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a b s t r a c t

Conjugation between various small fluorophores and specific ligands has become one of the main

strategies for bioimaging in disease diagnosis, medicinal chemistry, immunology, and fluorescence-

guided surgery, etc. Herein, we present our review of recent studies relating to molecular fluorescent

imaging techniques for various cancers in cell-based and animal-based models. Various organic fluo-

rophores, especially near-infrared (NIR) probes, have been employed with specific ligands. Types of li-

gands used were small molecules, peptides, antibodies, and aptamers; each has specific affinities for

cellular receptor proteins, cancer-specific antigens, enzymes, and nucleic acids. This review can aid in the

selection of cancer-specific ligands and fluorophores, and may inspire the further development of new

conjugation strategies in various cellular and animal models.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

A number of biological interactions between ligands and re-

ceptors mediate various vital metabolic pathways in the body.

Since the interaction between a ligand and a biomarker or

cellular receptor is highly specific, various biotechnologies have

adopted the ligand-receptor affinity, including fluorescent label-

ing applications; enzyme-linked immunosorbent assay (ELISA),

immunoblotting, diagnosis kits, and fluorescence-based cancer

imaging.

In particular, many receptors specific to cancer cells or target

molecules are present on cell surfaces and thus have been

extensively employed for disease diagnosis and treatment [1]. The

early diagnosis of cancer helps to ensure better prognosis of

treatments. Various tools have been employed for cancer diag-

nosis, including nuclear magnetic resonance (NMR), computed

tomography (CT), positron emission tomography (PET), and

single-photon emission computerized tomography (SPECT), and

fluorescent imaging [2,3]. Among them, fluorescent imaging

shows excellent potential as a diagnostic tool for in vitro and

in vivo cellular monitoring because it is highly sensitive and se-

lective and is inexpensive to handle. Specifically, the use of fluo-

rophores targeted to cancer-specific ligands has been adopted for

cancer diagnosis.

Generally, there are three main strategies for treating cancer,

surgery, radiotherapy, and chemotherapy. Among them, surgery is

the most widely used cancer treatments. However, surgery has

serious limitations in improving the survival rate of patients

because the border between cancer and normal cells cannot be

clearly discriminated by the naked eye. This challenge could result

in the removal of healthy cells or residual cancerous tissue

remaining. Recently, for improved outcomes, fluorescence-guided

surgery has been widely employed in the treatment of cancer

[4e6]. One of the greatest challenges in developing effective

treatments for cancer is their obscure boundary which is from

tissue invasion and metastasis. Differentiation of clear border of

cancer tissue from normal tissue is necessary to prepare the

promising cancer therapeutics [7,8].

There have been numerous reviews focused on fluorescence-

based cancer imaging [1,3,9]. Some mention various design

schemes allowing for the use of fluorescent probes in medical

diagnostic imaging via photoinduced electron transfer (PeT),

F€orster resonance energy transfer (FRET), activation-quenching

based fluorescent OFF-ON system, or fluorescent lifetime imaging

(FLIM) strategies, which can be adopted for the development of

fluorophores having high signal to background ratio [3,9]. A sepa-

rate review outlines combinatorial strategies for the development

of fluorescent probes through target or diversity-oriented fluores-

cent libraries screening, powerful methods capable of identifying

high potential fluorophores or ligands [10]. In addition, other re-

views describe various synthesis and conjugation strategies for

fluorophores and biomarker-specific ligands [11e14]. Gonçalves

reviewed various types of organic fluorophores, with potential

utility in the labeling of biomolecules. She introduced various

research efforts for de novo construction of fluorophores according

to emission wavelength; less than 500 nm, more than 500 nm, and

NIR region [12].

In this review, we summarize various factors for the designing

conjugated molecules with cancer-specific fluorophores, specif-

ically focusing on i) cancer-specific biomarkers, ii) biomarker spe-

cific ligands, iii) fluorophores, and iv) conjugation of fluorophores

and biomarkers from recent published literature (Fig. 1). The focus

of this review is organic or organometallic fluorophore-conjugated

systems (mainly organic molecules), not inorganic fluorophores,

or quantum dots system.

2. Requirements for fluorophore selection and fluorescence

application techniques

2.1. Factors impacting fluorophores selection

A number of fluorochromes have been developed and applied to

various topics including: i) chemical sensing, ii) cellular imaging, iii)

protein labeling, iv) fluorescence analysis, and v) medicinal chem-

istry (Fig. 2). When using fluorophores in biological systems, some

key factors should be considered prior to their selection: i) wave-

lengths of excitation and emission, ii) emission intensity, iii) solu-

bility, and iv) stability. For the selection of fluorophores,

consideration of excitation wavelength and emission wavelength is

very important [15]. Although there are a variety of fluorophores

display various emission wavelengths, from violet to red or NIR, a

short wavelength (300 nm ~ 500 nm) can be disturbed by cyto-

plasmic materials and penetration depth is not deep, meaning the

influencing space is small. However, longer wavelength light, red or

NIR, of fluorophores makes low interference with biological ma-

terials and long depth penetration, which helps clear noninvasive

cellular tumor imaging with high signal to background ratio [3].

Strong emission signal is crucial for obtaining high signal to back-

ground ratio. Intensity of emission depends on quantum yield un-

der various solvents. Aqueous condition must be considered for

selection of fluorophores because many organic fluorophores did

not emit fluorescence in aqueous solution from the self-quenching

by p-p stacking of resonance structure. For water solubility, sulfur

oxide group can be inserted without disturbing photophysical

properties of fluorophores [15].

2.2. Synthesis of fluorophores

Most fluorophores employed for bioimaging are usually com-

mercial because they may be easy and convenient for handling.

However, for the best use of fluorophores, de novo synthesis should

be employed. The following articles are good sources of informa-

tion about methods for the de novo synthesis of five main fluo-

rophores; BODIPY [16], Rhodamine [17,18], Fluorescein [19e21],

cyanine NIR fluorophores [22,23].

2.3. Strategies for selective imaging with high signal to background

ratio

For the design of OFF-ON fluorescence probing systems, many

strategies are employed especially, PeT, FRET, and FLIM, etc. [24].

In particular, PeT is extensively used for the design of OFF-ON

fluorescence detection. When one electron is transferred to the

empty ground state from a nearby quenching ligand after excita-

tion of a fluorophore, fluorescence is quenched (reductive PeT).

However, after removing the quencher from the fluorophore-

quencher conjugated molecules by lysosomes after uptake into

cellular systems, selective high fluorescence can be generated [3].

FRET is usually employed for the determination of three-

dimensional (3D) structure of a protein, whose properties are

Fig. 1. Scheme for fluorescent imaging via conjugation between fluorophore and a

cellular target-specific ligand.
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related to distance between two different fluorophores. Emission

intensity decreases as the fluorophore's distance increases (1/r6).

For cellular imaging, two fluorophores can be conjugated with two

proteins which are capable of dimerization. According to the

dimerization status of these proteins, two different fluorescent

signals can be obtained, signals from monomer or dimer, which

can provide important information related to distance and

dimerization status of two proteins [25]. Relative to fluorescence

imaging, FLIM shows different properties. FLIM signals depend on

the time of fluorescence decay which is induced by micro-

environmental changes, such as the composition and the func-

tion of tissue, not by concentration of fluorophores, excitation

intensity, and attenuation due to tissue absorption and scattering

[26].

Fig. 2. Various fluorescent molecules applied for cancer imaging.
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2.4. Conjugation techniques between fluorophores and ligands

For conjugation between fluorophores and biological materials,

it will be useful to consider several connection strategies. Valuable

information about fluorescent labeling techniques relating to bio-

logical molecules (including proteins) are found in the literature

[11,14]. In particular, Hermanson reviews a number of studies about

conjugation properties between various functional groups [11].

Conjugation strategies were described relating to main functional

groups including amines, carboxylic acids, hydroxyls, and thiols

(Figs. 3e6).

Without specific activation, an amine group can be connected

with various activated functional groups; isothiocyanate, isocya-

nate, acyl azide, N-hydroxysuccinimide (NHS), sulfonyl chloride,

aldehyde, epoxide, carbonate, fluorobenzene, and succinic anhy-

dride (Fig. 3) [11,14]. In particular, isothiocyanate and NHS are

widely employed as functional groups for targeting an amine

group, e.g., Fluorescein isothiocyanate (FITC) [27], fluorophore-

NHS-esters [28]. Aldehyde groups can also react with a primary

amine to generate the Schiff base, which is transferred to a sec-

ondary amine group after reduction. Interestingly, succinic anhy-

dride can change the functional group of a molecule from primary

amine to carboxylic acid, which may be helpful for more elaborate

targeting situations.

For carboxylate group, various activation groups are strongly

required because of its stable resonance structure (Fig. 4) [11,14].

Carbodiimide compounds, such as 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), N,N0-Diisopropylcarbo-

diimide (DIC), and N,N0-Dicyclohexylcarbodiimide (DCC) are widely

used as activation compounds. In addition, carbonyl diimidazole

(CDI), sulfo-NHS, and thionyl chloride can be useful for activation of

the carboxylate group. After activation, various functional groups

can be coupled with the carboxylate group, such as, primary

amines, hydroxyls, and thiols to generate imide, ester, and thio

ester compounds. Interestingly, diazoacetate can be connectedwith

the carboxylic acid without activation.

Hydroxyl groups also should be activated for coupling with

various functional groups (Fig. 5) [11,14]. Similarly with the

carboxylate group, EDC, DIC, DCC, and CDI, can be employed to

activate the hydroxyl group. Additionally, tosyl chloride and N,N0-

disuccinimidyl carbonate (DSC) are useful activators for hydroxyl

groups. After activation, various nucleophiles can be conjugated to

generate secondary amine, ether, sulfide, urethane, and imide

compounds. Isocyanate can be directly linked to the hydroxyl group

to induce a urethane moiety.

Thiol groups can be useful as docking sites for various fluo-

rophores in specific enzyme containing cysteine residues (Fig. 6)

[11,14]. Maleimide derivatives, iodoacetyl compounds, aziridines,

acryloyl derivatives, fluorobenzenes, and disulfide compounds are

adopted to specific connection without specific activation (Fig. 6).

In particular, a disulfide compound can be exchangedwith one thiol

group to generate an R-R0 combined molecule.

3. Conjugation of specific ligands with fluorophores for

diagnostic imaging of various tumors

In this chapter, we describe the conjugation strategies of various

organic fluorophores and biomarker-specific ligands presented in

the literature for imaging of various cancers including lung cancer,

breast cancer, pancreatic cancer, ovarian cancer, lymphoma, pros-

tate cancer, other cancers, and cancer-related biological targets.

3.1. Lung cancer

Various biomarkers have been adopted for targeting and cellular

imaging of lung cancers including aminophospholipids exposed,

platelet/endothelial cell adhesion molecule 1 (PECAM 1) in tumor

vasculature, and avb3 integrin, etc. (Table 1). As shown in Table 1,

while one specific peptide ligand was applied only for imaging of

H460 lung tumor cells, other ligands showed broad-spectrum

Fig. 3. Conjugation strategies for an amine group with various functional groups [11].
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Fig. 5. Conjugation strategies for a hydroxyl group with various functional groups [11].

Fig. 4. Conjugation strategies for a carboxylate with various functional groups [11].
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specificity. Proteins which have binding affinity to cancer-specific

biomarkers were used for conjugation with fluorophores

including annexin, endostatin, avidin, neomannosyl human serum

albumin, and antibodies. While certain types of ligands are

composed of peptides (cyclic RGD and CSNIDARAC peptide), the

others were small molecules or drugs (folate and cisplatin). For the

selection of fluorophores, commercial NIR dyes were usually

adopted; Cy5, Cy5.5, Rhodamine X, Fluorescein, 3,6-bis(1-methyl-

4-vinylpyridinium) carbazole diiodide (BMVC), and indocyanine

green (ICG), while ZW800-1, and polythiophene were constructed

with de novo synthetic methods.

More specifically, Petrovsky et al. used fluorescence-imaging

techniques for gliosarcoma and lung carcinoma [28]. Specifically,

they were able to label the apoptotic process using an NIR probe

based on Cy5.5 conjugated with annexin, a protein having a specific

affinity for aminophospholipids externalized during apoptosis.

The generation of blood vessels is critical during tumor pro-

gression and many studies have been focused on developing in-

hibitors of endostatin activity. Camphausen and colleges used a

Cy5.5-based NIR probe attached to endostatin, a molecule which is

involved in angiogenesis during tumor progression [29]. This group

utilized endostatin for tumor imaging. They found endostatin-

Cy5.5 homed at tumor vasculature and interacted with PECAM 1

expression.

It has been known that cRGD has binding affinity to the avb3

integrin protein found on the cellular surface. Coll and colleagues

employed a cyclic RGD peptide connected with Cy5 via cyclic

decapeptide linker, called RAFT [30]. They tried to connect four

cRGD ligands with a Cy 5 NIR dye covalently to view lung tumor

cells. This approach increased targeting specificity. Also, Tseng et al.

attempted to trace guanine-rich oligonucleotides (GROs), a thera-

peutic target for tumors [31]. They used 3,6-bis(1-methyl-4-

vinylpyridinium) carbazole diiodide (BMVC) or Cy5 as fluo-

rophores and covalently linked these to two types of GROs, parallel

and non-parallel G4 structures. They were able to monitor GROs'

cellular uptake and movement in CL1-0 lung adenocarcinoma cells

using fluorescent imaging via FRET. Also, Frangioni and research

fellows presented an interesting report about an indo-

tricarbocyanine (ITCC)-based NIR probe, ZW800-1 [35]. This probe,

having innate zwitterionic property, was connected with cRGD

peptide, fibrinogen or antibodies for use in in vitro, in vitro tumor

imaging. For selective imaging of lung cancer, they adopted cRGD

Table 1

Conjugation of fluorophores and biomarker-specific ligands for bioimaging of lung cancer.

Fluorophore Ligand Biomarker EX/EMa (nm/

nm)

Disease Ref

Cy5.5 Annexin Aminophospholipids externalized 635/710 Tumor apoptosis in Gliosarcoma and lung carcinoma [28]

Cy5.5 Endostatin PECAM 1 in tumor vasculature 675/694 Lewis lung carcinoma tumor [29]

Cy5 cRGD avb3 integrin 633/ human non small-cell lung carcinoma, human

ovarian cancer

[30]

Cy5 GRO (to monitor intracellular movement of

GROs)

633/660e750 Lung cancer cell [31]

BMVC GRO (to monitor intracellular movement of

GROs)

633/660e750 Lung cancer cell [31]

Rhodamine,

QSY7

Avidin D-galactose receptor 530e585/605

e680

metastatic lung tumors [32]

BODIPY Ab against HER2 HER 2 480/500e800 Lung Tumor [33]

Fluorescein CSNIDARAC peptide Surface receptor (Not specified) e H460 lung tumor cells [34]

ZW800-1 cRGD integrin avb3 /800 Liver, Lung tumor [35]

Polythiophene cisplatin (to monitor intracellular movement of

cisplatin)

455/600 Adenocarcinomic human alveolar basal epithelial

cells (A549 cell)

[36]

Fluorescein folate Folate receptor a 465e490/520

e530

lung adenocarcinomas (clinical study) [27]

ICG Neomannosyl human serum albumin Mannose receptors on macrophages 690e790/800 Sentinel Lymph Node in lung cancer (clinical study) [37]

ICG Serum albumin (non-covalently

binding to ICG)

(Not specified) 690e790/800 Clinical stage I non-small-cell lung cancer (clinical

study)

[38]

a EX: Excitation wavelength, EM: Emission wavelength.

Fig. 6. Conjugation strategies for a thiol group with various functional groups [11].
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which is specific to the integrin protein avb3. They reported that

this probe showed improvements over the commercial probes

IRDye800-CW and Cy5.5.

Kobayashi and colleges reported on the fluorescent detection of

in vivo lung cancer metastases [32]. They employed a fluorophore-

quencher modality for more specific detection, which means spe-

cifically turn-ON when inside tumors and not outside or when in-

side normal cells. They used an avidin proteinwhich can bind to the

D-galactose receptor to induce endocytosis and degradation in ly-

sosomes. Disconnection of fluorophores from quenchers induced

strong turn-ON emission selectively in the lung tumor. In addition,

Kobayashi and his colleges also designed a targeted 'activatable'

fluorescent imaging probe [33]. They conjugated a BODIPY fluo-

rophore to an antibody, specific to human epidermal growth factor

receptor type (HER) 2 protein. They designed BODIPY to turn-ON at

the acidic pH found in lysosomes after internalization by the tumor

cells. Therefore, they were able to probe lung cancer cells and tis-

sues with high target-background signal.

Lee and colleges reported an imaging probe with targeted de-

livery ability using liposomal doxorubicin to lung tumor [34]. They

employed a screening method of a phage-displayed peptide library.

A CSNIDARAC peptide was highly effective to selective binding to

H460 lung tumor cells. When doxorubicin was joined with the

Fluorescein probe as liposomal type, it was successfully targeted to

the lung cancer.

Wang and colleges reported about an amphiphilic fluorophore

conjugated with cisplatin which is a platinum-connected anti-

cancer drug [36]. At first, they showed nontoxicity of polythiophene

fluorophore, and tested the fluorophore for imaging lung tumor

cells. This conjugated fluorophore-drug showed good potentiality

of pharmacokinetics as an anticancer drug.

Kim and colleagues performed fluorescence imaging on lung

cancer using indocyanine green (ICG) NIR fluorophore linked to

neomannosyl human serum albumin (MSA) in rat model [37].

Relative to human serum albumin (HSA), MSA can easily be pene-

trated into interstitial tissues to lymphatic capillaries, but not to

blood capillaries, thus providing more specific binding to the

mannose receptor on macrophages allowing for better tumor im-

aging. Additionally, LD50 of ICG has been known as of 50e80 mg/kg

for animals, and it can be excreted rapidly almost in the bile [39].

As a clinical trial for lung cancer treatment, fluorescence imag-

ing can be helpful for tumor surgery. Singhal and coworker re-

ported intraoperative molecular imaging on lung adenocarcinomas

from patients during pulmonary resection using fluorescein probe

[27]. They connected the probe with a folate, folate-FITC, capable of

binding specifically to the folate receptor a in the lung adenocar-

cinoma. For toxicity information, they reported that there were not

any severe toxicity relating to injection of folate-FITC, although one

patient showedmild hives and another displayed some irritation at

the injection site among a total of 50 patients, between ages 25 and

85 years (mean: 67 years). Four hours before surgery, the folate-

FITC conjugate (0.1 mg/kg) was administered intravenously. Dur-

ing surgery, tumor fluorescence images were monitored in situ and

ex vivo. Using this connected probe, they were able to successfully

remove the tumor tissue during surgery.

Yamashita group utilized ICG as a fluorophore for imaging non-

small-cell lung cancers which were at clinical stage I [38]. Inter-

estingly, no ligand was conjugated in targeting specific cellular

materials They administered 2 mL of ICG (5 mg/ml) around the

tumor and checked sentinel nodes after 10 min using video-

assisted thoracoscopic imaging apparatus. They were able to

identify sentinel nodes by NIR fluorescence imaging methods

which were consistent well with the results from segmentectomy

or lobectomy methods. The overall accuracy rate was 80.7%.

3.2. Breast cancer

Table 2 shows that proteins, small peptides, small organic

molecules, and drugs have been used in the bioimaging of breast

cancer. Protein ligands include epithermal growth factor (EGF),

transferrin, and antibodies. Peptide ligands were specific enough

for targeting proteins in breast cancer. In addition, small drugs were

employed for imaging of specific enzymes for pharmacokinetic

purposes.

Overexpression of EGF receptor (EGFR) has been well known in

various cancers of the brain, breast, colon, head, neck, lung, ovary,

and pancreas and as such the EGF ligand has relatively broad-

spectrum specificity for various cancers [40,41]. Li et al. reported

an EGF-Cy5.5 conjugation optical probe [40]. They found that the

EGF-Cy5.5 compound was well internalized in MDA-MB-468 breast

cancer cells and mouse tissue to allow for strong fluorescent im-

aging of cancers.

Some experimental evidence indicates an interaction between

interleukin (IL) 11 and interleukin 11 receptor alpha-chain (IL-11Ra)

may be involved in thee metastasis of human breast cancer to the

bone [42,43]. Wang et al. attempted to connect a cyclic peptide,

c(CGRRAGGSC), to an IR-783-derived NIR fluorophore [44]. This

cyclic peptide ligand has been known as a binding ligand for IL-

11Ra. They successfully imaged breast cancer cells in mice models

of breast cancer.

It is known that glucose transporter (Glut) 5 tends to be over-

expressed in tumors relative to normal tissue. Similarly, Gambhir

and coworkers employed 7-nitro-1,2,3-benzadiazole (NBD) and

Cy5.5 fluorophores for imaging breast cancer cells [45]. Interest-

ingly, they used fructose, which can interact with a Glut5 as the

ligand. The conjugated compounds fructose-Cy5.5 or fructose-NBD,

showed internalization and emission of fluorescence in breast

cancer cells. Also, Ramanujam and her colleges reported delivery-

Table 2

Conjugation of fluorophores and biomarker-specific ligands for bioimaging of breast cancer.

Fluorophore Ligand Target EX/EM (nm/nm) Disease Ref

Cy5.5 EGF EGFR 660/710 Breast Cancer Xenografts [40]

IR-783 c(CGRRAGGSC) IL-11RR 785/830 Human breast cancer [44]

Cy5.5 Fructose Glut5 640/700 Breast cancer [45]

NBD Fructose Glut5 450e490/515e565 Breast cancer [45]

Fluorescein trastuzumab HER2 493/515 Breast cancer [47]

NBD glucose Glut 470/520e620 Murine Breast Cancer [46]

Cy5 CLKADKAKC (CK3) NRP-1 e Breast cancer [48]

Cy5, Fluorescein LXL-1 Specific sites in DNA e Metastatic Breast Cancer Cell [49]

AlexaFluor700, AlexaFluor750 Transferrin Transferrin receptor 695/690e1020 Breast Cancer Cells [25]

ZW800-1 antibody to the c-erbB-2 oncoprotein c-erbB-2 oncoprotein 800 Breast cancer cell [35]

Cy5.5 MT1-AF7p (HWKHLHNTKTFL) MT1-MMP 675/695 Human breast carcinoma cell [50]

Texas Red AZD2281 PARP 1 560/630 Human breast adenocarcinoma [51]

Indigo Carmine dye þ ICG (no specific ligand) (not specified) 760/380e1200 Early stage breast cancer (Clinical study) [52]
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corrected imaging of breast cancer cells using fluorescently-labeled

glucose targeting Glut on the surface of cancer cells [46]. They

conjugated a NBD fluorophore to glucose, and used this to image

breast cancer cells. They demonstrated the interaction of vascular

oxygenation and differentiating metabolic phenotypes in vivo.

In addition, DaCosta and colleagues applied trastuzumab, a dual

labeled antibody conjugated to the fluorophore and quencher,

Fluorescein and black hole quencher 3 (BHQ3), respectively [47].

Trastuzumab has specific binding affinity to the HER 2 receptor on

the surface of breast tumors. They demonstrated the feasibility of

detecting tumor margins which in turn can effectively guide sur-

geries using this conjugated probe.

Zeng and coworkers reported their strategy of conjugating a

small peptide to an NIR probe [48]. They screened phage libraries to

find peptides which bind to breast cancer cells with high affinity,

and sequenced these peptides. From this work they suggested that

CLKADKAKC (CK3), which contains a cryptic C-end rule motif, binds

to neuropilin-1, a multifunctional membrane receptor related with

angiogenesis. They demonstrated that the peptide had excellent

probing ability in breast cancer cells and mouse tissues with the

conjugated NIR-CK3 molecule.

Yang and coworkers employed the cell-based systematic evo-

lution of ligands by exponential enrichment (SELEX) method to

search an appropriate DNA-sequenced aptamer which exhibits

selective probing ability for the breast cancer cell line, MDA-MB-

231, which are derived from a metastatic site-pleural effusion

[49]. They showed that a specific aptamer ligand, GAATTCAGTCG-

GACAGCGAAGTAGTTTTCCTTCTAACCTAAGAACCCGCGGCAGTTTAAT

GTAGATGGACGAATACGTCTCCC, which is named as LXL-1, showed

good binding affinity. They conjugated this aptamer with a Cy5 NIR

dye. This conjugated aptamer probe exhibited good imaging po-

tential on metastatic breast cancer cell lines, not non-metastatic

cells, with high selectivity.

Also, Barroso et al. describe a method which can discriminate

the bound and internalized transferrin from free and soluble

transferrin using the NIR fluorescence lifetime FRET technique.

Using AlexaFluor700 and AlexaFluor750 as fluorophores, each

conjugated with transferrin, they were able to detect bound and

internalized forms of transferrin in breast cancer cells and tumors

using animal models.

Chen and fellows screened Ph.D.-12™ phage display peptide

libraries to find appropriate ligands for targeting membrane type-1

matrix metalloproteinase (MT1-MMP) which has been known to

inhibit pericellular proteolysis of extracellular matrix macromole-

cules to induce tumor development, angiogenesis, and metastasis

[50]. They found a peptide, HWKHLHNTKTFL, which they named

MT1-AF7p, displayed excellent binding affinity. This peptide ligand

was conjugated with Cy5.5 NIR dye and employed to image MT1-

MMP-expressing tumors. This approach, displayed good detection

ability.

Specific drugs or inhibitors can be a good selective ligand for a

specific enzyme when sensing tumors. The research group led by

Weissleder attempted to probe an enzyme, poly(ADP-ribose) po-

lymerase (PARP) 1 which plays an important role in sensing DNA

damage and initiating the base excision repair pathway [51]. They

synthesized a drug, AZD2281 inhibitor, which is known to be a

good binding ligand for PARP 1, and conjugated this with Texas Red

fluorophore, a rhodamine-based fluorophore. Successful fluores-

cent NIR imaging was demonstrated in MDA-MB436 breast cancer

cells.

For a clinical trial, there was a study on utilizing ICG as fluo-

rophore to image sentinel lymph nodes (SLNs) relating to early

breast cancer [52]. Interestingly, without any specific ligand, Toh

group was able to detect SNLs as well as lymphatic vessel with the

assistance of HyperEye Medical System (HEMS). A mixture (4 mL)

of Indigo Carmine dye (15 mg) and ICG (1.75 mg) was administered

into the subareolar region of the breast. After 5 min for dilatation to

the breast lymphatics, ICG fluorescence illumination was attemp-

ted. It was remarkable that detection rate for SNLs was 100%, for all

patients and the sensitivity for metastatic involvement was 93.8%,

which was verified by histopathology.

3.3. Pancreatic cancer

Table 3 depicts strategies for conjugating fluorophores and

various ligands which are specific target molecules in pancreatic

cancer cells or tissues. In this case, small peptides such as cytate and

cybesin or small organic molecules, e.g., olaparib, were utilized as

ligands, and these ligands are conjugated with various commercial

NIR fluorophores.

More specifically, Dorshow's group developed a dye-peptide

conjugate platform for fluorescent imaging of pancreatic acinar

carcinoma [53]. They conjugated a cypate dye, an indocyanine-

based NIR fluorophore, with small peptides, octreotate and

bombesin derivatives, to prepare the cytate and cybesin conjuga-

tion probes, respectively. While octreotate derivative was aimed to

target to a somatostatin receptor, bombesin derivative was targeted

to a bombesin receptor. The conjugated probes were treated and

evaluated in vivo in well-characterized rat tumor lines expressing

somatostatin and bombesin receptors. They demonstrated that

these conjugated molecules can be successful for contrast viewing

of pancreatic acinar carcinoma.

Additionally, Weissleder and co-researchers reported a

bioorthogonally-developed companion imaging drug (CID) [54].

One biorthogonal method was fluorescence imaging composed of

the BODIPY fluorophore and olaparib. Olaparib is an inhibitor for

PARP, meaning that it has good selective affinity for PARP. In this

study, they showed CID, BODIPY-Olaparib, has good imaging

Table 3

Conjugation of fluorophores and biomarker-specific ligands for bioimaging of pancreatic cancer.

Fluorophore Ligand Target EX/EM (nm/

nm)

Disease Ref

Indocyanine Octreotate derivative Somatostatin

receptor

780/830 Pancreatic Acinar Carcinomas [53]

Indocyanine Bombesin derivative Bombesin receptor 780/830 Exocrine rat pancreatic acinar

carcinoma

[53]

BODIPY Olaparib PARP 473/490e540 Ovarian and pancreatic cell [54]

Cy7.0 AGFSLPAGC Cathepsin E e pancreatic ductal adenocarcinoma,

pancreatic intraepithelial neoplasias

[55]

Cy5.5 C-CPE Claudin-4 665/694 Pancreatic cancer [56]

IR800CW PEGO-Cys(S-[2,3-bis(palmitoyl)oxy-(R)-propyl])-Gly-

DSer-PEGO-NH2

TLR 2 710#760/

810#875

Pancreatic cancer [57]

Cyanine (asymmetrically

modified)

AREPPTRTFYWG uMUC-1 tumor

antigen

790/840 Human pancreatic adenocarcinoma,

CAPAN-2

[58]
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potential for PARP cellular distribution in pancreatic tumor cells,

verified with PET-CT imaging bioorthogonally.

It has been known that cathepsin E is specifically overexpressed

in pancreatic ductal adenocarcinoma and pancreatic intraepithelial

neoplasias. Cheng and researchers achieved the development of

conjugated molecules between Cy7.0 and a AGFSLPAGC peptide

ligand [55]. The fluorescent probe displayed increased the fluo-

rescent signal ratio of pancreatic tumor to normal pancreatic cells

with progression of pathological grades in heterotropically-

implanted tumors generated from CTSE-overexpressing PANC-

1 cells in nude mice and in 7,12-dimethyl-1,2-benzanthracene

(DMBA)-induced rats. Also, for the fluorescent imaging of pancre-

atic cancer, Gress and colleagues developed a claudin-4-targeted

optical imaging technique [56]. Interestingly, by employing the C-

terminal partial fragment of Clostridium perfringens enterotoxin (C-

CPE) as a ligand, they could detect claudin-4 with high selectivity

but non-toxicity. Claudin-4 is an integral component of tight

junctions and highly expressed in various gastrointestinal tumors

including pancreatic cancer [56]. By conjugation of this peptide

ligand with Cy5.5 NIR probe, they demonstrated the potential for

quality cellular imaging in claudin-4 positive CAPAN1 cells.

Vagner and colleagues developed a fluorescent targeting strat-

egy for the Toll-like receptor (TLR) 2 in pancreatic cancer [57]. They

designed, synthesized, and characterized a novel synthetic TLR 2

agonistdPEGO-Cys(S-[2,3-bis(palmitoyl)oxy-(R)-propyl])-Gly-

DSer-PEGO-NH2 (PEGO: an acetylated 20-atom ethylene glycol

oligomer). They conjugated the ligand with IR800DyeCW and

attempted to image a pancreatic cancer. They obtained good fluo-

rescent image with low background signal via the affinity of TLR 2

with the agonist ligand.

TheMoore group used awater-soluble NIR dye for themolecular

imaging of human pancreatic adenocarcinoma [58]. They prepared

an asymmetric NIR fluorophore using a de novo synthetic method

and conjugated this fluorophore with a specific peptide ligand,

AREPPTRTFYWG, This ligand was synthesized to target mucin-1

tumor antigen (uMUC-1), which is an early biomarker for the

tumorigenesis of various malignancies [59e61]. They demon-

strated that this conjugated NIR fluorophore displayed excellent

probing potential in vitro and in vivo in human pancreatic adeno-

carcinoma CAPAN-2.

3.4. Ovarian cancer

Table 4 describes conjugation methods between fluorophores

and various ligands which are specific ovarian cancer-related tar-

gets. Folate showed broad spectrum utility for cancer imaging, and

was adopted here as well as in lung adenocarcinoma. Although

almost all fluorophores were commercially available, Si-rhodamine

was synthesized using the de novo method. Two kinds of human

serum albumin were also employed for connection or delivery of

fluorophores as broad-spectrum ligands, which are the same as

lung cancer.

In detail, a folate molecule was connected with an asymmetrical

cyanine NIR dye which was prepared using a de novomethod. It has

been known that the folate receptor is highly expressed in ovarian

cancer cells [72,73]. The Weissleder group developed an ovarian

cancer cell imaging technology [62]. They used a folate molecule as

a ligand targeted for the folate receptor in ovarian cancer cells and

linked this with a cyanine NIR fluorophore. Successful imaging was

displayed in ovarian cancer cells and animal tissues using this

conjugated molecule.

Kobayashi and coworkers developed a target-specific molecular

imaging strategy using the dequenching method [63]. When three

Rhodamine X-based fluorophores were conjugated with an avidin

tetramer protein, fluorescence was self-quenched. However, when

the conjugated formwas internalized by the cell and dissociated in

lysosomes of the cancer cells, the liberated fluorophores displayed

turn-ON fluorescence, which expressed excellent selective tumor

imaging to background signal. In addition, Kobayashi et al.

employed another technique for probing blood contamination,

bloody ascites or hemorrhages during surgery, which can be useful

during clinical application of fluorescence imaging [68]. They ob-

tained cellular imaging from fluorescent lifetime information. They

used a probe of galactosyl serum albumin (GSA) conjugated with

Rhodamine green, which targets the D-galactose receptor. Although

the quality of the fluorescence imaging was affected by the con-

centration of conjugated fluorophores or the addition of blood,

FLIM displayed constant signal regardless of these disturbances.

FLIM was able to clearly detect changes in the microenvironment,

especially tumor lesions under hemorrhagic peritonitis. Also,

Kobayashi and co-workers introduced multicolor in vivo imaging

techniques using bacteriochlorin-based NIR fluorophores, named

as NMP4, and NMP5 [69]. These probes are conjugated with

galactosyl-human serum albumin (hGSA) or glucosyl-human

serum albumin (glu-HSA), which are commonly used to target H-

type lectins, including the b-D-galactose receptor. Fluorescence was

only turned ON after internalization by cancer cells because fluo-

rescence was quenched through the connection with the albumin

protein. Interestingly, these two different probes were excited by a

single wavelength of near 500 nm at a time and performed for

detection of ovarian cancer cells and animals containing tumors,

verified by red fluorescent protein (RFP) tumor labeling method.

Similarly, in another paper, they reported a fluorescent detection

method for peritoneal ovarian cancer metastases using

bacteriochlorin-based dye, named as NMP1 [70]. They used galac-

tosyl human serum albumin (hGSA) for targeting lectin receptors

expressed on. Fluorescence of the conjugated complex was

quenched. After internalization of the fluorophore, it showed

Table 4

Conjugation of fluorophores and biomarker-specific ligands for bioimaging of ovarian cancer.

Fluorophore Ligand Target EX/EM (nm/nm) Disease Ref

Cyanine folate Folate receptor 630/700 Ovarian cancer [62]

Rhodamine X avidin lectin 532/575 ovarian cancer cell [63]

BODIPY ABT-199 Bcl-2 488/505e540 human ovary carcinoma (OVCA-429 cell) [64]

Si-Rhodamine Olaparib PARP-1/2 653/678 human ovary carcinoma (OVCA-429 cell), Human fibrosarcoma cell line

(HT1080)

[65]

BODIPY GSH g-Glutamyltranspeptidase 450/580e600 Ovarian Cancer [66]

Rhodamine z-Phe-Arg Cathepsin B/L 497/521 Ovarian Cancer [67]

Rhodamine hGSA D-galactose receptor 470/500e550 Ovarian Cancer [68]

Bacteriochlorin hGSA, glu-

HSA

H-type lectins including the b-D-galactose

receptor

503#555/716

e823

Ovarian cancer [69]

Bacteriochlorin hGSA lectin receptors 671e705/750 peritoneal ovarian cancer metastases [70]

Fluorescein folate Folate receptor 495/520 Ovarian cancer of patients (Clinical study) [71]

Y. Ha, H.-K. Choi / Chemico-Biological Interactions 248 (2016) 36e5144



fluorescence turn-ON in ovarian cancer cells. Interestingly, this

probe can be excited with two different wavelengths, both visible

and NIR wavelength. This probe was capable of detecting 75% of all

peritoneal lesions and 91% of lesions ~0.8 mm or greater in

diameter.

g-Glutamyltranspeptidase has been studied with regards to the

metabolism of malignant cells metabolism which require a signif-

icant amount of cysteine. Cysteine can be generated by g-gluta-

myltranspeptidase from glutathione (GSH) [74]. Fan and colleagues

developed enzyme-triggered fluorescent in situ-targeting probes

for g-glutamyltranspeptidase in ovarian cancer [66]. They conju-

gated a BODIPY fluorescent dye with GSH for targeting g-gluta-

myltranspeptidase and ovarian cancer cells. They demonstrated

remarkable potential for differentiating between ovarian cancer

cells and normal cells.

Urano et al. reported using a dipeptide ligand conjugated with

hydroxymethylrhodamine green (HMRG), a derivative of the

Rhodamine fluorophore [67]. Cathepsin is a cysteine protease

which has been known to be overexpressed in various cancer cells

including ovarian cancer cells [75e79]. To target cathepsin B/L, they

selected a specific ligand group, Z-Phe-Arg, (Z means carbox-

ybenzyl), and connected this with HMRG via a peptide bond which

can be cleaved by the cathepsin B/L enzyme in ovarian cancer cell.

While fluorescence from the conjugated form was quenched,

fluorescence after cleavage displayed turn-ON, which is an excel-

lent strategy for the selective detection of cancer cells. They

demonstrated the fluorescent detection potential of their dye on

ovarian cancer cells with a high tumor-to-background ratio.

Weissleder et al. reported using fluorescent CID to detect human

ovary carcinomas [64]. For this application, they attempted to probe

B-cell lymphoma 2 (Bcl-2), anti-apoptotic protein using a conju-

gated molecule between BODIPY and ABT-199. ABT-199 has been

known as a Bcl-2 inhibitor and shows high binding affinity to Bcl-2.

They successfully traced ABT-199 movement and imaged the ovary

carcinoma. In addition, their group developed another silicon-

coordinated Rhodamine probe to image human ovary carcinoma

(OVCA-429 cell), the human fibrosarcoma cell line (HT1080) [65].

They targeted PARP 1 using an olaparib drug ligand conjugated

with Si-Rhodamine fluorophore synthesized de novo. Olaparib is an

inhibitor of PARP 1, a protein related to repairing protein or DNA

damage and programed cell death. Using this approach, they

demonstrated the behavior of olaparib and its selective imaging

potential in the cancer cell.

As an example of clinical study, Ntziachristos and co-work group

reported intraoperative ovarian cancer imaging using a conjugated

FITC with folate [71]. Folate-FITC, 0.1 mg/kg, was injected intrave-

nously to each patient and monitored by intraoperative multi-

spectral imaging system during surgery. They showed targeted

fluorescence imaging is beneficial in staging and debulking surgery

for ovarian cancer, representing that technique did not induce

unwanted interference with standard surgical process.

3.5. Lymphoma

Conjugation methods between fluorophores and ligands in

bioimaging strategies of lymphomas are listed in Table 5. As ligands,

functional small molecules, not proteins were employed (Table 5),

and these were then conjugated with commercial fluorophores;

BODIPY, NIR cyanine dyes.

It has been known that integrin a4b1, a heterodimeric cell sur-

face receptor, is usually related to lymphocyte trafficking and

homing in normal adult cells. However, integrin a4b1 can be

changed into a highly-activated conformation in cancerous cells,

specifically T- and B-cell lymphomas [83,84]. Lam and coworkers

attempted to probe this receptor using a specific ligand, 2-

arylaminobenzothiazole peptide-mimetic antagonist which is

linked with a Cy5.5 NIR fluorophore [85]. This conjugated probe

displayed good potency for imaging cancerous lymphocytes in a

mouse.

Bruton's tyrosine kinase (BTK), non-receptor tyrosine kinase, is

usually related to B cell development, and multiple antiapoptotic

signaling pathways [86]. However, it has been elucidated that BTK

is highly expressed in malignant cells [87]. Weissleder and col-

leagues developed a specific probing system connected with the

BTK inhibitor, ibrutinib [81]. Their group conjugated ibrutinib and a

commercial BODIPY dye for specific probing of BTK in lymphoma

cells. The results suggest a high probing potency in non-Hodgkin's

B cell lymphomas (Toledo cells) and human epithelial fibrosarcoma

cells (HT1080).

Yang and colleagues attempted to probe Non-Hodgkin's lym-

phoma (NHL) [82]. They selected the CD20 antigen as the target, a

protein specifically generated in B cell lymphocytes and the ma-

jority of non-Hodgkin's lymphomas. The antibody obinutuzumab,

which has affinity for CD20, was conjugated to Cy7, an NIR fluo-

rophore. This conjugated probewas tested in mice with Raji tumors

overexpressing CD20, and displayed good uptake in tumor and

target specificity.

3.6. Prostate cancer

Conjugation methods between biomarker-specified ligands and

fluorophores in a prostate cancer are presented in Table 6. Inter-

estingly, prostate-specific antigens were employed for specific

targets. Ligands included antibodies, proteins, or small molecules

and these were then connected with NIR fluorescent probes.

More specifically, prostate-specificmembrane antigen (PSMA) is

a specific biomarker expressed in prostate cancer cells [88]. The

Berkman group developed a low molecular weight NIR fluorescent

probing system [88]. They employed CTT-54.2, a PSMA inhibitor as

a ligand and conjugated this with a Cy5.5 NIR fluorophore. They

demonstrated specific selective labeling in PSMA-positive prostate

cancer cells, LNCaP cells and PC-3 cells.

Frangioni and co-work group developed a new type of zwit-

terionic NIR fluorophores, ZW800-1, and employed the probe in

bioimaging prostate cancer [35]. They conjugated ZW800-1 with a

rabbit human a-methylacyl-CoA racemase (AMACR)-specific pri-

mary antibody to image human tumor-containing tissues which

were prepared from prostatectomies. The group was able to obtain

prostate imaging with a high signal to background ratio, which was

verified by hematoxylin and eosin staining.

Table 5

Conjugation of fluorophores and biomarker-specific ligands for bioimaging of lymphoma.

Fluorophore Ligand Target EX/EM (nm/

nm)

Disease Ref

Cy5.5 2-Arylaminobenzothiazole peptidomimetic

antagonist

Integrin a4b1 e T- and B-cell lymphomas [80]

BODIPY Ibrutinib Bruton's tyrosine

kinase

488/505

e540

non-Hodgkin's B cell lymphoma (Toledo cell) Human Epithelial

fibrosarcoma cell

[81]

Cy7 Obinutuzumab CD20 antigen 750/780 Non-Hodgkin's lymphoma [82]
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In addition, Pomper group also reported developing a fluores-

cent imaging probe based on PSMA [90]. They synthesized a spe-

cific ligand to target PSMA, 2-(3-[5-[7-(5-amino-1-carboxy-

pentylcarbamoyl)-heptanoylamino]-1-carboxy-pentyl]-ureido)-

pentanedioic acid (ACPH), which is conjugated with an IRDye

800CW NIR fluorescent probe. This probe displayed at least 10

times higher intensity in PSMA-expressing PC3-PIP vs. PSMA-

negative PC3-flu tumors in vivo.

Intriguingly, IR-780 iodide, a lipophilic dye, can accumulate

selectively in breast cancer cells and drug-resistant human lung

cancer cells without any specific ligand [96]. Yuan et al. employed

this specific IR-780 iodide dye to image prostate cancer [89]. They

mentioned that cell proliferation was inhibited in a dose-

dependent manner and the uptake of the fluorophore was medi-

ated by OATP1B3, one of the organic anion-transporting peptides.

They were able tomonitor the prostate cancer cell selectively in PC-

3 cells and prostate cancer xenografts in mice using this NIR probe

without a specific ligand.

In addition, Yuan group also introduced an IR783-based prostate

tumor imaging method [92]. Interestingly, without any specific

conjugation ligands, they were able to obtain selective fluorescent

imaging in PC-3, DU-145 and LNCaP human prostate cancer cells.

They elucidated that the cellular uptake of IR783 is mediated by

OATP1B3, which was verified by utilizing various kinds of uptake

inhibitors.

Basilion et al. developed a new technique using IRDye 800CW

and a Cy5.5 NIR fluorescent probe for imaging prostate cancer cells

[94]. They employed a PSMA-detecting ligand, PSMA-1; Glu-CO-

Glu’-Amc-Ahx-Glu-Glu-Glu-Lys-NH2. Conjugation of this ligand

with an NIR fluorophore displayed selective binding affinity to

prostate cancer cells in in vitro and in vivo studies, verified by

competitive binding and uptake studies.

As a clinical study, there is a report about fluorescence-guided

SLN dissection. Jeschke group attempted to visualize the lymph

node and its pathway in real time using ICG fluorophore [95]. ICG

solution (2.5 mL, 0.1 mg/mL) was injected into each prostatic lobe.

In the first three patients, the dye was administered intra-

operatively to display initial flooding of the lymphatic vessels, in

which the time interval until dissection was 5e10 min. In other

cases, ICG solution was injected directly before the patient is

scrubbed and draped, in which the time interval until dissection

was 30 min. They were able to remove 582 lymph nodes (median

22, range 11e36) successfully, which is strongly correlated with the

result by the standard radio-guided method. They mentioned that

the fluorescence-guided technique appears to be effective and easy

to dissect sentinel lymph node.

3.7. Other cancers and cancer-related biological targets

Various probing strategies for other cancers or cancer-related

molecules are presented in Table 7. While cRGD displayed broad

utility for imaging in various cancers including melanoma cells as

Table 6

Conjugation of fluorophores and biomarker-specific ligands for bioimaging of prostate cancer.

Fluorophore Ligand Target EX/EM (nm/nm) Disease Ref

Cy5.5 CTT-54.2 PSMA 633/670 Prostate cancer [88]

ZW800-1 AMACR antibody AMACR 800 Prostate cancer cell [35]

IR780 e e 633/780 Prostate cancer cell [89]

IRDye 800CW ACPH PSMA 774/792 Prostate cancer [90,91]

IR783 e OATP1B3 633/650 Prostate cancer [92,93]

IRDy800CW

Cy5.5

PSMA-1 PSMA e Prostate cancer [94]

ICG e e 690e780/790 Prostate cancer (Clinical study) [95]

Table 7

Conjugation of fluorophores and biomarker-specific ligands for bioimaging of other cancers or cancer-related targets.

Fluorophore Ligand Target EX/EM (nm/

nm)

Disease Ref

ITCC HSA, Transferrin Cellular surface receptor for endocytosis via

EPR effect

690/740 HT29 human colon cancer cell [97]

Cy5 RAFT-c(RGDfK)4 avb3 integrin 633/- Tumor engrafted in human embryonic kidney cells

HEK293(b3)

[98]

IR786 Hoechst Extracellular DNA 745/820 Necrosis generated from a myocardial infarction [99]

Cy5.5 (AEEA)1-YHWYGYTPQNVI-

amide

EGFR 670/700 Brain tumor [100]

TPE AP2H (IHGHHIISVG) LAPTM4B 330/350

e650

HepG2 cells, BEL 7402 cells, HeLa cells, and Chang

liver cells

[101]

Si-Rhodamine Ibrutinib Bruton's tyrosine kinase 653/678 Human fibrosarcoma cell line (HT1080) [102]

zinc phthalocyanine lactose Hepatic asialoglycoprotein (ASGP) receptors 625/700

Liver cancer cell [103]

ICG e e 775/810 Live cancer (Clinical study) [104]

IRDye700DX panitumumab EGFR 670/665

e740

Acute Necrotic Cancer Cell [105]

Rhodamine indomethacin cyclooxygenase-2 (COX2) 581/603 Non-melanoma skin cancer [106]

IDCC Octreotate receptors for somatostatin 740/780

e900

Neuroendocrine tumors [107]

IDCC dFMFdWK receptors for somatostatin 740/780

e900

Neuroendocrine tumors [107]

ITCC Octreotate receptors for somatostatin 740/780

e900

Neuroendocrine tumors [107]

IRDye 800CW MC1RL MC1R 790/ malignant melanoma [108,109]

Cy5 MC1RL MC1R 790/ malignant melanoma [108]

ZW800-1 cRGD Integrin avb3 /800 melanoma cell [35]
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well as in lung cancer, peptide ligands showed high specificity to

target ligands although they are relatively small relative to anti-

bodies. Interestingly, there is a report about a ‘RAFT’ vector mole-

cule, which can connect one fluorophore and four target specific-

ligands which improves signal to background ratio.

It has been known that transferrin is overexpressed in tumor

cells [41,110], and can be targeting for tumor imaging or drug de-

livery [111,112]. Licha group reported the development of a

transferrin-connected NIR probe [97]. Transferrin was adopted as a

specific ligand for the transferrin receptor found on tumor cell

surfaces and was linked with ITCC derivatives as fluorophores. This

conjugated fluorophore showed good uptake and imaging potential

in HT29 human colon cancer cells.

Coll and colleagues introduced a novel vector system for

connection between a fluorophore and a specific ligand for tumor

imaging [98]. They adopted the cyclic decapeptide vector RAFT

discussed above and conjugated four c(RGDfK) ligands and a Cy 5

NIR probe. Each c(RGDfK) ligand was targeted for aVb3 integrin.

This probe showed strong potential as a probe for aVb3-positive-

tumors in human embryonic kidney cells, HEK293 (b3).

Murthy et al. reported using an imaging strategy for necrotic

tissue by detecting exposed extracellular DNA fragments using a

double-stranded oligonucleotide (sense strand, 50-AGTTGAGGG-

GACTTTCCCAGGC-3) [99]. They employed Hoechst, a staining dye

that has been known to show high affinity for DNA [113,114]. They

conjugated Hoechst with an IR786 NIR dye, and monitored tissue

necrosis in vivo after a myocardial infarction, and tissue necrosis

in vivo caused by LPS-GalN-induced sepsis and demonstrated

probing potency of this conjugated molecule.

The Basilion group attempted to probe orthotopic brain tumors

overexpressing EGFR, noninvasively [100]. They synthesized a

specific peptide ligand, (AEEA)1-YHWYGYTPQNVI-amide, to target

EGFR, and conjugated this with Cy5.5 NIR fluorophores. They

observed good binding and cellular uptake of Cy5.5-GE11-

conjugated dye in glioblastoma cells overexpressing EGFR in vitro,

and glioblastoma-derived orthotopic brain tumors in vivo.

It has been known that the lysosomal protein transmembrane 4

beta (LAPTM4B) is overexpressed in many types of solid tumors,

including carcinomas of the liver, lung, breast, cervix, and ovary

[115e118]. Zhang and colleagues introduced fluorescent tumor

markers in live cancer cells using tetraphenylethylene (TPE), an

aggregation-induced emission fluorophore [101]. They employed

the small peptide, AP2H (IHGHHIISVG), which targets the hydro-

philic extracellular loop (EL2, PYRDDVMSVN) of LAPTM4B. While

the conjugated fluorophore did not emit fluorescence because of a

quenching mechanism related to the internal conversion mecha-

nism, high fluorescence was displayed after binding of this probe

with a target molecule by stopping the internal conversion for

dequenching. They demonstrated that this probe has good imaging

potential in HepG2 BEL 7402, HeLa, and Chang liver cells.

Btk is a nonreceptor tyrosine kinase, relating to B-cell prolifer-

ation, activation, macrophage signaling, and ischaemic brain injury.

It is also highly expressed in B-cell malignancies, myeloma, and

non-Hodgkin's lymphoma [119e122]. The Weissleder group

developed a fluorescent probe targeting for Btk in the human

fibrosarcoma cell line (HT1080) [102]. For targeting cellular Btk,

they employed ibrutinib, a Btk inhibitor, and conjugated this with a

Si-rhodamine fluorophore to make CID with de novo synthesis. This

CID displayed good potential for identifying the cellular location of

Bkt and the cellular distribution of ibrutinib, verified with green

fluorescent protein (GFP) cellular expression in HT1080 cells.

The Liu group describe an organometallic NIR fluorescent probe

based on zinc (II) phthalocyanine in liver cancer, prepared through

de novo synthesis [103]. For targeting hepatic asialoglycoprotein

(ASGP) receptors, they employed lactose as a ligand. ASGP has been

known to be overexpressed in hepatocyte membranes, the endo-

thelial membrane of the liver [123e125]. This lactose-conjugated

NIR probe displayed potential as a good diagnostic tool in mouse

models of liver cancer.

The Kobayashi group attempted to conjugate an NIR fluorophore

and an antibody for probing in vivo acute necrotic cancer cell death

[105]. An IRDye700DX NIR probe was connected with pan-

itumumab, an antibody against EGFR. Interestingly, they described

that necrosis can be generated by NIR radiation if the conjugated

fluorophore of the antibody- IRDye700DX is bound with EGFR. By

using FLIM, necrosis induced by exposal of NIR light was success-

fully detected using this probe in A431 tumor cells and mouse

models of tumorigenicity.

Cyclooxygenase-2 (COX-2) is known to be highly expressed in

inflamed and various neoplastic tissues, including colon, prostate,

breast, pancreas, lung, and skin [106,126,127]. Contag et al.

described a molecular fluorescent probe, fluorocoxib A, which is a

combined probe of Rhodamine and indomethacin, for molecular

imaging of Non-melanoma skin cancer (NMSC) [106]. Indometh-

acin can specifically bind to COX-2. When using fluorocoxib A on

basal cell carcinoma (BCC) allograft models and the spontaneous

P14mousemodel, they obtained good fluorescent detection results.

The sensitivity was 88% and the specificity was 100% in macro-

scopic tumors.

The somatostatin receptor is overexpressed in many tumors.

Wiedenmann and colleagues attempted to conjugate two types of

NIR fluorophores, indodicarbocyanine (IDCC) and ITCC, with three

types of ligands; samotostatin-14, octreotate, and M2M7-octreotate

(dFMFdWK, cysteine-substituted version with methionine) with

combinatorial methods [107]. These fluorophore-conjugated li-

gands showed excellent imaging ability in RIN38/SSTR2 neuroen-

docrine tumor cells.

From knowledge about the correlation between the conversion

of ceramide into sphingomyelin and cancer progression [128],

G"enisson and coworkers developed a fluorescent probing system

using the ceramide transfer (CERT) protein in an ovary mutant cell

line [129]. They attempted to conjugate NBD or BODIPY with cer-

amide to detect CERT protein and demonstrated good imaging

potential in ovary mutant cell line.

Vagner and colleagues employed a fluorescent imaging probe

for melanoma [108]. They developed a peptidomimetic ligand

(MC1RL) for targeting the melanocortin 1 receptor (MC1R), known

to be overexpressed in most human melanoma metastases. They

conjugated this ligand with the NIR probes, IRDye 800CW and Cy5,

and used this to image nude mice bearing bilateral subcutaneous

A375 xenograft tumors with low MC1R expression and engineered

A375/MC1R tumors with high receptor expression. These probes

displayed high signal to background ratio in engineered A375/

MC1R tumors with high receptor expression.

As a clinical application, ICG was utilized in liver cancer imaging

without conjugating with any specific ligands. Kokudo and co-

research group delineated real-time identification of liver cancer

using ICG-based fluorescence [104]. They injected ICG (0.5 mg/kg/

body) intravenously to 37 patients with hepatocellular carcinoma

(1e7 days before surgery) and 12 patients with metastasis (1e14

days before surgery) of colorectal carcinoma before liver resection.

Theymentioned surgery should be performed after 2 days from ICG

injection to obtain a good lesion-to-liver contrast for fluorescent

signal assessment tests. This study displayed good imaging po-

tential in small and grossly unidentifiable liver cancers in real time.

3.8. Perspectives

During our literature searches regarding cancer imaging, we

found some interesting trends about fluorophores and ligands.
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Firstly, as shown here, fluorophores can be broadly classified into

NIR or non-NIR probes. While non-NIR probes showed good po-

tential for cellular imaging, NIR probes exhibited broader utility for

use in animal tissues due to their deeper penetration properties.

Interestingly, almost all fluorophores: BODIPY, cyanine-based dyes,

Rhodamine derivatives, and Fluorescein, were commercial because

they may be convenient to use and are stable under cellular con-

ditions. However, considering various conditions in cancer cells, it

is necessary to develop new kinds of fluorophores which are su-

perior to commercial ones. It is expected that the development of

more advanced fluorophores will help obtain better cancer imaging

and increase the accuracy of cancer diagnosis.

Considering ligands, there are some trends among various

proteins, peptides, and small organic molecules; from big protein

molecules to simplified small organic ligands, and from narrowly-

targeted to broadly-targeted ligands. Although antibodies or

receptor-binding proteins showed quite good results, they are

relatively hard to handle and showed relatively high background

signal; they should be handled under specific pH conditions and

temperatures with care [9]. Peptide-based ligands exhibited me-

dium potency, while relatively small size (compared to the whole

protein) and high specificity to target molecules are advantages,

inconvenient handling is still a significant disadvantage. Small

organic molecule-based ligands are more convenient than protein

or peptide-based ligands, but their specificity must be improved.

However, drug-based ligands are an exception to this rule and

display high specificity. In addition, ligands targeting for receptors

which are commonly expressed in several cancers may have

broader application. However, they may exhibit a relatively low

signal to background ratio because the receptors may also be

expressed in normal cells although in some cases the expression

levels are low relative to cancer cells. Contrary to broad-spectrum

ligands, narrow spectrum ligands for targeted specific cancer an-

tigen such as PSMA can be expected to generate a relatively high

signal to background ratio.

For selection of an appropriate ligand for a specific cancer,

various conditions such as; cell/tissue types, target materials,

effectiveness of ligand preparation, selectivity, and sensitivity,

should be considered. We would like to recommend two types of

ligands; peptide-based and drug-based ligands. In particular, drug-

based ligands have really high potential because they can be

easily synthesized massively using systematic chemical synthesis.

Most of all, they show high selectivity and sensitivity for enzyme

which are involved in various cancers since they can interact ster-

eochemically with the active site of target enzyme in a strict host-

guest interaction manner, consisting of hydrogen bonds, ionic in-

teractions, and van der Waals interactions. Additionally, peptide-

based ligands have really good potential due to high selectivity

and sensitivity with relatively easy systematic peptide preparation

method. Peptide-based ligand can be considered as a simplified

version of antibody. They can be prepared by mimicking the core

active peptide sequence of antibody or the SELEX method from

using virus screening [10]. Interaction kinetics of peptide-based

ligand is based on the interaction between antibody and antigen.

Based on these various attempts, development of conjugated

fluorescent molecules with a small sized ligand can have high po-

tency and improve cancer diagnosis and cancer therapy, including

surgery with few side effect.

With regard to clinical applications for in vivo human tumor

imaging, mainly two fluorophores have been utilized; ICG and

fluorescein, which are approved for use in clinics by USA Food and

Drug Administration (FDA). In almost clinical studies, ICG was

applied to image human cancers in the absence of a target-specific

ligand. Specific ligand-conjugated ICG will provide more efficient

and plentiful information for cancer diagnosis and therapy.

Although a number of fluorophores have been developed, few

fluorophores reached to clinical utilization. Therefore, we want to

suggest that clinical cancer imaging using the ligand-conjugated

fluorophores are in an early stage, and there are a lot of poten-

tials for cancer diagnosis and therapy.

4. Conclusions

Herein, we reviewed recent conjugation strategies between

organic or organometallic fluorophores and specific ligands which

are for cancer-specific or cancer-related targets. Various conjugated

fluorophores showgood potential as fluorescent imaging options in

cancer cells or animal tissues via adoption of fluorescent principles;

these include Pet, FRET, and FLIM. In particular, NIR fluorophores,

such as cyanine derivatives, showed high potency in aqueous bio-

logical circumstances due to their ability to penetrate deeply into

animal tissues. The non-NIR fluorophores; BODIPY, Rhodamine,

Fluorescein, were utilized only for cellular imaging due to its high

intensity, and easy handling. Also, various ligand molecules, from

proteins to small organic molecules including HSA, receptor bind-

ing proteins, antibodies, enzymes, small-sized peptides, aptamers,

and organic molecules, were utilized to target various cancer-

specific biomarkers. Considering a variety of factors including the

wavelength of fluorophores, fluorescent techniques, ligand sizes,

ligand specificity, it is essential to develop additional fluorophores,

ligands and to find cancer-specific biomarker, which may then

contribute to improved cancer therapies.
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Abbreviations

AMACR a-methylacyl-CoA racemase

BCC basal cell carcinoma

BHQ3 black hole quencher 3

BMVC 3,6-bis(1-methyl-4-vinylpyridinium) carbazole diiodide

C-CPE C-terminal partial fragment of Clostridium perfringens

enterotoxin

CDI carbonyl diimidazole

CERT ceramide transfer

CID companion imaging drug

COX-2 cyclooxygenase-2

cRGD cyclic arginine-glycine-aspartic acid peptide

CT computed tomography

DCC N,N0-Dicyclohexylcarbodiimide

DIC N,N0-Diisopropylcarbodiimide

DMBA 7,12-dimethyl-1,2-benzanthracene

DSC N,N0-disuccinimidyl carbonate

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

EGF epithermal growth factor

EGFR epithermal growth factor receptor

ELISA enzyme-linked immunosorbent assay

EM emission wavelength

EX excitation wavelength

FITC Fluorescein isothiocyanate

FLIM fluorescent lifetime imaging
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FRET F€orster resonance energy transfer

Glut glucose transporter

GROs guanine-rich oligonucleotides

GSH glutathione

MEMS HyperEye Medical System

HER human epidermal growth factor receptor

hGSA human galactosyl serum albumin

HSA human serum albumin

ICG indocyanine green

IL interleukin

IL-11Ra interleukin 11 receptor alpha-chain

ITCC indotricarbocyanine

MC1R melanocortin 1 receptor

MC1RL ligand for melanocortin 1 receptor

MSA neomannosyl human serum albumin

NBD 7-nitro-1,2,3-benzadiazole

NHS N-hydroxysuccinimide

NIR near infrared

NMR nuclear magnetic resonance

NMSC Non-melanoma skin cancer

NRP-1 neuropilin-1

PARP poly(ADP-ribose) polymerase

PECAM 1platelet/endothelial cell adhesion molecule 1

PeT photoinduced electron transfer

PET positron emission tomography

SLN sentinel lymph node

SPECT single-photon emission computerized tomography

TLR Toll-like receptor

uMUC-1 mucin-1 tumor antigen
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