cell 
lines (C4-2, PC-3 and ARCaPM) with the dyes enriched in 
the mitochondria and lysosomes, but not in normal prostatic 
epithelial and fibroblast cells. In an orthotopic ARCaPM 
xenograft mouse model receiving intraperitoneal injection 
of low dose of IR-783 (10 nmol/20 g), the NIRF signals were 
specifically detected in the primary tumor and its associated 
bone metastases within 24 hours by fluorescence optical 
imaging. Similar targeting was also found in spontaneously 
developed prostate and colon tumors in the TRAMP PCa 
and ApcMin/+ colon cancer mouse models, respectively (16). 
Recently, we extended these studies to demonstrate successful 
detection of dye uptake in freshly harvested human PCa 
tissue xenografts as well as CTCs using these novel NIRF 
agents. Additionally this novel class of NIRF showed no 
systemic toxicity when mice were given a 100-fold excess of 
the imaging dose of NIRF.

Near-infrared nuclear imaging of prostate cancer using 
novel heptamethine carbocyanine dyes conjugated to 64Cu 
as PET probes

Although early detection of PCa by blood tests for elevated 
levels of PSA has led to early treatment and a reduction in 
death rates, PSA level alone does not distinguish between 
PCa and normal conditions that cause elevated PSA (30,31). 
Because PCa can be a very slow-growing cancer, even 
confirmation of PCa cells in a biopsy gives no indication 
whether an active disease will progress within the individual’s 
lifetime. As a result many patients receive painful repeated 
needle biopsies when PSA is found to be elevated. Successful 
management of prostate cancer requires early detection, 
appropriate risk assessment, and optimal treatment to 
avoid the development of CRPC with potential of lethal 
progression (54). Nuclear imaging is an attractive modality 
for the detection and characterization of disease because it is 
non-invasive, quantitative, provides dynamic real-time data, 
and allows the diagnosis and follow-up of patients undergoing 
therapy (6). Whether the development of new nuclear 
imaging probes could offer the opportunity of differentiating 
indolent from aggressive prostate tumors remains untested. 

Different radionuclide-based imaging agents for planar, 
PET and SPECT imaging are currently used in the clinic 
with some under development for PCa. Clinical agents 
include the bone agent methylene diphosphonate (MDP, 
99mTc labeled), the metabolic agent 18F-FDG, and receptor 
targeted radiolabeled monoclonal antibodies including the 
PSMA-based ProstaScint. Agents in development for PCa 

include acetate (11C labeled), choline (11C and 18F labeled), 
1-aminocyclobutane-1-carboxylic acid (11C and 18F labeled), 
radiolabeled AR binding compounds, radiolabeled peptides 
and small molecules for receptors overexpressed in PCa 
or PCa-associated tumor neovasculature. Despite a variety 
of probes using nuclear imaging modalities, neither the 
detection of minimal disease nor the prediction of indolent 
versus aggressive PCa has been accomplished. A simple, 
accurate method for localizing cancer within the prostate 
for focal therapy also remains elusive.

As part of our extensive search for agents that might have 
cancer-specific uptake in PCa, we reported the discovery of 
a new class of heptamethine carbocyanine dyes that allow 
detection of human and mouse tumors with a high degree 
of sensitivity and specificity (15,16). To further improve the 
sensitivity and clinical utility of this class of carbocyanine 
dyes for deep-tissue detection of tumors, we modified the 
dye by conjugating it with a positron-emitting radionuclide 
(see below) and tested its feasibility in cultured human PCa 
cells and metastatic prostate tumors in mice.

We synthesized a PET/NIRF probe PC-1001 by 
conjugating MHI-148 with a DOTA chelator and 
subsequent chelating with 64Cu for independent PET and 
fluorescence imaging (Figure 1). This two-component probe 
is the first example of novel tumor-specific fluorescent 
dye with both targeting and detection properties in one 
component and a second component (64Cu-DOTA) with 
the capability to perform nuclear imaging. In contrast to 
all other multimodal probes reported to date, the tumor-
targeting component is separate from the detection 
component and thus needs a minimum of three components. 
The NIRF imaging modality has the merits of simplicity, 
convenience, and high throughput. The NIRF property 
of the probe simplifies the early stages of its development 
for in vitro and in vivo optimization of parameters and its 
validity prior to final live animal PET imaging. NIRF alone 
has inherent shortcomings such as its low resolution and 
non-quantitative nature. The sensitivity and resolution 
of NIRF imaging is severely influenced by position and 
depth of the imaging probes in the body. The positron 
emitting property of the conjugated probe can overcome 
the shortcomings of NIRF and provide high sensitivity and 
deep-tissue spatial resolution for initial detection of primary 
tumors and their metastatic lesions. Tumor size can then 
be monitored over time with NIRF imaging. Our recent 
results showed successful PC-1001/NIRF image of a mouse 
with a metastatic RANKL-overexpressing LNCaP tumor 
demonstrating two superficial tumors in the mouse (55) 
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(Figure 2A), while the PC-1001/PET image of the same 
mouse revealed an extra tumor in a deep location (Figure 2B).

The dual-modality PC-1001 molecular imaging probe 
described above has demonstrated its applicability for tumor 
detection and quantitative image analysis in a metastatic 
PCa mouse model. The PC-1001 probe is accumulated 
specifically in cancerous tissue with good contrast to 
normal tissue. This probe could be useful in assisting 
the evaluation of anti-cancer therapies, anti-cancer drug 
discovery, and cancer-related biological studies. Further 
biological and toxicological evaluation of this imaging agent 
is ongoing, with the aim of advancing into clinical trials. 
Other laboratories have also designed dual-modality PCa 
imaging probes. In a recent study, Ghosh et al. designed a 
multimodality chelation scaffold (MMC) that combined a 
radiometal chelating agent (64Cu) and NIRF dye (a IRDye 
800CW derivative) (56). Using MMC-immunoconjugate to 
target an epithelial cell adhesion molecule (EpCAM), which 
shows elevated expression with PCa biochemical recurrence 
and correlation with Gleason scores (57,58), multimodal 
imaging studies indicated higher tumor accumulation of the  
dual-labeled conjugate compared to either single-labeled 
agent in a PC-3 tumor-bearing mouse model. Another 
example is EphB4, a key member of the Eph receptors 
overexpressed in numerous tumor types including PCa (59-61),  

which has been developed as a promising imaging target. 
Zhang et al. reported the visualization of EphB4+ PC-3M PCa 
xenografts with an EphB4-binding peptide (TNYL-RAW)-
nanoparticle conjugate dually labeled with NIRF fluorophores 
(Cy7) and a radioisotope 111In, with both NIRF and NIRN 
imaging (62). The high accumulation of dually labeled 
peptide in PC-3M tumor could be significantly reduced after 
co-injection with an excess amount of unlabeled peptide, 
suggesting the specificity of this imaging probe for recognizing 
EphB4 receptor. These reports support the promise of dual 
labeling imaging approaches for improved sensitivity and 
depth of imaging compared to NIRF imaging alone.

Novel heptamethine carbocyanine drug conjugates for targeting 
castration-resistant and bone metastatic prostate cancer

Because CRPC is considered as the most advanced 
and lethal form of PCa, we synthesized a number of 

Figure 1 The chemical structure of a PET/NIRF probe,  
PC-1001-64Cu.

Figure 2 Dual-modality NIRF/PET imaging of prostate tumors 
in a mouse model. A SCID mouse was intratibially inoculated 
with RANKL-overexpressing LNCaP tumors (arrows). Twenty-
four hours after PC-1001-64Cu (~17 MBq) was i.p injected, NIRF 
and PET scans were performed with a Caliper Spectrum System 
and a Focus-120 microPET scanner, respectively. (A) NIRF (ex/
em 745/820 nm) image shows two superficial tumor spots; (B) 
Coronal slice of PET image reveals three isolated tumors. Similar 
results were obtained using the intracardiac injection of cancer 
cells to study cancer bone and soft tissue metastases in which more 
tumors were detected by PET than bioluminescence or NIRF 
staining, providing further evidence that PET has the advantage of 
detecting deep-seeded cancer metastases.

A B
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heptamethine carbocyanine drug conjugates to target 
metastatic PCa more efficiently. The basic principle of 
these studies is to use heptamethine carbocyanine dyes 
as the drug carriers. They will be covalently conjugated 
to drugs through a linker composed of either an ester or 
a peptide bond. Upon uptake, these dye-drug conjugates 
accumulate exclusively in tumor tissues. Results using  
IR-783-docetaxel conjugate showed metastatic PCa tumor 
shrinkage in mouse tibia (Figure 3). While mice treated with 
this dye-drug conjugate showed no visible toxicity or reduced 
body weights, control mice treated with docetaxel alone had 
dramatically reduced body weights and over 50% mortality. 
These encouraging results have been shown to be repeatable 
using other dye-drug conjugates. Future safety studies are 
necessary before moving this concept into the clinic. 

Mechanisms of uptake of heptamethine carbocyanine dyes 
by prostate cancer cells

We have studied the underlying mechanisms by which 

heptamethine carbocyanine dyes are taken up specifically 
into cancer but not normal cells. We investigated the 
effects of tumor hypoxia, a common condition found in a 
wide range of cancer cells or solid tumors, on the uptake of 
heptamethine cyanines into cancer cells. In our unpublished 
studies (Wu and Shao et al. 2013), unlike ICG that has 
a relatively low value of tumor-to-background ratio at  
1.4-1.7 (63), measured at 24 hours after the administration 
of the dye into tumor-bearing mice, we showed that this 
ratio increased to 9.1 in tumors when MHI-148 was used, 
which was further enhanced by 2-fold when cells were 
maintained under hypoxic conditions. We found that a 
superfamily of organic anion carrier transporters, named 
organic anion-transporting peptides (OATPs), plays key 
roles accounting for the differential uptake of these dyes 
into cancer but not normal cells. We conducted microarray 
analyses and later confirmed by qRT-PCR, western 
blots and immunohistochemistry that specific isoforms 
of OATPs might be responsible for cancer-specific dye 
uptake. Currently there are 11 known human OATPs 

Figure 3 IR-783-docetaxel conjugate reduced prostate tumor growth in mouse skeleton. Nude mice were intratibially inoculated with 
osteolytic human PC-3 tumors followed by treatment with IR-783-docetaxel conjugate (5 mg/kg). (A) Tumor growth was determined 
by measuring tumor volume; (B) Bone lesions assessed by X-ray, showed improvement upon IR-783-docetaxel treatment. Note IR-783-
docetaxel treated mouse has improved bone lesions when compared to mouse injected with vehicle.

A

B

Control mouse  
tibia and femur

Vehicle- 
treated

Dye-drug conjugate
treated
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classified into 6 families and subfamilies on the basis of 
their amino acid sequence homologies, which facilitate 
the transport of a large number of substrates, including 
organic acids, drugs and hormones into cells in a highly 
substrate- and pathophysiologic-dependent manner (64). 
The dye uptake and retention in cancer cells can be blocked 
completely by several competitive inhibitors of OATPs, 
such as bromosulfophthalein (16). Increased expression of 
select OATPs, such as OATP1B3 and OATP2B1, by either 
aberrant gene regulation or genetic variation, has been 
reported in clinical PCa, particularly during progression to 
a CRPC state (64-67). Notably, OATP1B3 also serves as a 
testosterone transporter (68,69), and its transporting activity 
may be further exacerbated by low levels of testosterone 
in CRPC (67,70,71). In addition, we and another group 
dissected a direct regulatory mechanism of OATP1B3 
expression by hypoxia through HIF1α in PCa cells, which 
provides a functional link among different mediators that 
enhance dye uptake. Specific accumulation of dye and  
dye-drug conjugates in cancer cells can also be attributed 
to the high-affinity binding of this class of dyes once they 
enter into cells to interact with nucleic acids and proteins, 
which warrants further investigation.

Conclusions and future perspectives

We demonstrated the specific uptake and retention of a novel 
class of NIRF imaging agents, heptamethine carbocyanine 
dyes that can be used for imaging solid tumors and CTCs 
freshly harvested from human patients. This new class of 
NIRF imaging agents has been successfully tested as dual 
NIRF and NIRN agents using PET/SPECT to detect PCa 
bone and soft tissue metastases in experimental models. By 
further conjugating this class of NIRF/NIRN agents with 
cancer therapeutic drugs, we found that they can serve as drug 
carriers for the safe delivery of chemotherapies to experimental 
tumors. We found also that the differential uptake of this 
class of negatively charged carbocyanine dyes into cancer but 
not normal cells was largely due to the presence of specific 
isoforms of OATPs, coupled with specific metabolisms 
regulated by hypoxia and mitochondrial membrane potentials 
and the physical chemical reactions of this class of dyes when 
in close contact with nucleic acids and proteins in cancer 
cells. While promising data have accumulated thus far, crucial 
evaluation of the PK, PD and toxicity of the dyes and dye-drug 
conjugates are needed before this group of novel compounds 
can be moved into the clinic for improved cancer diagnosis, 
prognosis and treatment.
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