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Abstract Fluorescence bio-imaging holds potential for new approaches for disease
detection and diagnosis. Compared with conventional clinical contrast imaging
modalities, such as X-ray and MRI, which use contrast agents that are “always
on,” fluorescence imaging contrast agents can readily be designed to be activatable
under specific circumstances and also can be used in multiplexed imaging schemes.
While a wide variety of fluorescence imaging probes have been developed, small
organic fluorescence probes have the advantages of being robustly synthesized and
characterized, as well as a track record for clinical translation. In this chapter, we
discuss organic fluorophores and highlighted some examples of their biological
applications. The aim of this chapter is to provide a literature review of the devel-
opment of organic fluorescent probes for biomedical imaging and diagnosis.

Keywords Disease diagnosis, Fluorescence imaging, Fluorescence probes,
Imaging modalities, Organic fluorophores

1 Introduction

Near-infrared fluorescence imaging has developed as a powerful optical imaging
modality for visualization of molecular process and biological activities, which uses a
low-light camera to collect fluorescence emission from fluorophores [1]. The fluo-
rescence imaging technique is based on the fact that the transillumination of light
through normal tissue is significantly different from that through an object (e.g.,
tumor or infected tissues). Compared to other well-developed imaging techniques
such as X-ray, computed tomography (CT) [2], magnetic resonance imaging (MRI),
and ultrasound [3], fluorescence imaging is advantageous because of high sensitivity,
excellent resolution, andminimum photodamage to tissues [4]. Fluorescence imaging
has been widely applied for real-time detection of biological species [5–8]. One
challenge of imaging biology in its native physiological state using fluorescence
imaging method is the autofluorescence. Scattered light generated a noise back-
ground that might even wash out the image of targets [9]. In addition, most of the
traditional fluorescent probes have absorption and emission in UV-Vis range; how-
ever, interference from absorption by hemoglobin, myoglobin, and other heme pro-
teins is significantly high, leading to light scattering and impaired tissue penetration
[10]. Therefore, NIR (700–1,000 nm) light was recommended for wavelength selec-
tion for body imaging [11]. Meanwhile, in recent years, dyes in the second near-
infrared region (NIR-II, 1,000–1,700 nm) have been explored with a number of
merits over the NIR-I imaging modalities in terms of reduced photon scattering and
improved penetration depth [12–14], as well as good sensitivity, enhanced spatial
resolution, and better safety profile [15, 16]. A wide variety of NIR excitable
fluorescence contrast agents have been developed for targeting and diagnosis of
cancers, inflammation, and other tissue abnormalities. Representative contrast agents
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of fluorescence imaging include inorganic nanoparticles, quantum dots, fluorescent
protein, and organic fluorophores.While inorganic materials account for an important
category of fluorescent contrast materials, the main focus of this chapter is limited to
organic fluorophore developments, followed by some examples of common biolog-
ical applications.

2 Representative Organic Fluorophores

Organic fluorophores are widely used as contrast agents in optical microscopy.
Numerous fluorophores have been developed for fluorescence imaging. In this
section, we will summarize some commonly used organic fluorophores including
cyanines, 5-aminolevulinic acid (5-ALA), methylene blue (MB), difluoroboron
dipyrromethene (BODIPY), rhodamine, nicotinamide adenine dinucleotide
(NADH), flavin adenine dinucleotide (FAD), porphyrins, phthalocyanines (Pcs),
naphthalocyanines (Ncs), etc. Their backbone chemical structures were illustrated
in Fig. 1.

2.1 Cyanines

Cyanine dyes represent a large family of fluorescent compounds with the chemical
structure of two aromatic or heterocyclic rings connected with a polymethine chain.
Cyanines and their derivatives are a common source of organic fluorophores with
excitation wavelength in the range of 600–900 nm [17]. Among them, indocyanine
green (ICG) is a widely used fluorophore that has been approved by FDA for
medical use. Compared to other dyes such as Cy5, ICG has longer emission
wavelength so that it has deeper penetration and less autofluorescence. ICG was
initially used for medical imaging because of its minimal toxicity [18]. It has also
been used for cardiovascular function test, retinal angiography, and hepatic clear-
ance, as well as for sentinel lymph node mapping, coronary arteriography during
cardiac bypass surgery [19], cholangiography during hepatobiliary surgery [20–22],
and blood flow measurement during aneurysm surgery [23]. Based on the charac-
teristics of ICG, one FDA-approved intraoperative fluorescent imaging system
(Novadaq Technologies, SPY system) has been developed. The whole system
comprises an 806 nm laser to excite ICG and camera unit, monitor, central
processing unit, and laser generator. For image acquisition, the camera was posi-
tioned about 30 cm above the place of interest. An automatic distance sensor can
indicate the correct position to ensure the camera is at the right place. After injection
of ICG, the laser is activated, and image acquisition is started by a single command
to the computer. For example, in one study, Novadaq SPY system was used for
quality assessment in off-pump coronary artery bypass grafting [21]. This is based
on the fact that ICG can bind to plasma proteins and protein-ICG complex emits light
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at the wavelength of around 830 nm. Thirty-eight patients undergoing surgery were
included and 107 grafts were analyzed. ICG-based SPY system was shown to be
easy to handle with minimal adverse effects.

2.2 5-Aminolevulinic Acid (5-ALA)

5-ALA is a precursor for the heme biosynthesis. After taking up cells, 5-ALA
produces a photoactive protoporphyrin IX (PpIX), which is preferentially accumu-
lated in cancer cells [24–26]. 5-Aminolevulinic acid (5-ALA) has been used for
intraoperative mapping and monitoring the efficiency of complete resection of
enhancing tumor (CRET) and gross total resection (GTR). Schucht et al. have
used 5-ALA-induced fluorescence as guidance during tumor resection. 20 mg/kg
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Fig. 1 Chemical structures of (a) indocyanine green (ICG); (b) 5-aminolevulinic acid (5-ALA); (c)
methylene blue (MB); (d) difluoroboron dipyrromethene (BODIPY); (e) rhodamine B; (f) nicotin-
amide adenine dinucleotide (NADH); (g) flavin adenine dinucleotide (FAD); (h) porphyrins; (i)
phthalocyanines (Pcs); (j) naphthalocyanines (Ncs) (M ¼ 2H or metal)
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5-ALA was administered 3 h prior to anesthesia, and resection was conducted until
all fluorescence was completely removed while preserving neurological function.
Consequently, high rate of CRET and GTR was achieved [27]. However, increasing
resection toward the abnormality border might lead to neurological defects such as
brain tissue injury or vascular injury. In addition, 5-ALA was used for imaging-
guided surgery of high-grade gliomas in eloquent areas. For example, in one study,
assisted by 5-ALA fluorescence and monitoring, gross total resection (GTR) > 98%
and GTR > 90% were observed in 93% and 100% of cases, respectively [28] (see
Fig. 2a).

2.3 Methylene Blue

Methylene blue (MB), also known as methylthioninium chloride, is commonly used
as medication for the treatment of methemoglobinemia or as dyes for contrast
imaging. MB is used for several clinical indications. Also, as a NIR fluorescent
dye, methylene blue could be used to detect breast cancer intraoperatively. Twenty-
four patients with breast cancer were investigated. The mini-FLARE imaging system
was employed to provide NIR fluorescence during surgery. It was found that 20 out of
24 (83%) patients of breast tumors were detected in resected specimen by MB
fluorescence imaging method and the concordance of fluorescence signal and
tumor tissue was confirmed by histology [29] (see Fig. 2b). Another example is
using MB for intraoperative NIR fluorescence imaging of parathyroid adenomas.
0.5 mg/kg MB was administered into 12 patients undergoing parathyroid surgery.
Mini-FLARE imaging system was used. Ten out of twelve patients are identified to
have parathyroid adenoma, and nine out of these patients, parathyroid adenoma could
be clearly detected by NIR fluorescence using MB [30]. And this was the first study
showing that low-dose MB can be used to identify parathyroid adenomas.

Fig. 2 Fluorescence imaging using various organic probes. (a) Fluorescence imaging guided by
5-ALA (white arrow indicated corticospinal tract in a right motor area) (Adapted from the Ref. [28]
with permission); (b) a clear fluorescent spot was seen at the site of tumor with methylene blue as
contrast agent (Adapted from the Ref. [29] with permission); (c) fluorescence lifetime image of
SK-OV-3 cells with BODIPY as contrast agent (Adapted from the Ref. [35] with permission); (d)
fluorescence images of RAW cells co-stained fluorescent imidazo[1,5-a]pyridine-rhodamine probe
(Adapted from the Ref. [40] with permission)
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2.4 BODIPY

BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, or difluoroboron
dipyrromethene) has gained notoriety for its excellent photostability and chemical
stability and high molar absorption coefficient and fluorescence quantum yield
[31]. A wide variety of BODIPY-based fluorescent dyes have been developed, and
some of them are commercially available such as ER-Tracker Green and
LysoTracker Red. The photophysical properties of BODIPY are tuned by conjuga-
tion of various chemical residues on the difluoroboron dipyrromethene backbone.
For example, (a) 2,6-positions are available for the electrophilic substitution reac-
tions for the introduction of bromine or iodine [32] for further synthetic modifica-
tion; (b) active methyl groups at 3,5-position are subject to chemical modification
owing to their strong nucleophilic character [33]; (c) nucleophilic substitution of
leaving groups is also great modification site for a thiomethyl group, for example, at
the 8-position [34]; (d) a halogen atom could be used for further extension of the
conjugation or the structure via palladium-catalyzed coupling reaction; (e) extension
of Pi electron conjugation; and (f) modification at the boron center. Readers are
referred to these comprehensive review papers that have described the synthesis and
photophysical properties of BODIPY [35–37] (see Fig. 2c). BODIPY could be used
for many biological applications such as indicators of pH, ion, biomolecules (e.g.,
peptide, thiol, saxitoxin), reactive oxygen species and reactive nitrogen species, and
others (e.g., hydrolysis esters, biocatalytic reactions).

2.5 Rhodamine

Rhodamine is another fluorescent dye used for bio-imaging, and many rhodamine-
based imaging systems have been developed. For example, a sugar-rhodamine
fluorescent probe was designed as a specific sensor for Cu2+, exhibiting fluorescent
color changes by naked eye. More importantly, the probe also could detect the Cu2+

at 0.2 mg/L concentration, which is ten times lower than minimum Cu2+ value
(2.0 mg/L) in drinking water recommended by WHO [38]. Another chemosensor
system based on the conjugation of rhodamine with quinoline was developed for the
detection of Cu2+ and Fe3+ in vivo with good selectivity and sensitivity [39]. In
addition, a ratiometric fluorescent probe (RIM) based on fluorescence resonance
energy transfer (FRET) was synthesized from imidazo[1,5-a] pyridine and rhoda-
mine for the detection of HOCl. Without HOCl, the RIM displayed absorption
spectra at 360 nm, whereas, in the presence of HOCl, ring-opening form of rhoda-
mine moiety resulted in the FRET process with imidazo[1,5-a] pyridine as donor and
rhodamine as acceptor, showing an additional absorption peak at 560 nm. The
detection range is 0–5 μM with high selectivity and sensitivity [40] (see Fig. 2d).
Another novel rhodamine derivative fluorescent probe (RDP) was synthesized
through the reaction of rhodamine B derivative with di(pyridin-2-yl)methanone in
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ethyl alcohol. This study found that RDP exhibited nonfluorescent properties itself;
however, a new fluorescence spectrum peak of RDP at 560 nm was observed in the
presence of trivalent metal ions (M3+) (where M3+ ¼ Fe3+, Al3+, and Cr3+), with the
color change from colorless to pink, resulting from the ring-opened RDP-M3+

complex [41].

2.6 NADH and FAD as Endogenous Fluorophores

Various endogenous chromophores existing in cells and tissues play important role
in metabolic activities and cell functions. Common endogenous fluorophores include
retinol, tryptophan, elastin, collagen, and porphyrins [42]. Among them, nicotin-
amide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) are
most extensively investigated. For example, using the intracellular NADH as con-
trast agent, breast cancer cells are easily differentiated from normal cells under
two-photon autofluorescence lifetime imaging system [43–46] (see Fig. 3a–d). The
redox states of endogenous fluorophores NADH and FAD can be measured as a
direct indicator of oxygen amount in the cells. The reduced form (NADH) acts
ubiquitously as electron carrier that plays significant role in both oxidative metab-
olism and glycolysis, and it is naturally fluorescent, whereas the oxidized form
(NAD+) is fluorescently quenched [47]. Another pair of redox markers is
FAD/FADH that exhibits the opposite effect. Yaseen et al. used two-photon fluo-
rescence lifetime microcopy of NADH for imaging of cerebral energy metabolism
[48]. They found that using NADH as fluorescence probe, four different components
responded to anoxia and indicated different enzymatic formulations [48]. In addi-
tion, to monitor the conformational and functional states of NADH, fluorescence
lifetime imaging microscopy (FLIM) has been developed that is based on the
measurement of the time fluorescent molecules stayed in their excited states.
One important feature of FLIM is that the lifetime of a chromophore keeps

Fig. 3 Fluorescence imaging using various organic probes. Two-photon autofluorescence lifetime
imaging reveals heterogeneous environment of the intracellular NADH in breast cancer (a, b) and
normal cells (c, d) (Adapted from the Ref. [45] with permission); silicon naphthalocyanine (SiNc)
polymeric nanoparticles could be used for imaging (e) and phototherapy (f) with good fluorescence
contrast (Adapted from the Ref. [67] with permission)
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unchanged, which is advantageous for quantification of ion concentrations and
biological environment [49–55].

2.7 Porphyrins, Phthalocyanines (Pcs),
and Naphthalocyanines (Ncs) and Their Nanosystems

Most porphyrins, Pcs, and Ncs are hydrophobic. To improve their solubility,
polymeric nanoparticles, liposomes, and chemical modification are employed. Lipo-
somes have proven biocompatibility, whereas polymeric nanoparticles are readily
available for a range of chemical modifications. Porphyrins can emit fluorescence in
the NIR range that can be used for in vivo imaging. The first use of porphyrin
fluorescence for tumor detection can date back to as early as 1924 [56]. Auler and
Banzer found that hematoporphyrins can be preferentially accumulated in tumors
and lymph nodes. Following studies also found that porphyrins show great affinity
for neoplastic tissue [57]. Porphyrin fluorescence imaging could be used to assess
the success or failure of photodynamic therapy [58, 59] or imaging-guided surgical
tumor resection [60]. Another important fluorescence imaging example is that
compared with hematoporphyrins, tetratraphenylporphinesulfonate (TPPS) that
was found to better localize in tumor [61]. Porphyrin and phospholipid conjugates
were also synthesized that can form self-assembled organic nanoparticles (termed
porphysome) [62]. Porphysomes exhibit liposome-like structure with high loading
capacity, high absorption of NIR light, and excellent biocompatibility. Owing to the
presence of porphyrin, porphysomes enabled the visualization of lymph nodes by
photoacoustic imaging, and also the fluorescence could be restored upon dissocia-
tions, enabling low-background fluorescence imaging. In addition, various
porphyrin-PEG conjugates were also made for fluorescence imaging application
[63, 64]. Compared to porphyrins, Pcs and Ncs typically show higher extinction
coefficient and longer absorption wavelengths because of additional aromatic rings
fused to pyrrolic subunits. In addition, Pcs also show promise in photodynamic
therapy for cancers [65]. Zinc phthalocyanine (ZnPc) was encapsulated in liposomes
by solvent exchange method for fluorescence imaging of tumor. After introducing
into blood intravenously, ZnPc liposomes was taken up by lipoprotein and then
accumulated in the tumor; after 120 min, the fluorescence in the tumor and blood
reached a plateau [66]. Recently, silicon naphthalocyanine (SiNc) polymeric
nanoparticles have been synthesized for fluorescence imaging and photodynamic
therapy [67] (see Fig. 3e, f). SiNc was loaded in poly(ethylene glycol)-poly
(ɛ-caprolactone) (PEG-PCL) copolymers. It was demonstrated that Nc polymeric
nanoparticles have good photostability. Silicon 2,3-naphthalocyanine bis
(trihexylsilyloxide) (NIR775) was co-loaded with 2,3-bis(4-(phenyl(4-(1,2,2-
triphenylvinyl)phenylamino)phenyl)fumaronitrile (TPETPAFN) into DSPE-
PEG2000. Taking advantage of FRET between NIR775 and TPETPAFN, the
fluorescence of the nanoparticles was enhanced by 47-fold compared to excitation

40 X. Yang et al.



of NIR775 alone. This nanoplatform also showed photostability and low
cytotoxicity.

2.8 Antibody Conjugates

Antibody-IR dye conjugates or antibody conjugated nanoparticles are playing an
important role in the medicine field [68, 69]. Monoclonal antibodies have been
conjugated to a wide variety of nanoplatforms such as micelles, liposomes,
nanoparticles, and many others [70]. Among them, indocyanine green (ICG) was
widely used for molecular imaging via effective perfusion into tissues, which pro-
vides a great pathway for fluorescence imaging-guided surgical operations. And
antibody IR dye probes could specifically target the diseased tissue clearly. Claudins,
which are important proteins acting as epithelial barrier in colon cells, are
overexpressed for the development of colon cancer; therefore, conjugation of
claudin antibody with IR800CW had great potential in clinical practice. As shown
in Fig. 4, in one colon tumor study, tumor margin in mice administered with
Claudin-1-IRDye800CW could be clearly visualized after 48 h and 72 h without
significant background signal. More importantly, visualization of local metastases
could be achieved with anti-claudin antibody conjugating with IR800CW as contrast
agent, and no noticeable side effects or toxicity on organs were observed [71]. CEA
(carcinoembryonic antigen) is another representative target example, and its
overexpression was found in 90% colorectal cancer cells and could be the specific
target for colorectal cancer diagnosis and treatment in intraoperation. Photosensitizer
phthalocyanine dye IR700 was found to be cytotoxic once exposed to NIR light
irradiation, and a study on treatment of pancreatic cancer revealed that the conjuga-
tion of phthalocyanine dye IR700 with anti-CEA antibody could effectively target
pancreatic tumor cells and kill most of the tumor cells upon NIR light activation
[72, 73]. Fluorescent dye-antibody conjugates also show great promise in clinical
performance. For example, SGM-101, the CEA antibody, has been used in clinical
detection of colorectal cancer without significant adverse events related to antibody

Fig. 4 Fluorescence imaging of antibody-IRDye conjugates. Mice were imaged at different time
points to determine optimal imaging time after administration of Claudin-1-IRDye800CW (a) 24 h,
(b) 48 h, and (c) 72 h. Arrows point to tumors on the bilateral flanks (Adapted from the Ref. [71]
with permission)
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fluorescent probes; and in a study based on 26 patients, 98% sensitivity and 84%
accuracy in the expansion cohort were achieved [74]. Other antibody-NIR dye
conjugates such as IRDye 800CW or Alexa Fluor 680 also show good clinical
performance [75]. Therefore, NIR antibody combination is a powerful tool in
diagnosis of tumor cells and metastases with high specificity and availability,
providing useful information for decision-making during clinical surgery.

3 Biological Applications

3.1 Imaging-Guided Surgery

Fluorescence molecular imaging has been developed as an emerging tool for
imaging-guided surgery. For precise intraoperative positioning, a fluorescent
fluorophore coupled with an imaging system will be used to help surgeons to
differentiate normal tissues and malignant tissues. Imaging-guided surgeries have
been used for better treatment for liver metastases [76], cervical cancer [77, 78],
melanoma [79, 80], ovarian cancer [81], and vulvar cancer [77]. After injection of
fluorescent contrast agents, imaging guiding system indirectly activates fluorescent
contrast agents with NIR light, followed by image registration processing, providing
video-rate images. The imaging contrast agents and surgical navigation systems are
two most important components of fluorescence molecular imaging technology.
With respect to contrast agents, indocyanine green is a commonly used
FDA-approved dye. It has been used in sentinel lymph node mapping [82] and
hepatic micrometastases detection [83]. In addition, 5-aminolevulinic acid (5-ALA)
was also orally administered to better detect patients with glioma [84]; Alexa-647
was also used to assess tumor margins and better detect head and neck squamous cell
carcinoma [85]. Also, in order to selectively detect tumor, fluorescent contrast agents
were also conjugated with targeting moieties such as sugars, peptides, or antibodies
[86]. As of surgical navigation systems, there are several surgical navigation systems
existing for clinical studies including SPY, Artemis, Photodynamic Eye, Fluobeam,
SurgOptix, FLARE, and GXMI Navigator. SPY system has been utilized to monitor
skin perfusion using ICG as contrast agent during nipple-sparing mastectomies
[87]. FLARE™ imaging systems were created that use three cameras and collect
signals from two NIR channels. FLARE™ imaging systems are mostly used for
intraoperative SLN mapping and cancer surgeries [88, 89]; Artemis™ can collect
both color images and the fluorescent overlay, providing a powerful tool for nerve
surgery. For more detailed surgical navigation systems, readers are referred to these
comprehensive review papers [90, 91]. For example, compared with the white-light
reflectance imaging, the image of main nerve trunk and small branches in muscle
planes was better visualized under fluorescent imaging with organic probes injected
(see Fig. 5).
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3.2 Thiol Detection

Bio-thiols such as cysteine (Cys), homocysteine (Hcy), and glutathione (GSH) as
necessary reactive sulfur species play an indispensable role in cellular activity [92–
94]. For example, GSH can regulate the cellular redox activities, signal transduction,
and gene expression [95], whereas Cys and Hcy are the precursors of hydrogen
sulfide. Many diseases including cancers can be possibly caused by the abnormally
high levels of intracellular Cys [96]. Elevated amount of homocysteine might give
rise to Alzheimer’s disease or inflammatory bowel diseases. Therefore, accurate
detection of intracellular thiols is intriguing for disease diagnosis. A fluorescein-
based fluorescent probe was synthesized by conjugation of 2-cyclopentenone to
fluorescein-monoaldehyde in the presence of imidazole in THF for the detection of
various thiol-containing analytes including Cys, Hcy, GSH, Gly, Phe, Ser, Glu, Lys,
Arg, His, Ala, Gln, Met, Tyr, and cysteine. This probe itself is nonfluorescent, but
after addition of Cys, Hcy, and GSH, stronger fluorescence intensity and greater
UV-Vis spectral changes occurred because of the formation of thioether. The probe
itself is nonfluorescent without GSH, but after addition of GSH under neutral and
basic conditions, a new emission peak was observed, and the fluorescence intensity
was increased by 61-fold. This probe was also applied to monitor thiols in cells and
independent tissues and organs of zebra fish. Strong fluorescence was observed
frommurine P19 embryonic carcinoma cells and 3-day-old zebra fish after incubation
with 20 μMof the probe [97] (see Fig. 6a). Another example is 4-aminonaphthalimide
dimer connected by a disulfide linker that can detect thiol quantitatively. Once thiol
triggers the cleavage of the disulfide group, 4-aminonaphthalimide is released, and its
fluorescence can be restored showing jade green color seen by naked eyes. This probe
was also applied successfully for the thiol imaging in living HeLa cells without pH
interference [98]. Also, two-photon fluorescent probe could be used to detect
the thiols in mitochondria in live cells and living tissues at 90–190 μm depth.
Compared to one-photon microscopy, two-photon microscopy can provide deeper

Fig. 5 White-light reflectance image and the fluorescence image of sciatic nerve branching within
muscle planes. (a) A white-light reflectance image of a sciatic nerve branching within muscle
planes. The main trunk of the nerve was clearly imaged (thin white arrow), but the smaller branches
were difficult to distinguish from surrounding tissue (thick white arrows); (b) a fluorescence image
clearly showing both the main nerve trunk and small branches using fluorescent contrast agent; (c)
an overlay of fluorescence and white-light reflectance images (Adapted from the Ref. [87] with
permission)
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penetration depth and prolonged observation time. 6-(benzo[d]thiazol-20-yl)-2-(N,
N-dimethylamino)naphthalene (BTDAN) with disulfide group was developed as
reporter and triphenylphosphonium salt as mitochondrial targeting site. This thiol
reporter system provided selectivity and low cytotoxicity without the pH
interference [99].

3.3 pH Imaging

pH measurement is important because various diseases such as cancer, immune
dysfunction, and cystic fibrosis are associated with acid/base homeostasis [100–
102]. Small molecules [103–107] and nanoparticles [108–110] have been employed
for the ratiometric determination of pH. For example, a nanoplatform was designed
by coupling of a pH-sensitive dye, cyanine HCyC-646, or a pH-insensitive dye, Cy
7, to the bacteriophage for the pH ratiometric imaging. The emission from bacteri-
ophage probe conjugated with HCyC-646 varies with the change of pH, whereas the
signal of probe with Cy 7 remained the same. In addition, intracellular ratiometric
pH map in RAW cells was obtained by fluorescence imaging of bacteriophage
probe with HCyC-646 [111]. Also, a pH-sensitive dendritic nanoprobe using
pentaerythritol as the core was developed, demonstrating that nanoprobes incubated
at pH 4.5 presented six times higher fluorescence than that incubated at pH 7.
Fluorescent lifetime and intensity of nanoprobes for NIR fluorescent dyes could be
activated in acidic environment owing to acid-sensitive linkage formed between
fluorescent dye and dendritic scaffold. The fluorescence intensity and lifetime can
provide both physiological and molecular information. This nanosystem with
pH-sensitive linkages can be used to noninvasively detect and analyze acidic tissues
with high sensitivity and specificity [112]. Another example is a NIR fluorescence

Fig. 6 Images of fluorescent imaging with organic probes. (a) Images of zebra fish eyes treated
with fluorescent probe (Adapted from the Ref. [97] with permission); (b) images were acquired 48 h
after injection of 200 nmol of organic fluorescent probe-chiral porphyrazine (pz), H2[pz(trans-
A2B2)], by tail-vein intravenous injection in mice bearing MDA-231 human breast xenograft
tumors (Adapted from the Ref. [115] with permission); (c) fluorescence image of a rat showing
that MDP-2 can image 107 E. coli CFUs in vivo (Adapted from the Ref. [123] with permission)
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probe composed of 40-(aminomethylphenyl)-2,20:60,200-terpyridine (Tpy) and
tricarbocyanine (Cy) that could detect the minor pH fluctuation in the range of
6.7–7.9 in vivo. Furthermore, real-time imaging of pH was obtained in living
HepG2 and HL-7702 cells. The probe did not exhibit autofluorescence and can
provide fluorescence contrast with high sensitivity, excellent photostability, and
remarkable cell membrane permeability [113].

3.4 Cancer Imaging

The typical distribution of phospholipid can be disrupted when cells are at the stage
of apoptosis. Therefore, targeting phosphatidylserine on the membrane surface
would be useful to evaluate the treatment efficacy. Porphyrin-ytterbium complex
was designed as a marker to distinguish tumor cells from normal cells because
the fluorescence of porphyrin ytterbium complex can strongly bind to
phosphatidylserine for tumor cell targeting [114]. Another example for cancer cell
imaging is a porphyrin derivative, a chiral porphyrazine that exhibits remarkable
accumulation of tumor cell in vivo, especially in breast tumor cells. It showed that
the high selectivity of chiral porphyrazine for tumor cell in vivo is a critical factor in
the cancer therapy [115] (see Fig. 6b). Optimized analogues of chiral porphyrazine
with enhanced photophysical properties were synthesized for applications in cancer
imaging [116]. BODIPY polymer with emission wavelength in NIR range conju-
gated with cancer-homing peptide residues could be employed for fluorescence
imaging of cancer cells, and compared with original polymer, the conjugate has
higher water solubility, more excellent photostability, better biocompatibility, and
specific interaction to breast tumor cells [117]. Another recent study showed that
2,4,6-trisubstituted pyridine-based fluorescent probe that is pH-dependent displayed
selectivity, photostability, and reversibility so that the HeLa cancer cells could be
distinguished from other cells in a pH range of 2.2–7.0 [118].

3.5 Bacterial Imaging

Bacterial imaging is an emerging technology that can be used in a wide variety of
fields such as food science and biomedicines. Compared to mammalian membranes,
bacterial ones have some unique characterizations that can act as targets for antimi-
crobial drug candidate such as peptidoglycan cell wall on bacteria and yeast [119] or
O-antigen unit of lipopolysaccharide on the outer membrane of gram-negative
bacteria [120] or anionic phospholipids (e.g., phosphatidylglycerol) [121]. Fluores-
cence and radiolabeling are two contrast methods for bacterial imaging. For exam-
ple, zinc dipicolylamine (Zn-DPA) complexes (probe 1) were made to selectively
target the surface of bacterial cells because they have high affinity for bilayer
membrane with anionic phospholipids. Bis(Zn-DPA), probe 2, was also synthesized.
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Probes 1 and 2 can effectively target gram-negative and gram-positive bacteria.
These compounds also preferentially stain bacteria compared to mammalian cells
[122]. In addition, detection of small numbers of bacteria would be beneficial for
early detection of inflammation. To achieve that, maltodextrin-based imaging probes
(MDPs) were designed for bacterial infection imaging in vivo, including E. coli,
P. aeruginosa, S. aureus, and B. subtilis detection [123] (see Fig. 6c). MDP could be
selectively internalized to bacterial MDPs made by conjugating a fluorescent dye to
maltohexaose so that the bacteria can be selectively internalized through maltodex-
trin transport pathway. This represents the first targeting strategy that can deliver an
imaging probe as low as millimolar to bacteria. Another type of MDP could
accurately image bacterial infections in rat injected with E. coli with excellent
fluorescent intensity compared to uninfected controls.

4 Prospective and Conclusions

Fluorescence imaging has emerged as a powerful tool for diagnosis and treatment
with high sensitivity, good biocompatibility, and noninvasiveness [124–
126]. Conventional imaging modalities such as CT, MRI, and radionuclide imag-
ing involve using contrast agents that are “always on” [127]. In these cases, the
“always on” probes are not able to well distinguish the target tissues/cells and their
proximity, leading to considerable background [128]. One unique feature of
fluorescence imaging is that probes can be designed to be activatable in response
to certain biological environments such as enzymatic digestion or acidification. In
addition, compared to inorganic fluorescence probes, organic fluorescent probes
have many advantages such as larger molar extinction coefficient in the deep NIR
regions, relatively higher quantum yields, better photostability, and great biocom-
patibility (e.g., in zwitterionic structures and nanoformulation forms)
[129, 130]. The molecular interactions such as hydrophobic and electrostatic
interactions and hydrogen bonding between organic fluorescent dyes and biolog-
ical species can lead to better sensitivity, selectivity, and bio-imaging capacity for
diagnostics [131]. While inorganic fluorescence probes have unique properties,
potential lack of body clearance and toxicity of inorganic probes may be a limiting
safety concern. For example, Cd and Pb metals show high toxicity profile, and Ag-
and Hg-based materials need more careful assessment [132]. On the other hand,
there are also challenges and corresponding strategies for fluorescence imaging
development. For example, due to the light scattering and attenuation, fluores-
cence might suffer from limited depth penetration, and also it is difficult to provide
quantitative and tomographic information. Therefore, numerous multimodal imag-
ing modalities were developed to complement each other. However, no imaging
contrast for fused imaging has been approved by the FDA yet probably because it
is still questionable whether a single probe for multimodalities is better than a
mixture of two [133].
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Further efforts will be made to improve imaging methods and probe development
in the aspects of imaging techniques and instrument, contrast agents, and synthetic
methodology. For example, multimodal imaging modalities fused with fluorescence
imaging have attracted attention in order to achieve enhanced imaging depth and
more accurate and comprehensive diagnosis [62, 134, 135]. Imaging-guided surgery
and personalized medicine continue to be the hot research areas to solve some unmet
medical needs. Meanwhile, fluorescence probes with longer wavelength are desired
and advantageous for bio-imaging owing to the minimum photodamage and deeper
tissue penetration [10, 136]. To conclude, in this chapter we have briefly discussed
some representative fluorescent dyes including ICG, NADH/FAD, porphyrin, phtha-
locyanine, naphthalocyanine, BODIPY, and rhodamine, followed by some of their
applications. With ongoing research efforts, fluorescence imaging using organic
fluorophores has potential to make significant contributions for diagnosis and
bio-imaging.
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