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Preface

Fluorescent imaging techniques have broad and profound impact on numerous
research fields including chemical biology, cancer biology, medical imaging, and
pharmaceutical sciences. It provides powerful tools to reinforce medicinal chemistry
research, facilitate drug discovery and development, and help diseases diagnosis and
treatment. This book summarizes the most recent developments of fluorescent
imaging techniques for medicinal chemistry research and biomedical applications.

In Chapter “Fluorescence Molecular Imaging of Medicinal Chemistry in
Cancer”, some fundamental issues of fluorescence molecular imaging including
imaging probe and imaging analysis methods are described, followed by an
introduction to its medical applications in drug discovery. Then organic mole-
cules-based fluorescent imaging probes and inorganic nanoprobes are presented
in Chapter “Organic Fluorescent Probes for Diagnostics and Bio-Imaging” and
Chapter “Inorganic Fluorescent Nanomaterials”, respectively. In Chapter
“Advancements of Second Near-Infrared Biological Window Fluorophores:
Mechanism, Synthesis, and Application In Vivo”, fluorescent imaging at long
wavelengths (1,000–17,000 nm), namely near-infrared window II imaging, is
introduced. Chapter “X-Ray Excited Fluorescent Materials for Medical Application”
covers a novel approach to using X-ray to illuminate materials and produce fluores-
cence for medical imaging applications. In Chapter “Applications of Fluorescent
Protein-Based Sensors in Bioimaging”, fluorescent proteins used for bioassays and
their applications are reviewed. Chapter “Fluorescent Probes for Diagnostics of
β-Galactosidase: From Micro to Macro” summarizes the fluorescent probes,
nanomaterials, and biomolecules for the detection of an important enzyme (β-
galactosidase) and their applications in health monitoring. The last chapter focuses
on the current state of fluorescent imaging techniques, especially endoscopic imag-
ing and Cerenkov luminescence imaging for the diagnosis and treatment of diseases
in clinics.

v



Through this book, it is hoped that more people will appreciate the role of
fluorescent imaging, explore this exciting field, and develop new fluorescent imag-
ing techniques for addressing unmet medical needs.

Stanford, CA, USA Zhen Cheng
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Abstract The process of new drug discovery and development is a lengthy, high-
risk, and costly task. Fluorescent molecular imaging (FMI) has tremendous potential
for improving the efficiency of drug screening, evaluating drug effects, accelerating
the process, and markedly reducing the cost of new drug development from initial
target validation and high-throughput screening identification campaigns to the final
human translation phases. FMI can help evaluate the role of new candidate drugs
under the influence of complex biological responses in living subjects and better
understand the mechanism between drug activity and disease, which can help select
candidates that seem most likely to succeed or prevent the development of drugs that
seem to fail in the end. Hence, in this chapter, FMI was described for its application
in drug discovery, including identification of tumor-specific markers, candidate drug
screening, determination of pharmacokinetics of drugs, and preparation of prodrugs.

Keywords Cancer, Drug discovery, Fluorescent molecular imaging, Medicinal
chemistry

Abbreviations

BBTD Benzobisthiadiazole
BEM Boundary element method
BLI Bioluminescence imaging
BODIPY Boron dipyrromethene
Cy Cyanine
D-A-D Donor-acceptor-donor scaffold
DE Diffusion equation
FDM Finite difference method
FEM Finite element method
FITC Fluorescein isothiocyanate
FMI Fluorescence molecular imaging
FMT Fluorescence molecular tomography
GFP Green fluorescent protein
HDACs Histone deacetylases
ICG Indocyanine green
MM Meshless method
NIR Near-infrared
ROS Reactive oxygen species
SBR Signal-to-background ratio
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1 Introduction

Fluorescence molecular imaging (FMI) utilizes molecular probes to label target
organisms. Under certain external conditions, the molecular probe releases a fluo-
rescent light in the visible or near-infrared spectrum using high-sensitivity detection
equipment for fluorescence. The signal is collected, and the position and intensity of
the fluorescent light source are displayed to obtain the physiological activity infor-
mation of the organism (Fig. 1). FMI is the most intuitive imaging modality, and the
fluorescent methods allow us to detect photons with familiar parallels to our eye-
sight, allowing spatial and temporal resolutions that are otherwise unachievable
[1, 2]. Compared to the positron emission tomography (PET) imaging and magnetic
resonance imaging (MRI), FMI is a noninvasive and nonionizing imaging modality
with higher sensitivity and higher specificity, is safer, has a lower cost, and is easier
to perform, and it offers anatomical, physiological, and even molecular information
within the bodies of living subjects [3–5]. Therefore, FMI has been widely applied
for tumor detection, drug development, image-guide surgery, and other biomedical
fields.

From a medicinal chemistry perspective, FMI is a potent tool for probing
biomolecules in their natural environment and for visualizing dynamic processes
in complex biological samples, living cells, and organisms [6–9], which are well
suited for highlighting molecular alterations associated with pathological disorders.
Thereby, it offers means of implementing sensitive and alternative technologies for
diagnostic purposes, which constitute as attractive tools for drug discovery programs
from initial target validation and high-throughput screening identification campaigns
to the final clinical translation phases. In this chapter, the FMI probe, imaging
analysis methods, and medical application in drug discovery will be described.

2 Imaging Probe

Fluorescence probe is one of the basic elements of FMI. Fluorescence probes are
usually made up of fluorophores and targeting ligands.

Fig. 1 The principle of
fluorescence molecular
imaging (FMI)
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2.1 Fluorophores

The fluorophore can convert molecular recognition information into a fluorescence
signal, which has the advantages of high sensitivity, rapid reaction time, and the
ability to realize in situ detection. An ideal fluorophore has a large value of Stokes
shift [difference between the absorption maximum (λmax) and the emission maxi-
mum (λem)] to minimize the reabsorption of emitted photons. According to the
fluorophore with emission in different regions, it can be divided into three catego-
ries: visible light (λem < 700 nm), near-infrared I (NIR-I, 700 < λem < 1,000 nm),
and near-infrared II (NIR-II, λem > 1,000 nm) fluorophores (Fig. 2) [10, 11].

2.1.1 Visible Light Imaging Fluorophores

Visible light fluorophores mainly include fluorescein isothiocyanate (FITC), cyanine
(Cy), rhodamine, BODIPY, coumarin, quinoline, etc. (Fig. 3) [12–16]. These
fluorophores are fluorescent indicators with rapid detection, good reproducibility,
and low sample size, which can be used to detect the changes of cations (Na+, K+,
Mg2+, Ca2+, etc.), anions (phosphate radical, etc.), free radicals (reactive oxygen
species H2O2, superoxide ion), monolinear oxygen, hydroxyl radical, sugar (glu-
cose, chitosan, etc.), nucleic acid (DNA, RNA), and enzymes (trypsin, viral protease,
no synthase) in biological systems after drug therapy [17–19]. The visible light
fluorophores (400–700 nm) are used quite often in biomedical studies, but the key
issues in fluorescence imaging of visible regions include autofluorescence,
quenching, photobleaching, and a low depth of tissue penetration. In comparison,
fluorescence imaging in NIR offers considerable advantages. However, the use of
NIR fluorophores requires a special camera, as the light is not visible to the naked
eye or conventional video cameras.

Fig. 2 Wavelengths for fluorescence molecular imaging. (a) Tissue penetration depth of light with
different wavelengths. (b) Light when entering a tissue can be reflected or adsorbed by molecules
within the tissue or excite fluorophores to emit light at a different wavelength. Reproduced from
Ref. [11]
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2.1.2 NIR-I Imaging Fluorophores

Fluorophores with emission in the NIR region possess less absorption and scatter
from tissues much more efficiently than fluorophores based on visible light, which is
favorable for in vivo imaging with a high signal-to-background ratio (SBR). This
imaging modality also inherited quick feedback, high-resolution, and noninvasive
properties of optical imaging and can be utilized to visualize the real-time dynamics
in living organisms [20–23]. Over the past decade, fluorescence imaging in the first
NIR window (NIR-I, 700–900 nm) has been widely studied in fundamental research
and preclinical/clinical applications, which is partially because of the immediate
availability of a wide range of fluorophores, such as NIR-760, IRDye800CW,
indocyanine green (ICG), methylene blue, and their derivatives (Fig. 4) [24–26].

Fig. 3 Representative visible light fluorophores

Fig. 4 Representative NIR-I
fluorophores
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2.1.3 NIR-II Imaging Fluorophores

The generation of new fluorophores and the development of fluorescent labeling
technology provide specific and efficient contrast for FMI and greatly improve the
detection sensitivity and specificity of in vivo imaging. Compared to NIR-I, fluores-
cence imaging at the second near-infrared region (NIR-II, 1,000–1,700 nm) can realize
better fluorescence image quality (Fig. 5) [27]. The NIR-II biological window is
broadly defined as wavelengths in range of 1,000–1,700 nm. Smaller optical
sub-windows such as NIR-IIa (1,300–1,400 nm) and NIR-IIb (1,500–1,700 nm) have
provided further improvements in fluorescence imaging metrics. The 1,400–1,500 nm
window is typically avoided owing to the presence of an absorbance peak due to awater
overtone. Significant improvements in imaging temporal and spatial resolution (~20ms
and ~25 μm) and penetration depth (up to ~3 cm), which are very difficult to achieve
with NIR-I and also PET and SPECT imaging, have been fulfilled by this innovative
NIR-II region on biomedical imaging, thanks to the reduced scattering, negligible tissue
absorption, and minimal autofluorescence [28, 29].

However, NIR-II fluorophores also suffer from poor water solubility, low
photostability, low quantum yield, and the scarcity of molecules with suitable NIR-II
band gaps have further limited the applications and development of NIR-II imaging
techniques. So far, a series of fluorophores with emission wavelengths longer than
1,000 nm in the NIR-II region have been designed based on the donor-acceptor-donor
scaffold (D-A-D). These NIR-II fluorophores are usually composed of various spacers
(thiophene), electron donor (fluorene and triphenylamine), and the central electron-
accepting aromatic backbone (benzobisthiadiazole, BBTD), which can greatly expand
the library of small-molecule NIR-II fluorophores (Fig. 6) [31–33]. Fortunately, a series
of organic small molecules and organic and inorganic nanomaterials with precisely

Fig. 5 Fluorescence imaging of the cerebrovasculature of mice without craniotomy in the (a)
NIR-I, (b) NIR-II, and (c) NIR-IIb regions, with the corresponding SBR analysis shown in (d)–(f).
Scale bars, 2 mm. Reproduced from Ref. [30]
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controlled structures and intrinsic near-infrared emissions in the NIR-II window have
been developed to enable the acquisition of high-definition NIR-II images at wave-
lengthswell in excess of 1,000 nm. TheseNIR-I andNIR-IIfluorophores can be used to
develop diagnostics, biomedical imaging technologies, and drug discovery programs.

2.2 Targeted Ligand of Fluorescent Probes

In the field of medicinal chemistry, the target is the key element for the drug design
and development. FMI has the advantages of high sensitivity, convenience, reliabil-
ity, and suitability for large-scale detection of drug targets. Using FMI, not only the
receptors, proteins, and genes that interact with drugs can be imaged, but the drug
targets can also be located and evaluated for their presence in an organism. The
spatial and temporal distribution of the target is evaluated quantitatively. Verification

Fig. 6 Representative NIR-II fluorophores
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of target expression is valuable for diagnosis, as well as the selection of treatment
regimen and pre-evaluation. There are often overexpressed specific receptors on the
surface of tumor cells. For example, abnormal overexpression of estrogen receptor
(ER) [34–36] and fructose transporter (GLUT5) [37] has been found in breast
cancer; prostate-specific membrane antigen (PSMA) is overexpressed in prostate
cancer [38–41]. FMI can be used to determine the expression level of related
hormone receptors in tumor biopsy specimens, which can help select the best
treatment plan. Using these receptors as targets to develop new, potential drugs
with high specificity and affinity is the main direction of development of antitumor
drugs. Currently, many active targeted fluorescence probes have been developed.

2.2.1 Estrogen Receptor-Targeted Fluorescent Probes

Estrogen receptor (ER) is a ligand-regulated transcription factor that regulates many
physiological and pathological processes and also plays a predominant role in breast
cancer growth. Therefore, ER is regarded as an important pharmaceutical target for
the treatment of breast cancer, and the development of ER-targeted fluorescence
probes has emerged as an active research field for breast cancer detection, and many
of these probes have been developed (compounds 1–3, Fig. 7) [34–36].

2.2.2 GLUT5 Transporter-Targeted Fluorescent Probes

Facilitated hexose transporters (Gluts) are a group of transmembrane proteins
responsible for transporting sugars such as glucose or galactose across the cell
membrane. Tumor cells usually overexpress the Glut transporter to meet their high
levels of energy consumption needs. For example, GLUT5 is overexpressed in
breast cancer cells but not in normal breast cells. Therefore, the selection of a high
GLUT5-binding affinity compound as the targeting ligand is an effective strategy for
the development of imaging probes for breast cancer detection (compounds 4–5,
Fig. 8) [37].

Fig. 7 Representative estrogen receptor-targeted fluorescent probes 1–3
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2.2.3 Prostate-Specific Membrane Antigen (PSMA)-Targeted
Fluorescence Probes

Prostate cancer is the most commonly diagnosed malignancy in men, and the
integral membrane protein PSMA is becoming increasingly recognized as a viable
target for prostate cancer diagnosis and treatment. Therefore, PSMA-specific anti-
bodies, peptides, peptide derivatives, or other small molecules have been developed
as targeting ligands for the development of imaging probes for prostate cancer
detection (compounds 6–9, Fig. 9) [38–41].

2.2.4 Folate Receptor-Targeted Fluorescent Probes

Folates are essential for the maintenance of all cells and tissue regeneration. Folates
have a high affinity for their cell surface folate receptor (FR), which is primarily
expressed on healthy cells where it does not readily encounter folate from the
bloodstream. When the malignant transformation occurs, high levels of FR are
expressed in a number of malignancies, including ovarian and endometrial cancers
and myeloid leukemias. Thus, the high affinity of FR offers a potential means for
tumor targeting, which has already become the main design strategy for the
FR-targeted tumor imaging probes (compounds 10–11, Fig. 10) [42, 43].

2.2.5 Cyclooxygenase-2 (COX-2)-Targeted Fluorescent Probes

COX-2 is a crucial biological mediator in the etiology of cancer. This enzyme is
absent or present at low levels in normal cells but shows high expression levels in
inflamed tissues as well as many premalignant and malignant tumors such as
colorectal adenomas and adenocarcinomas. COX-2 has been used as an ideal
imaging biomarker for cancer cells. Currently, many fluorescent probes have been
engineered to target COX-2 for tumor detection (compounds 12–15, Fig. 11)
[44, 45].

Fig. 8 Representative GLUT5 ligand 4 and targeted fluorescent probe 5

Fluorescence Molecular Imaging of Medicinal Chemistry in Cancer 9
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Fig. 10 Representative folate receptor-targeted fluorescent probes 10–11

Fig. 11 Representative
COX-2-targeted fluorescent
probes 12–15
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2.2.6 Other Targeted Fluorescent Probes

In addition to the targeted fluorescence probes mentioned above, various other
targeted fluorescence probes have also been reported, such as carbonic anhydrases
IX (CAIX) probes. CAIX has been associated with tumor progression and invasion,
which is usually expressed in normal tissues at certain levels, but overexpressed in
many solid tumors, such as colorectal tumors. Therefore, CAIX can be used as a
potential tumor target for the development of imaging probes (compounds 16–17,
Fig. 12) [46, 47].

In general, the targeted fluorescent probes were accomplished by conjugating
fluorescence dye to the targeted ligand, which may have a great application prospect
in the clinic for tumor diagnosis.

3 Imaging Analysis

Fluorescence molecular tomography (FMT) is a three-dimensional imaging method
based on FMI, which is based on the distribution of fluorescence in biological tissues
[48–53]. It was developed from two-dimensional (2D) qualitative imaging to three-
dimensional (3D) quantitative research and further expanded the integration of
stimulated fluorescence in the diagnosis and treatment of cancer and preclinical
and clinical applications. The advent of FMT led to the three-dimensional recon-
struction of FMI agent accumulation in living animals based on light recordings
collected at the tissue boundary. FMT has been used to visualize and quantitate a
variety of cellular and molecular events and, as opposed to planar fluorescence
imaging, yields quantitative information and allows imaging at greater depth, up to
several centimeters. It has developed rapidly in recent years and has become a
research frontier and research hotspot for FMI technology [54–56].

When imaging spatial data needed for FMT reconstruction are obtained, then the
reconstruction of the structural data and optical data based on the biological model
can be carried out [57]. In general, the image reconstruction process includes two
steps: solving the forward problem and solving the inverse problem. The solution of

Fig. 12 Representative
CAIX-targeted fluorescent
probes 16–17
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the forward problem is used to calculate the photon propagation model of the
fluorescence transmitted in the imaging space to obtain the linear relationship
between the fluorescence measurement data on the surface of the tissue and the
fluorescence distribution inside the bio-tissue. After the linear relationship is
obtained by solving the photon transfer model, various methods are used to solve
the linear model, and the distribution of fluorescence inside the imaging space is
obtained, which is called the inverse problem [52].

3.1 Photon Propagation Model

The process of transmitting fluorescence from a light source to a biological body
through a specific biological tissue is extremely complicated and includes various
physical processes such as scattering of light, inter-tissue reflection, refraction,
diffusion, and absorption. For FMT imaging, imaging is usually performed in the
visible and near-infrared optical bands, and the scattering and absorption effects of
this band of light inside the biological tissues are the main forms of our study.
Therefore, the FMT photon propagation model can be simplified to a photon
stochastic propagation model that contains only the scattering and absorption effects
without considering the reflection and refraction of different tissues. Current main-
stream mathematical theory to solve these problems is mainly based on Boltzmann’s
radiative transfer equation (RTE) [58], which is equivalent to photon propagation as
transport of photon flux in a medium from particle fluctuation to energy transport
and to study transport of light energy in biological tissue problems.

In three-dimensional biological tissue, the RTE solution is transformed into a
six-dimensional space-time problem. There are few methods in solving mathemat-
ical and computer problems, and they are usually not able to directly close the
analytical solution. Moreover, because of its unknowns, it can be solved precisely
only in rare cases. Usually it cannot get a closed analytical solution. At the same
time, it is extremely difficult to solve RTE directly, while the exact solution will only
exist in rare cases. Therefore, it is common practice to replace itself with a simplified
approximation of the radiation transfer equation [59], such as diffusion equation
(DE), which is a widely used RTE-based simplified model [60–65]. It utilizes the
first-order spherical harmonic function to expand important function items in the
RTE equation and performs the approximate processing, which significantly reduces
the computational complexity and is suitable for the visible and near-infrared bands
of FMT imaging. In recent years, researchers have proposed such high-order
approximations as RTE [66–71]. Compared with diffusion equations, higher-order
approximation models can significantly improve FMT accuracy. The SNmodel [72],
PN model [73], and SPN model [69] are three commonly used RTE high-order
approximation models and usually give more accurate RTE solutions to the more
diffusive equations. By these approximation methods, the traditional RTE equation
can be transformed into several coupled higher-order partial differential equations
for easy calculation and solution.
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3.2 Forward Problem-Solving

The linear relationship between the measured data on the surface of the imaging area
and the internal fluorescence distribution in the imaging area based on the photon
propagation model is the core of the FMT forward problem. In recent years,
researchers have proposed various mathematical solution methods including the
analytic method, statistical method, and numerical analysis method to solve the
forward problem of FMT [52]. Numerical analysis method is the main solving
method currently used in optical molecular imaging reconstruction. Its computa-
tional efficiency is high and its applicability is wide. Numerical analysis methods
include the finite difference method (FDM) [70], boundary element method (BEM),
finite element method (FEM) [74], and meshless method (MM) [75]. FDM uses
equidistant grid points and regular grids to solve the forward problem, which is more
efficient than irregular grids. However, FDM has difficulty in dealing with geomet-
rically complex imaging spaces and boundary conditions. In contrast, FEM is the
mainstream solution to FMT forward problems in recent years. The main advantage
of FEM is its effectiveness in dealing with complex geometric problems. In addition,
the system matrices obtained by FEM are usually sparse and positive definite, which
leads to a more stable solution and high computational efficiency, which is also
beneficial to FMT reconstruction [76, 77]. However, the main drawback of FEM is
that it is difficult to generate the FEM grid. In contrast, BEM only needs to discretize
the imaging surface and the boundaries of the heterogeneous tissue within the space
without the need to mesh the entire imaging space. Therefore, compared with FEM,
BEM can effectively reduce the computational dimension and complexity to
improve computational efficiency. However, fast and stable 3D mesh generation
for complex geometry problems remains a challenging issue. In order to overcome
the problem of 3D mesh generation, An et al. proposed a meshless method and
applied it to solve the forward problem of FMT [78]. The method only needs to
obtain nodes that are relatively independent from each other to discretize the imaging
space and does not require a cumbersome gridding process.

3.3 Inverse Problem-Solving

In FMT preclinical and clinical trials, the fluorescence signal is usually only mea-
sured from the imaging surface. However, the dimension of the measurement data on
the imaging space surface is usually much less than the number of internal nodes in
the imaging space. Therefore, the inverse problem of FMT is ill-conditioned
[55]. Moreover, because of the high scattering properties of photons in the imaging
space, the inverse problem is also ill-posed, and it is difficult to find the exact
solution [79–81]. At the same time, the noise generated during the experiment also
affects the accuracy of the FMT reconstruction [82].

14 J. Tian et al.



The ill-posedness of the FMT inverse problem is mainly due to the lack of
information and uncertainty due to the high scattering of photons. In order to
overcome the ill-posedness of reverse problems, researchers started from the light
source prior information and combined it with a variety of a priori information
related to the light source and photon transmission to reduce the uncertainty of the
information so as to improve the accuracy of inverse problem-solving [83–
89]. Researchers usually combined the prior information of the structure into the
FMT reconstruction and proposed a nonhomogeneous imaging space model and a
priori reconstruction method, which greatly improved the reconstruction accuracy.
The structure of imaging space prior information can usually be obtained by high-
resolution structural imaging modalities such as CT and MRI [90–94]. The optical
parameters of various organs and tissues can be obtained by other imaging tech-
niques such as DOT. The imaging technique that combines imaging modalities to
increase imaging prior information is also known as multimodality imaging and is
the focus of current medical imaging research [95].

Although researchers have put forward prior knowledge such as feasible regions,
structural prior information to augment the information needed for reconstruction,
the morbidity of the FMT reconstruction equation remains unresolved. Moreover,
the actual FMT acquisition data usually contain a certain amount of noise, which has
a great impact on the reconstruction of the pathological equation. A small signal
disturbance may lead to a large reconstruction error. Therefore, researchers apply
regularization techniques to FMT reconstruction to constrain the reconstruction
process and reduce morbidity [96–104]. The classical regularization term is
Lp-norm regularization. The Lp-norm regularization ( p ¼ 0.5–2) usually obtains a
smoother reconstructed result of a large reconstructed area and has a good recon-
struction effect for a large light source volume in an imaging space. Another
available regularization method is total variation (TV) [105]. The main idea of TV
norm regularization is to constrain the variation terms of the distribution of the
fluorescent light sources while preserving the boundaries of the light source zones
(Fig. 13).

4 Medical Application

Precision medicine has promoted the development of treatment modalities that are
developed to specifically kill tumor cells but not normal cells. The traditional
methods of drug discovery have many disadvantages, such as a long research period
and the antitumor drug treatment effects in situ cannot be monitored in real time.
Therefore, the use of new technologies such as FMI for drug discovery is urgently
needed. It seems likely that FMI will meet this challenge for the evaluation of
therapeutic effects. The results were more accurate and reliable than the traditional
measurement of tumor size. In this chapter, the application of FMI will be described
in drug discovery, including identification of therapeutic targets, candidate drug
screening, pharmacokinetics of drugs, and prodrug development.
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4.1 Identification of Therapeutic Targets

Specific therapeutic target is the key for therapy, but traditional drug chemistry
methods find targets at slow speed. FMI can improve the process of target identifi-
cation and identify suitable treatment regimens, hence improving patient treatment
outcomes. For example, breast cancer is the most common cancer among women
with different subtypes. Nearly 75% of patients demonstrate abnormally high
expression of ERα. Therefore, ERα is regarded as an important pharmaceutical
target for the treatment of breast cancer, and many ERα ligands have been developed
into hormone agents. However, hormone therapy is ineffective for ERα(�) and
triple-negative breast cancers (TNBCs). The ERα fluorescent probe P1 can be used
to identify a suitable therapeutic regimen for breast cancer. As shown in Fig. 14, the
fluorescence signals can be observed in the cell nucleus of the ERα-positive MCF-7
breast cancer cell, but not in MDA-MB-231 TNBC cells. Therefore, FMI is able to
identify the target expression and determine treatment [45].

4.2 Candidate Drug Screening

To evaluate the therapeutic effects of antitumor drugs in vivo, a traditional medical
imaging method is used to measure the tumor volume at the late stage of tumor

Fig. 13 (a) Coronal and (b) transverse sections of the CT image of the mouse-shaped phantom
showing the two embedded fluorescent line sources. (c) Coronal and (d) transverse overlay of CT
and FMT images. (e) Coronal and (f) transverse sections of the FMT imaging showing the two
fluorescent line sources reconstructed using both L1 and TV penalties with regularization param-
eters of 10 and 1, respectively. The figure is reproduced from Ref. [105]
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growth with treatment for a period of time. However, this method can only tell the
changes in tumors when they show anatomical changes; in addition, it is difficult to
evaluate the effect of in situ tumor therapy by the traditional method. FMI can
completely overcome the shortcomings of the traditional method and can not only
monitor the changes of the tumor biomarker but also evaluate the therapeutic effect
in an early and dynamic manner. For example, histone deacetylases (HDACs) are
overexpressed in TNBC. The FMI of the LBH589-Cy5.5 probe has been success-
fully applied not only for measuring the expression and functions of HDACs in
tumors but also in evaluating the therapeutic response of HDAC inhibitor SAHA
treatment, as evidenced by the significantly reduced HDAC signals in SAHA-treated
breast tumors (Fig. 15) [106].

4.3 Tracking the Drug Biodistribution and Metabolism

When the tumor cells were treated with drugs, it was difficult to observe the drug
interaction with the corresponding targets by traditional pharmacochemical methods.
The majority of drugs tested clinically exhibit off-target effects, which is easy to
produce side effects. FMI is able to directly visualize the binding of the drug to the
target, which can effectively improve the success rate of drug development. For
example, 2-((3-(3-fluoro-4-hydroxyphenyl)-7-hydroxynaphthalen-1-yl) methylene)
malononitrile (FPNM) can potently inhibit the growth of MDA-MB-231 tumors, and
the relative binding affinity (RBA) value shows FPNM is an estrogen receptor β
(ERβ) ligand. In order to confirm the interaction between FPNM and ERβ, FMI of
FPNM is performed in MCF-7 cells. As shown in Fig. 16, ERβ is a nuclear hormone
receptor, and the fluorescence derived from the complex between FPNM and ERβ
was mainly detected in the cell nucleus. The data suggested that FPNM showed
specifically selective affinity toward ERβ in the living MCF-7 cells. These results
indicated that FPNM possesses the ability to selectively bind to the ERβ in living
cells [107].

Fig. 14 Fluorescence imaging of intracellular targets in triple-negative breast cancer cells
MDA-MB-231 and ER(+) MCF-7 cells. Images of cells treated with compound P1. Reproduced
from Ref. [44]
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4.4 Determination of Pharmacokinetics of Drugs

Targeting specific, small molecules as modulators of drug delivery may play a signif-
icant role in the development of therapeutics. Small molecules can alter the pharma-
cokinetics of therapeutic macromolecules leading to more efficient drug delivery with
less systemic toxicity. McCann et al. used FMI to observe the biodistribution and
excretion patterns associated with molecular probes composed of human serum albu-
min (HSA) conjugated to high and low numbers of various monosaccharides: Glc-α,
Gal-β, Man-α, Fuc-α, and Fuc-β. First, the conjugation of IRDye800CW to HSA
demonstrated nonspecific distribution throughout the body, suggesting the addition
of IRDye800CW minimally changed the biodistribution of HSA. However, the con-
jugation with either low numbers or high numbers of sugar molecules resulted in rapid
and specific changes in biodistribution. The conjugation of HSA to a low number of
sugar molecules leads to slower clearance of the probe from the blood circulation
compared to HSA conjugated to a high number of sugar molecules (Fig. 17) [108].

Fig. 15 Detection of tumor and evaluation of antitumor activity of drugs by FMI. Reproduced from
Ref. [106]

 

Fig. 16 Co-localization of MCF-7 cells with FPNM (10.0 μM) and ERβ antibody. (a) Bright field
of cells. (b) Nuclei were stained with DAPI. Cells were stained with FPNM (c) and ERβ antibody
(d). Co-localization of FPNM and ERβ antibody. Scale bar ¼ 10 μm. Reproduced from Ref. [107]
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4.5 Fluorescence Prodrug Conjugates

Fluorescence prodrug conjugates are dual functional systems that offer both
therapeutic promise and potential for concurrent diagnosis, which are able to target
cancer cells selectively, provide cytotoxic chemotherapeutics, and allow facile
monitoring of the location and efficacy of drugs [109, 110]. Fluorescence prodrug
conjugates are of particular interest since they are stable in blood plasma, which can
be activated efficiently by various cellular constituents, such as thiols, reactive
oxygen species (ROS), and enzymes that are overexpressed in tumors [111, 112].

Fluorescence prodrug conjugates can realize both targeted therapeutic release and
targeted FMI. Such prodrug conjugates usually contain fluorophores, cleavable
linkers, and targeting ligands or chemotherapeutic agents. Fluorophores are usually
naphthalimide, coumarin, BODIPY, rhodol, cyanine, etc. Cleavage linkers include
hydrolysis of esters, amides, and hydrazine linkers, disulfide exchange-based

Fig. 17 Chemical structure of the linkage between sugar and albumin. (a) the images of HSA
glycosylated with a low (b) and high (c) sugar number at different time points as 10 min, 6 h, 24 h,
and 48 h post-injection. Reproduced from Ref. [108]
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scission, hypoxia-induced activation, enzymatic reactions, photolysis, and
thermolysis [113]. Targeting ligands include folate, biotin, galactose, and RGD
(Arg-Gly-Asp) peptide sequences. Doxorubicin, camptothecin, paclitaxel,
gemcitabine, and cisplatin are commonly used chemotherapeutic agents. To date,
much effort has been devoted to develop systems that undergo cleavage under
physiological conditions. When the cleavable linkers serve to tether a fluorophore
to a prodrug in such a way that the fluorescence signal can be controlled upon
cleavage, it becomes a potential system that operates as both therapeutics and
diagnostics (Fig. 18) [114].

To date, many fluorescence prodrug conjugates have been reported, including
cellular thiol-activatable fluorescent prodrugs (compound 18) [114], hydrogen
peroxide-activated fluorogenic prodrugs (compounds 20–21) [115, 116], acidic
pH-activated fluorogenic prodrugs (compounds 22–23) [117, 118], hypoxia-
activated fluorogenic prodrugs (compound 24) [119], platinum reduction-based
fluorogenic prodrugs (compound 28) [120], enzymatic cleavage-based fluorogenic
prodrugs (compound 29) [121], light-activated fluorogenic prodrugs (compounds
32–33) [112, 122], etc. (Fig. 19).

Fig. 18 Design principle for achieving fluorescent prodrug conjugates that are able to target cancer
cells selectively, provide cytotoxic chemotherapeutics, and produce readily monitored imaging
signals. Reproduced from Ref. [114]
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5 Future Perspectives

Currently, FMI has become a powerful and effective tool for drug development. The
study of specific probes and targets depends on the development of chemistry and
biology, and the FMI tracers do not interfere with the biological process by them-
selves. The involvement of FMI in metabolic or specific biological processes can
more realistically reflect the physiological and pathological processes occurring in
organisms, such as gene expression, activation of biochemical pathways, protein
interaction, and tracing of cell proliferation and death. Using this noninvasive
method to detect cell function can help evaluate the role of new candidate drugs
under the influence of complex biological responses in animals. The development of
new probes, especially NIR probes, can facilitate the clinical application of this
nonradioactive imaging technology. In the last 10 years, FMI has developed rapidly
for its low cost, non-ionization, and high throughput, and it plays an important role in
all stages of drug development. This technique also has some shortcomings:

1. The detection depth is limited: because of the different wavelengths of the
fluorophores and the influence of light absorption and scattering, optical molec-
ular imaging equipment cannot detect cell activity at deeper depths in vivo.

2. Target selection: in order to apply FMI to monitor the efficacy of drug treatment,
it is necessary to find specific targets for the diseases. Currently, specific targets of
diseases representing the occurrence and development of diseases are not fully
discovered.

3. Probe development: the ideal probe should have a high sensitivity and specificity
for detection and should not cause an immune response and can be easily cleared
by the body. However, the existing FMI probes do not fully meet the above
conditions, and the development of new probes is costly.

4. Clinical trials: safety and effectiveness of the application of fluorescence probes
in the clinical trials or treatments. In summary, the development of new FMI
probes and their application in various stages of drug development will ultimately
improve the efficiency of developing new and effective drugs, reduce the cost of
research and development, and provide a wider and clinical application prospect
in the field of drug development.
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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

Organic Fluorescent Probes for Diagnostics and Bio-Imaging 35



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
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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)

Organic Fluorescent Probes for Diagnostics and Bio-Imaging 41



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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Abstract Optical imaging is a noninvasive imaging technology to visualize the
specific biological processes by detecting the emissive photons under external
energy excitation. In particular, inorganic nanomaterials have attracted great atten-
tion as exogenous fluorescent probes for optical imaging due to their superiority in
imaging sensitivity, systemic circulation, target specificity, and versatility in chem-
ical design for theranostic purposes. This book chapter comprehensively summarizes
the recent advances in inorganic fluorescent nanomaterials, including quantum
dots, upconversion, metal nanoclusters, and carbon-based and silicon-based
nanomaterials. It will be reviewed in detail the fluorescence mechanism of the

T. Kim (*)
Department of NanoEngineering, University of California San Diego, La Jolla, CA, USA

Department of Biomedical Engineering, Michigan State University, East Lansing, MI, USA

Institute for Quantitative Health Science and Engineering, Michigan State University, East
Lansing, MI, USA
e-mail: kimtae47@msu.edu

J. V. Jokerst (*)
Department of NanoEngineering, University of California San Diego, La Jolla, CA, USA

Materials Science Program, University of California San Diego, La Jolla, CA, USA

Department of Radiology, University of California San Diego, La Jolla, CA, USA
e-mail: jjokerst@ucsd.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/7355_2019_85&domain=pdf
mailto:kimtae47@msu.edu
mailto:jjokerst@ucsd.edu


nanomaterials based on their optical excitations, the current utility in high-resolution
(preclinical) in vivo imaging, and the underlying issues for future clinical
translations.

Keywords Fluorescence, In vivo, Molecular imaging, Nanomaterials, Optical
imaging, Quantum dots

1 Overview

Most clinical optical imaging agents are organic fluorescent dyes (e.g., cyanine,
rhodamine, oxazine dyes). However, these suffer from several drawbacks such as
photo-bleaching and short blood circulation, which limit their repeated use for long-
term imaging of cellular and molecular processes in living systems. In the last two
decades, many efforts have been devoted to developing inorganic (metal-containing)
nanoparticles as targetable optical probes with superior photostability. In this chap-
ter, we will discuss several types of inorganic nanoparticles that use fluorescence.
We will also introduce some recent studies to validate their interesting features as
contrast agents in preclinical in vivo imaging. Finally, we will address the potential
issues for each type of fluorescent nanomaterials to attain better sensitivity and lower
toxicity for potential clinical translations.

2 Quantum Dots

Quantum dots (QDs; semiconductor nanoparticles) are composed of II–VI, III–V,
and IV–VI group elements of the periodic table and are representative inorganic
fluorescent nanomaterials (CdSe, CdS, CdTe, ZnS, InP, InAs, etc.). Their fluores-
cence is induced from the quantum confinement effect, which occurs when the QD
radius is smaller than the exciton Bohr radius (5.3 nm) of the original material [1].

QDs have many photo-physical advantages. QDs display narrower emission
bands than the traditional organic fluorophores. QDs have high photostability that
preclude the fast quenching of emissive light after repeated, high-intensity light
excitations. Therefore, these highly bright and photostable QDs offer fluorescence
imaging of live cells and in vivo animal imaging for long time periods [2]. QDs
have multiplexed imaging for simultaneous detection of multiple distinctive bio-
logical species due to their unique size-dependent light emission [3]. This is
because QDs follow the quantum behaviors of a particle in a box (the smaller the
box is, the larger is the separation between energy levels); for example, while the
larger CdSe QDs (5–6 nm) emit red light (relatively long wavelength), smaller
CdSe QDs (2–3 nm) have blue-shifted (short) emission (higher photon energies)
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[4]. Remarkably, both of these systems can still utilize the same ~400 nm
excitation.

Consequently, by capitalizing on the striking optical features of QDs (e.g., stale
and sharp emission, spectral nature of emitted photons), Nie and coworkers reported
the first study of QDs for targeting and spectral optical imaging in animal models
[5]. In this study, ZnS-capped CdSe QDs were synthesized and subsequently
conjugated with targeting ligands for tumor antigen recognition and polyethylene
glycol (PEG) molecules for improved blood circulation (Fig. 1a). Here, the exper-
imental groups included three different QDs with carboxylic acid groups
(QD-COOH), PEG groups (QD-PEG), and prostate-specific membrane antigen
(QD-PSMA). Next, each QD was intravenously injected into mice bearing human
C4-2 prostate cancer xenografts (0.5–1.0 cm in diameter), and the in vivo fluores-
cence imaging was performed with wavelength-resolved spectral imaging. The
fluorescence spectrum of the QD and the animal skin is shown in Fig. 1c. The
autofluorescence spanned a broad range of wavelengths (580–700 nm), but the
as-prepared QDs had a characteristic sharp emission band near 640 nm.

The authors also found that the surface-modified QD probes can be accumulated
at tumors either by the enhanced permeability and retention (EPR) via leaky tumor
vasculatures (passive targeting) [6, 7] or by antibody binding to cancer-specific cell

Fig. 1 Schematic illustration of QD probes for in vivo cancer targeting and imaging. (a) Multi-
layered structure of QDs, consisting of the capping ligand trioctylphosphine oxide (TOPO),
encapsulating polymer layer, tumor-targeting ligand (e.g., peptides, antibodies, or small molecules),
and polyethylene glycol (PEG). (b) Tumor targeting by enhanced permeation and retention (EPR)
of QD probes via leaky tumor vasculatures (passive tumor targeting; left) or high affinity binding of
QD-antibody conjugates to tumor antigens (active tumor targeting; right). (c) In vivo fluorescence
images using QD probes with three different surface coatings with carboxylic acid groups
(QD-COOH; left), PEG groups (QD-PEG; middle), and PSMA antibody conjugates (QD-PSMA;
right). For all three QDs, a color image (top), two fluorescence spectra from QD and animal skin
(middle), and a wavelength-resolved spectral image (bottom) were obtained from the live mouse
bearing C4-2 human prostate tumors (0.5–1.0 cm in diameter) after systemic intravenous admin-
istrations of each QD. Adapted from Gao et al. [5] with permission
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surface biomarkers (active targeting) (Fig. 1b) [8]. Figure 1c (bottom) shows no
tumor signals detected with QD-COOH (no specific targeting), and the only weak
signals were observed for QD-PEG (passive targeting); however, very intense
signals were detected for QD-PSMA (active targeting). These results indicate the
active tumor targeting is more efficient than passive targeting [5].

Since this groundbreaking work, there have been studies to show the surface-
modified QDs with a variety of biological targeting moieties (e.g., small molecule
[9], peptide [10, 11], aptamer [12]) allowed successful identification with high
resolutions for tumor cells in vivo. Further recent studies for QDs for optical imaging
have been particularly focused on improving the imaging sensitivity with use of
near-infrared (NIR)-emitting QDs or decreasing the toxicity by using Cd-free QDs.

QDs that emit in the near-infrared (NIR) region (700–900 nm) can minimize the
problems of endogenous fluorescence of tissues (autofluorescence) and increase
tissue penetration, which is particularly suitable for in vivo animal imaging
[14, 15]. In a pioneering study, Bawendi and coworkers first reported core/shell
(CdTe/CdSe) QDs with fluorescence emission at 840–860 nm while preserving the
absorption cross section (Fig. 2a, b) [13]. These NIR-emitting QDs were then
rendered soluble and stable in serum by polydentate phosphine coating and used
for to identify cancer cells in lymph nodes during surgery (sentinel lymph node
mapping). As shown in Fig. 2c, when these QDs (10 pmol) were intradermally
injected to the mouse, they entered the lymphatics and migrated within minutes to an
axillary sentinel lymph node (SLN) that could be detected using intraoperative NIR
fluorescence imaging system. Furthermore, even in a large animals (pigs), the
authors found NIR fluorescence from intradermally injected ODs (400 pmol) was
sensitive enough for imaging SLN 1 cm deep in real time and ensuring complete
resection of the SLN under optical image guidance (Fig. 2d) [13].

Second near-infrared (NIR-II) window is nearly biologically transparent due to its
much less optical scattering from endogenous molecules (e.g., hemoglobin, melanin,
lipids), and thus NIR-II imaging can afford deeper anatomical penetration at high
spatial resolution, compared to NIR-I imaging [17]. Hence, in 2010, the Dai group
has developed single-walled carbon nanotubes (SWCNTs) as sensitive NIR-II
fluorescent probes for whole-body imaging as well as real-time intravital small
vessel imaging. Here, SWCNTs were emitted in the NIR-II region
(1,000–1,400 nm) upon excitation by a 785 nm laser, with large Stokes shift up to
~400 nm (Fig. 3a) and thus allowed for high spatial (~30 mm) and temporal
(<200 ms per frame) resolution for small-vessel imaging at 1–3 mm deep in the
hind limb (Fig. 3b) [16]. Also, these NIR-II-emitting SWCNTs have permitted the
high through-skull fluorescence imaging of mouse cerebral vasculature to a depth of
>2 mm in mouse brain with sub-10-μm resolution [18]. However, the optical cross
section of SWCNT is a bit limited, and thus Ag2S QDs have been developed with 5.6
times higher photoluminescence quantum yield than SWCNT for emission in the
NIR-II region. These probes also have negligible cytotoxicity [19] and the potential
for deep tissue imaging (with theoretical penetration depth of 5 cm) [20]. Ag2S QDs
can be used to study angiogenesis mediated by a tiny tumor (2–3 mm in diameter)
[21]. More recently, Bawendi and coworkers introduced InAs-based, core/shell QDs
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Fig. 2 NIR-emitting QDs for sentinel lymph node (SLN) mapping in the mouse and pigs. (a) TEM
image of NIR QDs. (b) Molar extinction coefficient (solid curve) and photoluminescence intensity
(dashed curve) of NIR QDs. (c) Images of mouse intradermally injected with NIR QDs (10 pmol) to
the left paw; preinjection (autofluorescence), 5 min postinjection color video image, 5 min
postinjection NIR fluorescence image. The putative axillary sentinel lymph node (SLN) is indicated
by a white arrow. (d) Images of the surgical procedures in the pig intradermally injected with NIR
QDs (400 pmol) at different time points; preinjection (autofluorescence), 30 s postinjection, 4 min
postinjection, and during image-guided resection. Adapted from Kim et al. [13] with permission
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(e.g., InAs/CdSe or InAs/CdSe/ZnSe) leading to a dramatically higher quantum
yield (10 times to Ag2Se QDs) and size-tunable emission in NIR-II region. In this
study, they demonstrated that these QDs functionalized via three distinct surface
coatings (e.g., triglyceride-rich lipoproteins, phospholipid micelles, PEG2000 PE)
can allow for functional imaging to measure metabolic rates of lipoproteins in
several organs and heartbeat/breathing rates as well as to quantify the blood flow
of mouse brain vasculature [22].

Despite all of these photo-physical advantages of QDs, a substantial challenge for
conventional Cd-containing QDs is their inherent cytotoxicity [23]. For example,
CdSe QDs were found to induce cell death due to the liberated free Cd2+ from the
CdSe lattice. Therefore, many studies have been performed to develop Cd-free QDs
(e.g., InP, InAs, Ag) with comparable or even better performance than existing
Cd-containing QDs [24]. Surface passivation via an additional inorganic shell
(e.g., ZnS capping of CdSe QDs) is another way of reducing the oxidation-mediated
cytotoxicity of Cd-QDs; here, PL improvement also appears owing to the effective
passivation of surface non-radiative recombination of excitons [25]. Nevertheless,
besides the aforementioned composition controls, toxicity issues can be
circumvented by size control of QDs to make them renally clearable. In a pioneering
study using QDs as a model inorganic nanoparticle, Frangioni and coworkers
proposed the design considerations to reduce metal-induced toxicity [26]. In this
study, it was revealed that nanoparticles of hydrodynamic diameter <5.5 nm could
be efficiently excreted in urine via systemic intravenously injections.

3 Anti-Stokes Shift Luminescent Nanoparticles

Anti-Stokes shift luminescence is a special optical process of converting (low
energy) long wavelength of light to (higher-energy) short-wavelength radiation,
which can permit the deeper tissue penetration with minimal photo-bleaching

Fig. 3 In vivo mouse imaging in the NIR-II region. (a) The absorption spectrum of SWCNT-
IRDye-800 conjugates (black dashed line), the emission spectrum of IRDye-800 dye (NIR-I) (green
line), and SWCNTs (NIR-II) (red line). (b) NIR-I and NIR-II fluorescence images of a mouse
injected with the SWCNT-IRDye-800 conjugates. This led to clearer vasculature imaging in the
NIR-II region. Adapted from Hong et al. [16] with permission
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[27]. Among the various anti-Stokes optical processes, both multiphoton absorption
and upconversion mechanisms have been given much attention in recent years.

Transition metal-doped semiconductor nanoparticles can exhibit high
multiphoton light absorption. In particular, three-photon imaging can effectively
reduce the out-of-focus excitation and background autofluorescence; thus, in a recent
study by Hyeon and coworkers, manganese-doped ZnS QDs (ZnS:Mn QDs) were
developed to exhibit a large three-photon cross section (1.3 (�0.5) � 10�79 cm6 s2

photon�2) [29]. Interestingly, in this study, manganese doping redshifted the emis-
sion wavelength of ZnS QDs from 430 to 580 nm to attain more efficient light path
through tissue (Fig. 4a). Therefore, upon NIR excitation with a deep-penetrating
920 nm laser, three-photon optical imaging with ZnS:Mn QDs exhibited better
resolution compared to two-photon imaging with fluorescein isothiocyanate
(FITC) (Fig. 4b). This also allowed highly resolved imaging of tumor vasculatures
with an experimental penetration depth of ~3 mm [29]. These QDs also have a
large two-photon absorption cross section under irradiation of NIR-II light
(1,050–1,310 nm) and improved the penetration depth and imaging quality [30].

Lanthanide ion-doped nanoparticles are a new generation of luminescent probes
to achieve photon upconversion. Typical upconversion nanoparticles (UCNPs)
consist of Yb3+ ion as a sensitizer and Er3+ ion as an emitter to generate the visible
green emission upon excitation at 980 nm [33, 34]. Similar to ZnS:Mn QDs, NIR
light absorbing, UCNPs can allow the imaging of deeper tissue penetration than
conventional QDs (Fig. 5a) [31]. In addition, UCNPs can be used for multicolor
multiplexed imaging [32] because they can exhibit tunable emission (blue, green, to
red) by varying the lanthanide dopant ions (Fig. 5b) [35, 36]. The UCNPs offer
sequential photon absorption via real intermediate, long-lived, electronic states of
dopant ions, while the metal-doped semiconductors have multiphoton absorption
based on virtual intermediate states [37, 38]. Consequently, UCNPs do not need
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Jablonski diagram comparing one-, two-, and three-photon fluorescence of QDs. While the normal
fluorescence emission from ZnS QDs is near 430 nm, ZnS:Mn QDs redshifts the emission to
580 nm reducing tissue absorbance and scattering of emitted light. Adapted from Zagorovsky et al.
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were acquired from spectral unmixing of the tumor vasculature targeted by ZnS:Mn QDs-RGD-
FITC conjugates (bottom). Adapted from Yu et al. [29] with permission
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expensive high-power, femtosecond pulsed laser [39] and can be excited by
continuous-wave (CW) diode lasers operating at low power (1 W cm�2) [40] –
this can facilitate fast imaging using a wide-field microscopy. In summary, NIR
light-absorbing, real-time imaging UCNPs offer broad applications as real-time,
long-term tracker for cell imaging [41] as well as sensitive contrast agent with
high-contrast resolutions for whole-body optical imaging [42].

Fig. 5 (a) In vivo imaging of rat subcutaneously injected to abdominal skin with green-emitting
QDs (CdTe) under UV excitation (left) and green-emitting UCNPs of PEI/NaYF4:Yb,Er under NIR
excitation (right). Adapted from Chatterjee et al. [31] with permission. (b) Multicolor imaging of a
mouse using NIR-to-blue UCNPs of NaY0.78Yb0.2Tm0.02F4, NIR-to-green UCNPs of
NaY0.78Yb0.2Er0.02F4, and NIR-to-red UCNPs of NaY0.78Yb0.3Er0.01F4: three colors of UCNPs
were clearly differentiated after spectral unmixing. Adapted from Cheng et al. with permission [32]
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However, one limitation for the conventional Yb3+-doped UCNPs [42] is the
heating effect that is generated by water molecules under 980 nm laser excitation.
Therefore, in recent years, considerable effort has been made to control the excita-
tion wavelength because this is where water has lower absorption. In one study,
Andersson-Engels and coworkers utilized NaYbF4:Tm;Er and NaYbF4:Tm;Ho
nanoparticles under 915 nm excitation [43]. Nd3+ was introduced to the conventional
Yb3+-doped UCNPs as a new sensitizer to be excited at 800 nm [44]. These
nanoparticles showed a larger absorption cross section and deeper image penetration
depth than those with 980 nm excitation. It is also very desirable to construct UCNPs
with both excitation and emission in the NIR range (NIRin-NIRout UCNPs) to further
improve the imaging contrast. Therefore, Prasad and coworkers reported core/shell
(α-NaYbF4:Tm3+)/CaF2 nanoparticles with excitation at �980 nm and PL emission
at 800 nm. In this study, the authors found that these nanoparticles allowed tenfold
higher signal-to-background ratio (SBR) than previously reported UCNPs for
in vivo imaging enabling deep-penetration imaging through 3.2 cm pork tissue [45].

4 Carbon Dots, Porous Silicon Nanoparticles, and Au
Nanoclusters

Quantum-sized carbon- and silicon-based optical imaging probes have recently been
developed as benign alternatives to conventional semiconductor QDs. Although
these nanomaterials lack a classical bandgap structures of QDs, they can achieve
fluorescence emission from the surface passivation-created defects (surface energy
traps [46]). Here, surface passivation stabilize the surface defects and facilitate more
effective radiative recombination of surface-confined excitons [47, 48].

In a pioneering study, Sun et al. [49] prepared 5 nm carbon dots (C-Dots) via laser
ablation of graphite powder and cement. The surface of the C-Dots was then
effectively passivated with organic moieties (diamine-terminated oligomeric PEG;
PEG1500N) resulting in strong photoluminescence with no blinking as well as
tunable emissions from visible to NIR under the argon ion laser excitation
(458 nm) [49]. They also found that these C-Dots capped with poly-
(propionylethylenimine-co-ethylenimine) (PEI-EI) were two-photon active with
pulsed laser excitation in the NIR region (800 nm). The two-photon absorption
cross sections of the C-Dots were comparable with the best-performing semicon-
ductor QDs. Next, upon incubation to the human breast cancer cells, the authors
demonstrated the potential of C-Dots for cell imaging with two-photon luminescence
microscopy [50]. Indeed, recent studies have included the careful selection of carbon
source as well as surface modifier for C-dots with enhanced photoluminescence [51]
resulting in C-Dots with a quantum yield 2–2.5-fold that of CdSe/ZnS QDs
[52, 53]. In particular, C-dots can offer significant advantages in terms of potential
translatability and applicability because they exhibit very low toxicity and great
availability in scale-up production through various inexpensive renewable resources
[54–56].
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Quantum-sized, porous silicon nanoparticles prepared by electrochemical etching
of silicon wafer have subsequent luminescence arising in the 600–1,000 nm range
from a combination of a quantum confinement effect and surface defect localized at
the Si-SiO2 interface [59]. Porous silicon has become one of the most powerful
nanomaterials for optical in vivo imaging with respect to its adaptability, biodegrad-
ability, and capability for background-free imaging. Porous silicon nanoparticles are
highly adaptable to load large volumes of various drugs (e.g., small molecules,
nucleic acid, protein drugs) or additional imaging agents (e.g., Gd complex, mag-
netic particles) within their size-tunable pores [60]. Porous silicon nanoparticles can
biodegrade into benign orthosilicic acid (Si(OH)4; the element silicon itself is an
endogenous substance (Fig. 6a) followed by excretion as urine [57]. The intrave-
nously administered porous silicon nanoparticles were completely degraded in
4 weeks without any measurable in vivo toxicity over 1–12 months (Fig. 6b, c). In
addition, porous silicon nanoparticles enable autofluorescence-free and time-gated
fluorescence (TGF) imaging of tissue in vivo because they can provide the unusual
long emission lifetime (5–13 ms) compared to nanosecond lifetimes of typical
fluorescent organic molecules or QDs [58]. Thus, in time-gated fluorescence
(TGF) imaging (images are captured at a delayed time after excitation), the signal
could be effectively eliminated from the shorter-lived emission signals.

Figure 6d shows a nude mouse injected subcutaneously with PEGylated lumi-
nescent porous silicon nanoparticles (PEG-LPSiNPs). Here, the TGF imaging
revealed intensive signals in the PEG-LPSiNP injection (T1) with negligible signals
from the Cy3.5 injection (T2) or from the background tissue autofluorescence (T3).
The fluorescent signals appeared in all three spots under the continuous-wave
(CW) imaging (steady-state conditions; no time gating). Therefore, as an alternative
to cytotoxic QDs, there has been much progress in the use of porous silicon
nanoparticles for multimodal bio-imaging [61] and targeted therapy [62]. However,
considerable future research still remains to overcome the limitations of luminescent
porous silicon nanoparticles such as low quantum yield and difficulty in size-
controlled mass production.

Gold nanoparticles (10–100 nm in size) are an efficient light scattering and
absorbing center known to generate visible luminescence and heat upon excitation
at λSPR based on its surface resonant oscillation of electrons [63]. In contrast, gold
nanoclusters (AuNCs) consisting of several tens of atoms (<2 nm in size) have
molecular-like, discrete electronic states due to the spatial confinement of free
electrons [64]. Therefore, gold nanoclusters can feature all unique optical properties
that semiconductor QDs have. In the past decade, there have been many investiga-
tions of synthetic methods for fine control of the number of gold atoms in a cluster.

Generally, gold nanoclusters (AuNCs) are synthesized by the chemical reduction
of gold precursors in the presence of strong stabilizer. Owing to a strong affinity of
thiols to the Au surface, thiol-containing small molecules (e.g., glutathione [66, 67],
dodecanethiol [68]) have been extensively used as a stabilizing template for gold
clusters [69]. As a simple, green synthetic route, macromolecules (e.g., protein [70],
DNA [71], dendrimer [64]) have also been also employed as a surface template to
direct the formation of Au clusters with a substantial quantum yield (e.g., bovine
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serum albumin (BSA)-protected Au25: �6% QY). In particular, Jin and coworkers
reported that surface ligands with many electron-rich atoms (e.g., N, O) or groups
(e.g., –COOH, NH2) can promote the fluorescence of gold clusters either by charge
transfer through the Au-S bonds or by direct donation of delocalized electrons to the
metal core [72].

Besides the aforementioned route (“Au atoms to Au clusters”), there is alternative
route to prepare gold nanoclusters by etching the surface atoms of gold nanoparticles
by appropriate ligands. For example, gold nanoclusters capped with dihydrolipoic
acid (AuNC@DHLA) with a quantum yield of around 1–3% were synthesized.
Upon etching and ligand exchanging with DHLA, the original gold nanoparticles
stabilized with didodecyldimethylammonium bromide (AuNP@DDAB) (~5.6 nm)
becoming smaller. These water-soluble gold clusters (<2 nm) have red
photoluminescence under UV excitation (Fig. 7) [65]. As for the etchant, hyper-
branched polymers were also applied to induce the gold nanoclusters with a quantum
yield of 10–20% [73].

The photoluminescence quantum yield of gold clusters is still lower than the
organic fluorophore or QDs. However, they are ultra-small and exceptionally bio-
compatible nanoparticles with reduced photo-blinking behavior. Therefore, in a
recent study by Hung-I Yeh and coworkers, gold nanoclusters have been exploited
as a fluorescent biomarker for live cell tracking in vivo using hind-limb ischemic
mice. Here, the Au clusters showed nonspecific incorporation into living endothelial
progenitor cells (EPC) with no acute cytotoxicity. Thus, after intramuscular injection
of Au-labelled human EPC, the cells preserved angiogenic potentials and exhibited
detectable fluorescent signals for up to 21 days [74].

In another example to demonstrate utility in the early diagnosis for cancers, mice
with MDA-MB-45 and HeLa tumor xenografts were treated with ultra-small
NIR-emitting Au nanoclusters (BSA-capped gold cluster). These clusters accumu-
lated in the tumors and showed tumor-to-background signals of ~15 for 6 h
postinjection [75]. Most importantly, gold nanocluster can also have good clearance
after administration through the kidneys due to its renal cutoff size (<5.5 nm) (this is
below the kidney filtration threshold (7–8 nm). Zheng et al. recently demonstrated
renal-clearable, NIR-emitting, gold nanoclusters (zwitterionic thiolated gold clus-
ters) enabling the real-time fluorescence visualization of kidney clearance kinetics
with a 50-fold increase of contrast to conventional organic dyes. This is a useful and
sensitive tool for early staging of kidney dysfunctions [76].

5 Nano-diamond and Persistent Luminescent Nanoparticles

Nano-diamonds (ND) mainly consist of sp3 carbon and are optically transparent,
biologically inert, and chemically modifiable. When these materials are irradiated by
high-energy ion beam, followed by thermal annealing, they can be immobilized with
a high concentration of point defects (e.g., nitrogen-vacancy (NV�) complexes) in
the sp3 carbon lattice (Fig. 8a) [77]. These point defects can form a photoluminescent
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center to produce a broad light absorption at 550 nm and emission at 700 nm. There
are many unique optical properties that are not shown in conventional florescence
dyes. This fluorescent nanoparticle is exceptionally photostable with no photo-
bleaching under continuous high intensity of light excitation [78, 79]. The fluores-
cence lifetime is much longer (five- to sevenfold) than that of biological tissue,
which can facilitate background, autofluorescence-free imaging (Fig. 8b)
[80]. Therefore, nano-diamonds have been extensively exploited as cellular bio-
markers for long-term in vitro and in vivo imaging applications [81].

Nano-diamonds can be used with super-resolution microscopy to track single
molecules or image subcellular structures on the nanometer scale. In a pioneering
study, stimulated emission depletion (STED) microscopy was used to overcome the
diffraction limit of light: Chang et al. showed that single fluorescent nano-diamond
(30 nm BSA coated nano-diamonds) can be distinguished in cells with a
sub-diffraction spatial resolution of approximately 40 nm [83]. Typical confocal

Fig. 7 Strategy to synthesize water-soluble fluorescent Au nanoclusters (AuNC) via ligand-
assisted etching of gold nanoparticles (AuNP). (a, b) Gold nanoparticles stabilized with
didodecyldimethylammonium bromide (AuNP@DDAB) (5.6 nm) are etched by the addition of
Au precursors (HAuCl4 or AuCl3) to smaller nanoclusters (AuNC@DDAB) (3.2 nm). They become
water-soluble upon ligand exchange with dihydrolipoic acid (DHLA). (c, d) Only the
AuNC@DHLA solution (<2 nm) shows the red photoluminescence under UV excitation. Adapted
from Lin et al. [65] with permission
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microscopy cannot resolve whether the particles are internalized or well-dispersed/
aggregated due to the diffraction-limited image resolutions; however, STED micros-
copy images successfully identified the individual nano-diamond in the cytoplasm
(Fig. 8c). This not only identifies the cellular process, but the nano-diamonds
(ND) can also provide further information on cellular function in disease diagnostics.

For example, a ND-based tracking assay was recently developed to observe
intraneuronal transport abnormalities with a spatial resolution of 12 nm and a
temporal resolution of 50 ms. [84] Figure 8d shows that when NDs were internalized
to primary hippocampal neuron cells, they could be tracked in real time using
pseudo-total internal reflection fluorescence video microscopy (pseudo-TIRF).
Here, the overlay images (BF and FL) can display the precise localization of ND
overall trajectories and movement throughout the microtubules. Therefore, using the
primary hippocampal neurons treated with amyloid-β1–42 peptide, the authors suc-
cessfully found the decreased transport velocities of ND – this indicates abnormal
intraneuronal transport in Alzheimer’s disease.

In addition, exceptionally biocompatible and photostable, fluorescent nano-
diamonds (NDs) can allow the monitoring of the long-term fate of stem cells
in vivo. In a recent study, Wu et al. delivered ND-labelled lung stem cells (LSCs)
by intravenous injection and observed their engraftment and regenerative capabili-
ties with single-cell resolution through time-gated fluorescence (TGF) imaging and
immunostaining [85]. Here, the authors first demonstrated that fluorescent nano-
diamond labelling did not impair the lung stem cells’ self-renewal and differentiation
into type I and type II pneumocytes. Since the regenerative capacity of LSCs could
be activated after tissue injury, using naphthalene-injured mice, they found that the
transplanted LSCs migrated and integrated into bronchiolar epithelium of the murine
lungs to successfully regenerate the damaged epithelial linings (Fig. 8e, f). However,
this still required a sufficiently large number of photoluminescent nitrogen-vacancy
(NV) centers to increase the optical cross sections for fluorescent nano-diamonds.
Unfortunately, the use of nano-diamonds is still limited in multiplexed imaging.

Persistent luminescent nanoparticles store energy by pre-charging with UV
excitations and gradually releasing the photon energies. The emission is steady for
several hours or days with no additional input of energies. Therefore, there is no need
for external continuous excitation – this approach can lead to sensitive imaging
without background autofluorescence [86]. Scherman and coworkers prepared sili-
cate crystals doped with Eu2+, Dy3+, and Mn2+ ions via a sol-gel process followed by
successive high temperature calcination. These nanoparticles possess energy traps
where the excited lights can be non-radiatively captured to induce persistent lumi-
nescence. They found that these particles can successfully emit light at 700 nm with
a long-lasting luminescence for more than 1 h upon excitation ex vivo by UV light
(6 W UV lamp,<5 min). The authors have also shown that when such particles were
pre-excited and implanted to BALB/c mice, the sensitive fluorescent signals could
be easily detected in real time using a photon counting system [87]. However, these
probes could only be excited ex vivo by UV lights, which prevent long-term imaging
in vivo.
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One possible strategy is to develop a new class of nanoparticles whose persistent
luminescence can be renewable in vivo through living tissues. In 2014, Scherman
and coworkers synthesized 80 nm Cr3+-doped zinc gallium oxide (ZGO)
nanoparticles and observed whether the persistent luminescence can be activated
in situ whenever required with no time limit [88]. The particles have several
excitation peaks with one within the tissue transparency window (rectangle with
hatching) (Fig. 9a) resulting in a NIR ¼ persistent luminescence by a low-powered,
orange/red light-emitting diode (LED) illumination (Fig. 9b). Simple illumination
through living tissues with visible light was sufficient to activate persistent lumines-
cence of ZGO-OH nanoparticles – intense signals were shown from the reticuloen-
dothelial system (RES) organs (e.g., liver) within the deep tissues (Fig. 9c). As for
the applications, the authors assessed the ability of as-prepared nanoparticles for
in vivo imaging for vasculature imaging, tumor detection, and longitudinal cell
tracking in a mouse model. With additional surface coating (amino, carboxy, or
PEG), these nanoparticles become very colloidal stable and long circulating after
intravenous injections; therefore, they successfully showed these persistent lumines-
cent nanoparticles could be used to image the tumors via passive targeting (PEG
coating) (Fig. 9d). Furthermore, the amino-coated probes could label macrophage
cells for visualization in vivo (Fig. 9e). Additionally, the pathway of nanoparticles
could be detected in the gastrointestinal tract after oral administration.

6 Dye-Doped Inorganic Nanoparticles (Calcium Phosphate,
Silica)

Biologically resorbable and optically transparent inorganic materials (e.g., calcium
phosphate, silica) can encapsulate dyes into their well-defined, large-surfaced,
nanoporous structures and are an effective way of enhancing the photostability of
organic fluorophores. These dye-doped nanoparticles can minimize their fluores-
cence quenching or enzymatic degradation. However, to achieve high sensitivity and
specificity of the fluorescence signals, it is critically important to select appropriate
dye molecules and increase the loading capacity with no change in particle size and
morphology.

Calcium phosphate is found in endogenous biominerals including bone and teeth.
It can easily form colloidally stable nanoparticles by reverse microemulsion synthe-
sis [90]. In the first such study, Adir et al. successfully synthesized and investigated
the potentials of NIR-emitting calcium phosphate nanoparticles (CPNPs) by
entrapping indocyanine green (ICG) [91]. In this study, they prepared the well-
dispersed, ICG dye-doped CPNP (ICG-CPNP) (Fig. 10a), and found that the
photostability is 500% longer relative to the free dye (Fig. 10b). PEGylated
ICG dye-doped CPNPs exhibited much longer blood circulation than free ICG
(free ICG in physiological environments experience the rapid aggregation
and clearance from the body) and passively accumulated to xenografted breast
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adenocarcinoma – the fluorescence signals lasted >96 h post-systemic injection
(Fig. 10c) [89]. In the next study, they further modified these nanoparticles with
active targeting moieties of human holotransferrin, anti-CD71 antibody, and short
gastrin peptides. They validated the systemic in vivo targeting to breast and pancre-
atic cancer lesions, respectively [92].

Elemental silicon itself is an endogenous substance, and it has been used exten-
sively to fabricate (porous) silica nanostructures with a well-defined size and mor-
phology via simple sol-gel synthesis [61]. Fluorescent dye molecules can be
physically entrapped into the porous nano-channels of silica matrix [93]. The fluo-
rescence remained unquenched up to very high concentrations of dye molecules. In
2011, Igor Sokolov and coworkers described small silica particles (ranging from
20 to 50 nm) with a high dye loading capacity (0.8–9.3 mg rhodamin6G (R6G dye)
per g particles) using several organotriethoxysilanes (MTMS, ETES, or PTES) for
the co-precursors of silica. They found the relative brightness from the fluorescent
dye-doped silica particles has 30–770 times a QY that is higher than non-dimerized
R6G dye molecules and 1.5–39 times of CdSe/ZnS QDs [94]. Importantly, some
fluorescent silica nanoparticles (e.g., Cornell dots; core-shell type of dye-rich core
surrounded by denser silica network [95]) have exceptional biocompatibility and
were approved for the first human clinical trials for cancer diagnosis [96]. These 6–7-
nm-sized Cornell dots (containing the dye, Cy5) attached with cyclic arginine-
glycine-aspartic acid (cRGDY) peptides that target integrin αvβ3 and 124I radiotracer
for positron emission tomography (PET) imaging have been administered to five
patients with metastatic melanoma [97]. Their favorable PK/biodistribution profiles
and safety assessment showed the potential for clinical translation of these cancer-
targeted, renally excreted inorganic nanoparticles. In addition to the visible light
dyes (R6G, Cy5, FITC), NIR-emitting ICG dyes have also been encapsulated to the
nanostructures of dense silica [98], mesoporous silica [99, 100], and porous silicon
[101] and successfully utilized as for NIR optical imaging as well as for
photoacoustic imaging in recent years.

7 Conclusion

Innovative nanotechnology has enabled the development of several new inorganic
fluorescent nanomaterials to realize sensitive, high-resolution, optical imaging. QDs
have been extensively investigated to overcome the limitations of organic fluores-
cent dyes with its superior photo-physical properties such as size-tunable
photoluminescence, narrow emission, and low photo-bleaching. Chemical modifi-
cations with additional organic layers (e.g., PEG, targeting ligands) on QD surfaces
can improve the blood circulation and diffusion of QD for sentinel lymph node
(SLN) mapping, vasculature imaging, or more complex targeted imaging of tumor
cells in vivo. Subsequently, further research has focused more on NIR-emitting QDs
(NIR-I or NIR-II) (e.g., core/shell CdSe/CdTe QDs, Ag2S QDs) to improve the
imaging sensitivity of the conventional, visible luminescent QDs.
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Based on the anti-Stokes shift luminescence mechanism and NIR light absorp-
tion, transition metal-doped semiconductor nanoparticles and lanthanide ion-doped
nanoparticles (upconversion nanoparticles) offer high-resolution whole-body imag-
ing with deep tissue penetrations (up to several ~cm). Interestingly, persistent
luminescent nanoparticles were found to be excited (either by ex vivo or in situ)
with no input energy during in vivo imaging resulting in minimal tissue
autofluorescence. Nano-diamonds can also facilitate background-free imaging by
time gating due to the longer emission lifetime than that of biological tissue.
Additionally, some optically transparent inorganic nanomaterials (e.g., calcium
phosphate, silica) have been used as a host matrix to encapsulate organic
fluorophores to improve their physiological stability for longer in vivo imaging
despite the fact they do not possess the intrinsic luminescence.

However, despite all of these considerable advances in inorganic fluorescent
nanomaterials, there are still several challenging issues that need to be resolved.
The unique optical properties of inorganic nanomaterials are generally dependent on
their size, shape, and compositions, and thus large-scale synthesis is needed to
maintain the uniformity of the nanoparticles between batches. In addition, due to
the metal-induced toxicity, the potential safety issues of inorganic nanoparticles
should be addressed for further clinical trials. An effective strategy is to make
nanomaterials biodegradable into nontoxic byproducts (e.g., porous silicon
nanoparticles) or nanomaterials that are solely composed of benign elements (e.g.,
silicon, silver, gold, calcium phosphate, carbon analogue) to exert less systemic
toxicities. Renal clearance through urine can minimize the exposure of body to
nanomaterials; likewise Au nanoclusters (<2 nm) or QDs with renal cutoff size
(<5.5 nm) were found to be easily filtered by the kidneys. However, these changes
can lead to trade-offs for the intended applications, and it is critical to tailor
nanomaterials to balance between safety concerns, scale-up synthesis, and sensitiv-
ity/resolution that needs to fulfill the specific medical goal.
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Abstract In vivo fluorescence imaging in second near-infrared biological window
(NIR-II) is an emerging imaging technique in both fundamental research and clinical
application. NIR-II fluorescence affords high-resolution images with increasing
penetration depths due to the reduced scattering, minimal absorption, and negligible
autofluorescence. In this chapter, we review the recent 10-year progress made on
NIR-II fluorescence imaging in 1,000–1,700 nm NIR-II windows by summarizing
an increasingly advanced NIR-II fluorophores including organic dyes and inorganic
nanoparticles, with tunable emission wavelengths. The NIR-II fluorescence emission
mechanism and the strategy for synthesis of high quantum yield with more biocom-
patible and higher photostability NIR-II fluorophores will be highlighted. In addi-
tion, we provide our perspective on the current development and bright future
direction of NIR-II fluorophores development in frontier fields.

Keywords Quantum dots, Rare-earth-doped nanoparticles, Second near-infrared
window, Single-walled carbon nanotubes, Small-molecule dye

1 Introduction

Noninvasive imaging is being used for many preclinical or clinical purposes from
disease diagnosis to the visualization drug targeting [1–3]. Fluorescence imaging is a
fast-growing noninvasive imaging technique that has been well-established for
identification and diagnosis of lesion in real time at a relatively higher signal-to-
noise ratio and relatively higher spatial and temporal resolution [4, 5]. In vivo
fluorescence imaging requires an excitation light source, an emission light detector
to generate a visual representation of the imaged object on the basis of the spatio-
temporal distribution of fluorescent probes. It is well-known that scattering,
autofluorescence, and penetration depth are the major factors that cause attenuation
of fluorescence signal proportional to the depth of biological tissue. Briefly, with the
increasing propagation distance, photons will be attenuated by the effects of scat-
tering and absorption, resulting in a reduction in image quality. Absorption of light
in tissue media can occur by biomolecules, such as collagen and elastin, lipids,
hemoglobin, or water in tissue media, while scattering can be caused by cells or
intracellular matrix. Water greatly affects image quality and penetration depth due to
strong absorption peaks from vibrational modes at �900 nm, �1,200 nm, and
�1,400 nm. In the visible window (400–700 nm) and the first near-infrared (NIR)
window (NIR-I, 700–900 nm), image quality is reduced due to strong absorption
peaks from lipids and from hemoglobin and deoxyhemoglobin and is blurred due to
the molecular process of Rayleigh–Mie scattering (Fig. 1a). Compared with visible
imaging and the NIR-I imaging, the second NIR biological window (NIR-II,
1,000–1,700 nm) provides considerable advantages due to the reduced photon
scattering, lower absorption, and minimal autofluorescence (Fig. 1b–d) [6]. Gener-
ally, the sub-windows such as the NIR-IIa (1,300–1,400 nm) and the NIR-IIb
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(1,500–1,700 nm) are defined in NIR-II biological window. The 1,400–1,500 nm
window is typically avoided because of the strong water absorption in this range
(Fig. 1a, c). In the past 10 years, a series of NIR-II fluorophores, including organic
dyes, such as small-molecule dyes (SMDs) [8–13], small-molecule dye complexes
(SMDCs) [14, 15], and small-molecule dyes based organic nanoparticles (SMDNPs)
[16–18], and inorganic nanomaterials, such as quantum dots (QDs) [19–22], rare-
earth-doped nanoparticles (RENPs) [23–26], and single-walled carbon nanotubes
(SWCNTs) [27–33], have been developed with precisely controlled structures and
reliable near-infrared emission in NIR-II window.

NIR-II provides relatively high spatiotemporal resolution imaging in deep tissue
and can be used to visualize many dynamic processes in real time, such as cancer
metastasis, cell trafficking, cellular events in immune reactions, etc. On the other
hand, some of NIR-II fluorophores are multifunctional with more than one clinical
purpose. Multimodal imaging and theragnosis and the integration of diagnosis and
therapy represent challenging fields where the multifunctionality of NIR-II
fluorophores are highly needed and remarkably applied. As a newly rising but

Fig. 1 Motivation for NIR-II imaging: (a) The absorption spectrum of water from visible to near-
infrared region. (b) Reduced scattering coefficients of different biological tissues in the
400–1,700 nm region. (c) The spectrum of the total attenuation coefficient. (d) The autofluorescence
spectra of ex vivo mouse liver (black), spleen (red), and heart tissue (blue) under 808 nm excitation
light. (a, b, d) Reprinted (adapted) with permission from Ref. [6], Copyright 2017, Nature
Publishing Group. (c) Reprinted (adapted) with permission from Ref. [7] Copyright 2014, SPIE
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quickly growing optical imaging technique, NIR-II imaging demonstrates high
promise to diagnose diseases, monitor disease development, and guide surgery and
so on.

In this chapter, firstly we will briefly introduce the mechanism of NIR-II fluores-
cence emission. Secondly, we will summarize the synthesis method, including the
chemical methods for synthesis donor–acceptor (D–A) structures and the lumines-
cence characteristics, size, morphology, and surface characteristics of bright-
emission NIR-II fluorophores. Thirdly, the use of emerging NIR-II fluorophores
applications in single NIR-II imaging, multimodal imaging, and theragnosis will be
highlighted. The future perspective and new challenges of NIR-II fluorophores are
discussed in the final section of this chapter.

2 Organic Dyes

Organic dyes have been used to detect and visualize structures and processes in
biological samples. Today, many of the favored NIR-II organic dyes have a fluores-
cent component that can be detected with extraordinary sensitivity and selectivity.
To date, several types of organic NIR-II fluorophores with excellent emission
performance are synthesized, such as SMDs, SMDCs, and SMDNPs. SMD NIR-II
fluorophore is first reported in 2015, named CH1055 [8]. Most of the SMDs are
hydrophobic and need to be encapsulated into surfactant (e.g., PEG, liposome) or
conjugated with protein to form NIR-II SMD complexes or SMD nanoparticles,
named as SMDCs and SMDNPs, respectively. They have different degrees of
brightness in the NIR-II emission and rapid excretion, and they can be manufactured
under current good manufacturing practice (cGMP) condition. Because of these
advantage factors, they are highly attractive and promising NIR-II fluorophores for
future clinical applications.

2.1 Mechanism of NIR-II Emission

Briefly, fluorescence occurs when an orbital electron of a molecule, or atom, relaxes
to its ground state after emitting a photon from an excited singlet state. The
fluorescence process can be summarized as follows: first, excitation of a fluorophore
through the absorption of light energy; second, a transient excited lifetime with some
loss of energy; and third, return of the fluorophore to its ground state, accompanied
by the emission of light. Generally, due to the energy loss during the transient
excited lifetime, the light emitted is always of a longer wavelength than the light
energy absorbed. Taking the SMD CH1055 as an example, it is composed of
conjugated aromatic units, with a donor–acceptor–donor (D–A–D) structure and a
benzobisthiadiazole core. The energy gap can be reduced through π-spacers by
attaching of strong electron donors. The spatial configuration of strong electron-
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donating groups flanking a central electron acceptor shrinks the energy gap separat-
ing the hybridized highest occupied molecular orbital (HOMO)/lowest unoccupied
molecular orbital (LUMO) levels and shifts the fluorescence emission into the
NIR-II window (λ � 1,000 nm or ΔE � 1.24 eV) under the laser excitation as
shown in Fig. 2.

2.2 Synthesis Strategy

The representative SMDs NIR-II dye, CH1055 is synthesized with high yield from
the structure 4,40-(phenylazanediyl)dibenzaldehyde and benzobisthiadiazole core.
Several classic reactions are used to assemble the core structure of the target included
a Suzuki cross-coupling reaction, iron reduction and N-thionylaniline induced ring
closure. To achieve an aqueous soluble compound, four carboxylic acid groups are
introduced into a donor–acceptor–donor (D–A–D) type. In addition, to allow facile
conjugation to targeting ligands, a protection/deprotection sequence are induced. To
further increase solubility, the carboxylic acid groups of CH1055 are PEGylated
through EDC/NHS chemistry. To enhance the quantum yield of CH1055, the
carboxylic acid groups are replaced by sulfonic acid group, named CH-4T. After
supramolecular assemblies with plasma proteins, the fluorescence intensity is
increased by 50-fold. Heating is also a significant strategy to improve the quantum
yields. By heating the CH-4T in the FBS, the quantum yield is improved two times
up to 11% [10]. Other method, such as high-efficiency click chemistry to specific
molecular antibodies provide a new way to form molecular-specific SMDs NIR-II
probes [14]. Moreover, SMDs based NIR-II fluorophores are rare up to date,
thiophene moiety can facilitate an intramolecular charge transfer, resulting in a

Fig. 2 The general photophysical pathways for NIR-II organic dyes in solution and the general
mechanism of NIR-II fluorescence emission
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further bathochromic shift. So, the donor structure thiophene expand the SMDs
NIR-II fluorophores category (e.g. Q1, Q2, Q3 and Q4) [11]. These synthesis
strategies open a quick route for translation of NIR-II imaging technique into clinical
applications.

2.3 Application In Vivo

As a Food and Drug Administration (FDA)-approved dye, the indocyanine green
(ICG) has been widely used in NIR-I window for a long period time. Recent study
exhibits unprecedented imaging opportunities of ICG in NIR-II window with higher
resolution than that in NIR-I window, including contact-free monitoring of vital
signs, generation of microvasculature blood flowmaps, real-time metabolic imaging,
and molecularly targeted imaging. For example, in 2017, small-molecule dye ICG
for the first time was reported with the enhanced the NIR-II fluorescent brightness
(tail up to 1,150 nm) via assemblies with FBS [9, 10]. Moreover, Starosolski et al.
demonstrate that ICG display a significant enhanced NIR-II (1,000–1,250 nm)
emission in plasma and low polar solvents such as ethanol. In vivo imaging results
have demonstrated that the signal-to-noise ratio values of ICG in the NIR-II window
are two times than that of in the NIR-I window [34]. So, ICG has a very good
prospect to image in clinical in NIR-II window and get the approval from FDA in the
near future. CH1055-PEG has an emission peak at 1,055 nm and with a tail
extending emission into the NIR-IIa region (1,300–1,400 nm). Compared with
ICG for NIR-I imaging, not only it enables detection of tumors in the brain at depths
up to 4 mm with a noninvasive through-skull technique [8] but offers higher
resolution in diagnosis sentinel lymph nodes (SLN) for surgical resection in real
time. Tumor-specific-targeting NIR-II fluorescent probe can also be obtained by
conjugating CH1055 with an anti-epidermal growth factor receptor (EGFR) affibody
molecule. The affibody-conjugated CH1055 allows accurate image-guided tumor
removal surgery due to the specifically targeting xenograft human squamous cell
carcinoma tumors. Importantly, pharmacokinetic studies of CH1055-PEG demon-
strate rapid urinary 90% excretion via the kidneys in 24 h. Moreover, NIR-II window
molecular imaging gives a fivefold higher tumor-to-normal tissue ratio than that in
the NIR-I window, as shown in Fig. 3.

In another novel work, Feng et al. conjugate CH1055 to follicle-stimulating
hormone (FSH) to specifically image ovaries in live mice [15]. They are also able
to detect specific FSH receptor in bones. According to the expression of FSH
receptors, it could resolve earlier controversies in osteoclasts (see Fig. 4a–c). By
replacing the carboxylic acid groups of CH1055 with more negatively charged
sulfonic acid groups and using supramolecular assemblies with serum proteins,
Antaris et al. synthesize a water-soluble SMDC NIR-II dye in FBS (CH-4T-FBS).
This novel NIR-II complex fluorophores show a 110-fold fluorescence enhancement
and a fast video-rate imaging at a 50 frames per second and benefit a lot in NIR-II
window for imaging deep anatomical features (Fig. 4d–f) [10].
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Recently, SXH and SDH NIR-II SMDPs are synthesized for integrin αVβ3-
targeted glioma imaging, which not only enable to delineate tumors from surround-
ing normal tissue but in image-guided surgery [17]. CQS1000 is a multifunctional
NIR-II probe by encapsulating CH1055 into phospholipid vesicles (Fig. 5a–c)
[16]. CQS1000 can visualize and monitor many physiological and pathological
conditions of circulatory systems in noninvasive and dynamical, including drainage
and routing lymphatic, tumor angiogenesis and vascular diseases. In sentinel lymph
node mapping, CQS1000 offers particular promise in guidance surgery. In addition,
by distinguishing the blood supply and lymphatic drainage, this new NIR-II
fluorophore allowed precise resection of tumors, which may lead to better survival
and reduced relapse rates. Using click chemistry, a novel water-soluble NIR-II
SMDC, IR-FGP, is synthesized recently by Zhu et al. [14] IR-FGP not only obtains
a bright NIR-II emission by tuning a D–A–D architecture systematically but also
offers many targeting channels. In addition, this IR-FGP NIR-II SMDC nanoprobe
allows 3D tomographic imaging in deep tissue and reduces the autofluorescence
(Fig. 5d–f). Moreover, this facilitated 3D imaging brain tissue sections demonstrate
multicolor molecular imaging across both the NIR-I and NIR-II windows
(800–1,700 nm).

Nanoprecipitation method has been used to synthesize donor–acceptor
chromophore-based nanoparticle (DAP) by encapsulating the NIR-II chromophore
CH1000 molecules within amphiphilic phospholipids [35]. To enhance tumor-
targeting efficiency, the EGFR affibody is conjugated with DAP successfully. This
affibody–DAP organic nanoprobe demonstrates capability to selectively target
EGFR-positive tumors in an FTC-133 subcutaneous mouse model with enormous
enhanced PAI and NIR-II fluorescence contrast in both in vitro and in vivo (Fig. 6a–
e). In a novel PET/NIR-II dual-modal imaging platform, 68Ga-SCH2 is developed
using base-catalyzed, highly efficient, and selective assembly method recently
[13]. This small-molecule-based PET/NIR-II probe can be successfully used for
αVβ3-targeted tumor imaging. The excellent NIR-II and PET dual-modal imaging
properties such as high signal to background ratio and specificity lead to tumor-free
resection in the small animal models. These inspiring results show high potential for
tumor surgery and translational clinical.

Very recently, a small-molecule NIR-II fluorophore FD-1080 with both excita-
tion and emission in the NIR-II region has been successfully synthesized for in vivo
imaging. In this novel structure, a heptamethine structure is designed to shift the
absorption and emission into NIR-II region. Sulphonic and cyclohexene groups are
introduced to enhance its water solubility and stability. The quantum yield of
FD-1080 can be increased from 0.31 to 5.94% after combining with FBS. Signifi-
cantly, 1,064 nm NIR-II excitation was demonstrated with the high tissue penetra-
tion depth and superior imaging resolution compared to previously reported NIR
excitation from 650 to 980 nm. FD-1080 not only is capable of realizing noninvasive
high-resolution deep-tissue hindlimb vasculature and brain vessel bioimaging but
also quantifies the respiratory rate based on the dynamic imaging of respiratory
craniocaudal motion of the liver for the awake and anaesthetized mouse [36] (Fig. 7).
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Recently, it is attracted to design polymers to synthesize lower bandgap energy
probes in the NIR-II regions by D–A alternating copolymerization method. For
example, Hong et al. have reported a method for synthesizing polymer nanoparticles
(pDA) emitting in the NIR-II region peak at 1,050 nm with a quantum yield of up to
1.7%, which is much higher than SWCNTs (~0.4%) used previously [37]. In
bio-application field, this novel NIR-II fluorophore enables the imaging of dynamic
changes in blood flow at a frame rate of over 25 frames per second, which extends
the limits of temporal resolution to a previously unattainable level. However, one
drawback of this NIR-II probe is the low photostability that photodegradation upon
excitation at 808 nm for 1 h results in a decline in NIR-II fluorescence intensity of up
to 20%. In another novel research work, a highly photostable polymer nanoparticle,
namely, PDFT1032, was reported by Dr. Cheng [38]. PDFT1032 was synthesized
from the highly planar electron acceptor diketopyrrolopyrrole (DPP), which is able
to couple with many electron donors easily, and the bandgap can be tuned to obtain
the expected NIR-II emission. PDFT1032 demonstrates excellent performance in
NIR-II image-guided tumor surgery and embolization therapy at the high spatial
resolution (mm range) and high temporal resolution (425 frames per second).

3 RENPs

Rare-earth (RE) elements are the lanthanides (from La to Lu) together with Sc and Y.
Rare-earth-doped nanoparticles composed of RE ions embedded within an inorganic
crystalline host matrix have attracted considerable attention owing to their unique
optical properties that are controlled mostly through f–f electronic transitions [39–
44]. Their distinctive optical properties featuring large Stokes and anti-Stokes shifts,
narrow and multi-peak emission profiles, and long lifetime and excellent
photostability have enabled RENPs to be promising alternatives to conventional
organic fluorophores and quantum dots, and widely used in imaging and therapy, as
shown in Fig. 8.

3.1 Mechanism of NIR-II Emission

The theories of electronic properties and transitions of RE ions were mostly
established by Judd and Wybourne in 1962–1965 [45, 46]. Owing to their similar
electron configurations, trivalent RE ions have similar physical and chemical prop-
erties. The 4fn electronic states of RE ions are separated by spin–orbit coupling and
electronic repulsion to produce a myriad of complex energy levels that allow for an
immense possibility of intra-configurational transitions as shown in Fig. 9 [47]. The
luminescence of RE ions stems mostly from the specific electronic transitions
between the ladder-like energy levels within the 4f orbitals. These f–f transitions
are shielded by 5s and 5p electrons and thus produce well-defined atomic-like
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emission spectra which are hardly influenced by the physicochemical properties of
the host materials. This unique shielding effect imparts a weak electron–phonon
coupling and, thus, narrow-band emission resulting from electronic transitions.

Generally, direct excitation of RE ions is a relatively inefficient process due to the
forbidden character of the 4f transitions. The doping technique that involves the
introduction of a low concentration of ions (i.e., dopants) into an inorganic crystal-
line lattice (i.e., host) to obtain doped materials is widely employed to prepare
luminescent materials with intense emission. The RE dopants usually act as localized
optically active centers that emit at a specific wavelength when excited. These
dopants are further divided into sensitizers and activators in the case of sensitized
luminescence, where one dopant ion emits radiation from its high energetic state that
results from the energy transfer from another dopant ion, as shown in Fig. 10. The
dopant ion that gives out emission is described as an activator, while the ion that
donates energy to the activator is called the sensitizer. The absorption cross sections
of most RE activator ions are relatively low, resulting in low pump efficiency. Thus,
a sensitizer ion that exhibits a high absorption cross section is usually used as an
energy donor to the activator ion to enhance pump efficiency.

The mechanisms that govern the NIR-II emission originating from energy trans-
fer within the 4f orbitals are broadly divided into two categories based on the
involved photon energy and the net number of photons, as shown in Fig. 11:
(1) down-conversion (DC) also known as quantum cutting and (2) down-shifting
(DS). The DC process refers to a process that involves generation of two or more
low-energy photons by splitting one absorbed high-energy photon. The DS process
describes a single photon process in which one incident higher-energy photon is
converted into one lower-energy photon.

Fig. 8 Schematic
illustration of the RE
application in imaging and
therapy (Reprinted
(adapted) with permission
from Ref. [40], Copyright
2015, American Chemical
Society)
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3.2 Synthesis Strategy

Thermal decomposition and solvo(hydro)thermal methods are two methods to
synthesize RENPs with controlled physical characteristics and heterostructures by
adjusting the role of precursor and solvent chemistries [48–50]. The comparison of
thermal decomposition and the solvo(hydro)thermal method is shown in Table 1.
Generally, a higher yield of the product is obtained using the solvothermal method,
while a narrower size distribution of particles in nanosize (typically sub-20 nm) at a
lower yield is obtained using the thermal decomposition method.

Briefly, the thermal decomposition method involves (1) dissolution of organo-
metallic precursors for corresponding fluorides or oxides in high-boiling point
organic solvents; (2) removal of residual moisture, oxygen, and other small-
molecule impurities in the solution under an inert atmosphere (e.g., N2, Ar); and
(3) rapid decomposition of organometallic precursors at a specific elevated temper-
ature leading to rapid nucleation followed by growth (see Fig. 12). Generally, the
organic precursors are rare-earth-based organic salts (e.g., trifluoroacetates, oleates).
Octadecene (ODE), oleic acid (OA), and oleylamine (OM) are commonly used as
high-boiling point solvents. Rapid decomposition of organometallic precursors at
the specific temperature allows for the burst of crystal nucleation, which essentially
decouples the nucleation from the growth phase. By decoupling nucleation from
growth, highly monodispersed nanocrystals are obtained. Further growth of the
crystals is limited since most of the precursors are consumed. However, through
the Ostwald ripening phenomenon, the small crystals may dissolve and redeposit
onto larger crystals resulting in a larger average particle size and a broader size
distribution. The crystal nucleation and growth processes are further adjusted using

Fig. 10 The general photophysical pathways for NIR-II RENPs in solution and the general
mechanism of NIR-II fluorescence emission, taking the sensitizer/activator Yb/Er doped in
NaYF4 host as an example
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other processing parameters, such as precursor concentration, solvent composition,
heating rate, and reaction time. This approach has been extended as a common route
to yield a multitude of high-quality, monodispersed RENPs based on a myriad of
hosts including NaYF4, NaGdF4, CaF2, etc.

Hydrothermal or solvothermal synthesis is a versatile synthesis technique that
involves reacting precursors in aqueous or nonaqueous solvent media, respectively,
at elevated temperatures (25�C or greater) and pressures (1 atm or greater) to
crystallize materials over a broad range of particle sizes directly from solution in a
single process step [51–58]. Specialized reaction vessels known as autoclaves are
usually required for the solvothermal reaction, in which a high pressure and tem-
perature environment are generated. Generally, highly crystalline phases are pre-
pared at much lower temperatures with higher yields than thermal decomposition
method for the synthesis of RENPs. Besides selecting suitable precursors, solvents,
reaction conditions (e.g., duration, temperature, pressure), the phase purity, particle
size, and morphology of RENPS are tailored with the addition of surfactants.

3.3 Application In Vivo

Highly monodisperse RENPs are typically formed in high-boiling organic solvents.
The poor aqueous solubility of surfactant on the surface of the nanoparticles prevents
subsequent functionalization for biomedical applications. Surface modification is
thus crucial for improving the dispersion of RENPs in water. For example, by
encapsulating RENPs with FDA-approved albumin, Naczynski et al. successfully

Fig. 11 Schematics of
typical NIR-II emission of
energy conversion processes
for RENP materials: (a)
down-conversion (DC) and
(b) down-shifting (DS)

Table 1 Comparison of synthesis parameters and properties of products for both thermal decom-
position and solvo(hydro)thermal methods

Category Thermal decomposition Solvo(hydro)thermal

Temperature 250–330�C 100–220�C
Time 2 h 48 h

Yield Up to 1 g Up to 10 g

Size Narrow Broad

Morphology Sphere, rod, polyhedron Sphere, rod, polyhedron, spindle

Solubility Hydrophobic Hydrophilic/hydrophobic
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demonstrate real time, multispectral in vivo NIR-II imaging, which offers anatomical
resolution using a library of tunable and biocompatible RENPs (Fig. 13a–d)
[23]. This work introduces a new generation of versatile NIR-II nanoprobes that
facilitate disease monitoring using minimally invasive NIR-II imaging.

Another novel example reported that DSPE-mPEG-modified rare-earth-doped
nanoparticles (RENPs@DSPE-mPEG) show inherent affinity to bone without
linking any targeting ligands and, thus, provide an alternative noninvasive and
nonradiation strategy for skeletal system mapping and bone disease diagnoses
[59]. Besides bone imaging, RENPs@DSPE-mPEG show an imaging application
in blood vessels and lymph nodes. Importantly, RENPs@DSPE-mPEG can be
internalized by circulating white blood cells. This finding may open a window to
increase efficient nanoparticle delivery in the fields such as immunotherapy and
improve the diagnostic and therapeutic efficacy of cancer-targeted nanoparticles in
clinical applications.

Early tumor detection is crucial for cancer successful treatment. Specific targeting
moieties are key factors for surface functionalization of RENPs. For example,
targeting NIR-II fluorophores have been prepared by encapsulating RENPs with
AMD3100, a hydrophobic small-molecule antagonist of the chemokine receptor
CXCR4. These targeting RENPs preferentially localize to receptor-positive tumors
in mice, allowing detection of CXCR4-positive tumors four times smaller than
receptor-negative tumors (Fig. 13e, f) [25]. These targeted NIR-II fluorophores
enable imaging of microlesions in the lungs at a depth of ~1 cm and are able to
simultaneously identify the phenotype of the tumor population. This study is signif-
icant to functionalize NIR-II RENPs to detect sub-tissue microlesions at an early
stage. In another interesting research, RENPs have also been excited by X-ray
instead of laser to produce emission light for NIR-II imaging, highlighting their

Fig. 12 (a) Photograph of the experimental setup for the preparation of RENPs using the thermal
decomposition synthesis method. (b) Schematic illustration of the formation mechanism of RENPs
using the thermal decomposition synthesis method (Reprinted (adapted) with permission from Ref.
[39], Copyright 2016, Royal Society of Chemistry)
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potential use to obtain both anatomic and molecular information through CT and
NIR-II imaging, as shown in Fig. 14 [60].

By now, it is still a great challenge to identify early metastases in cancer
diagnostics and therapy. Here, Moghe et al. show that intravenously injected
albumin-encapsulated NIR-II RENPs can detect targeted metastatic lesions
in vivo, allowing for the longitudinal tracking of multi-organ metastases. In a murine
model of human breast cancer, the NIR-II nanoprobes enabled whole-body detection
of adrenal gland microlesions and bone lesions that were not available via contrast-
enhanced MRI as early up to 5 weeks post-inoculation, respectively (see Fig. 15)
[61]. Noninvasive monitoring of gastrointestinal drug release in vivo is another

Fig. 13 RENP NIR-II fluorophores and imaging in vivo. (a) Rare-earth nanoprobes consist of a
NaYF4: Yb:Ln-doped core (Ln: Er, Ho, Tm or Pr) surrounded by an undoped shell of NaYF4. (b)
Probes consisting of a NaYF4 host doped with Yb, Ho, Pr, Tm, and Er enable emissions at 1,185,
1,310, 1,475, and 1,525 nm, respectively. The emissions of Ho-, Pr-, Tm-, and Er-doped samples
are attributed to the 5I6 ! 5I8,

1G4 ! 3H5,
3H4 ! 3F4, and

4I13/2 ! 4I15/2 transitions, respectively.
(c) Schematic of the portable NIR-IIb imaging prototype. (d) NIR-IIb imaging of REs and (RE)
ANCs in a transgenic orthotopic murine melanoma model over 72 h. (e) AMD3100 was adsorbed
onto the surface of fully formed ReANCs to generate AMD3100-functionalized ReANCs or
fReANCs. Athymic nude mice were inoculated with human breast cancer cells through the tail
vein. Animals were treated with either ReANCs or fReANCs and NIR-IIB imaging performed to
determine nanoprobe–tumor localization. (f) Longitudinal tracking of internal lesions with NIR-IIB
imaging. Mean and minimum volume of tumors detectable via NIR-IIB imaging was calculated to
determine the smallest tumors capable of resolution using the InGaAs camera. (a–d) Reprinted
(adapted) with permission from Ref. [23], Copyright 2013, Nature Publishing Group. (e, f)
Reprinted (adapted) with permission from Ref. [25], Copyright 2015, Wiley-VCH Verlag GmbH
& Co. KGaA
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challenge because of the limited spatial resolution and long scanning time of existing
bioimaging modalities. Zhang et al. report a novel microcarrier that can retain drugs
and withstand the harsh conditions of gastrointestinal tract. Significantly, they can
track the microcarrier fate and semiquantitatively monitor the content of drug
released in vivo in real time by measuring the fluorescence signals in the second
near-infrared window of RENPs with an absorption competition-induced emission
bioimaging system. The microcarriers show a prolonged residence time of up to 72 h
in the gastrointestinal tract, releasing up to 62% of their content [62].

Current NIR-II fluorophore-related in vivo biodetections are only focused on
direct disease lesion or organ bioimaging; it’s still a big challenge to realize the
NIR-II real-time dynamic biosensing. Very recently, a new type of Er3+-sensitized
upconversion nanoparticles with both excitation (1,530 nm) and emission
(1,180 nm) located in NIR-II window for in vivo biosensing is developed [63]. Sig-
nificantly, the microneedle patch sensor for in vivo inflammation dynamic detection
is developed based on the ratiometric fluorescence by combining the effective
NIR-II upconversion emission and H2O2 sensing organic probes under the Fenton
catalysis of Fe2+. Due to the large anti-Stokes shifting, low autofluorescence, and
tissue scattering of the NIR-II upconversion luminescence, the inflammation can be
dynamically evaluated in vivo in real time at high resolution (200 � 200 μm).

RENPs are also attracted to fluorophores utilized for multimodal imaging. For
example, Cheng et al. have reported a strategy to enhance the PAI intensity of
upconverted nanoparticles (UCNPs) by functionalized with photoswitchable
azobenzene-containing poly (acrylic acid) (UCNPs@PAA-Azo) to yield a PAI
signal that is up to six times higher than that of UCNPs without a decay in NIR-II
emission [64]. Using this nanoprobe, NIR-II imaging provides real-time means for
the precise resection of the lymph node (LN) during surgery, where PA imaging

Fig. 13 (continued)
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allows for quicker (up to 30 min) detection of LNs than that through NIR-II imaging.
Combining the advantages of dual NIR-II and PA modalities allows us to achieve
complementary information and improve the accuracy of disease diagnosis.

Although RENPs have been widely used in bioimaging for diagnostics, the
optical efficiency of these RENPs is, however, quite low (<0.5%), and there is
ample scope for this to be improved to maximize the full potential benefits of RENP-
based bioimaging. For example, hybrid organic–inorganic nanocrystals incorporat-
ing the contrast agent ICG demonstrate a large Stokes shift (>200 nm) with multiple
narrow band emissions in the NIR-II range. The ICG not only enhances the NIR-II
brightness by �fourfold but also produces a broad excitation band at
700–860 nm [26].

4 QDs

The semiconductor nanocrystals, quantum dots (QDs), exhibit unique size-
dependent optical and electronic properties originating from quantum size effect
[65–70]. QDs have proven to be powerful tools for bioimaging and bioanalysis

Fig. 14 Distinct focal luminescence is visualized away from the injection site near the animal’s
axillary and brachial lymph nodes. After dissection, X-IR signal could be traced to the local lymph
nodes draining from the injection site (Reprinted (adapted) with permission from Ref. [60],
Copyright 2015, American Chemical Society)
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because of their high photostability, broad absorption range, large extinction coef-
ficient, and narrow, tunable emission wavelengths. In addition, among the NIR-II
emitting probes reported until now, QDs show the highest NIR-II fluorescence
quantum yields (up to 15.5%) [19].

4.1 Mechanism of NIR-II Emission

The emission wavelengths could be rationally tuned by changing the QDs’ sizes and
compositions. Since the excitons are confined in all three spatial dimensions, the
electrons of QDs are quantized to certain energies, similar to those of organic dyes.
As the confinement energy depends on the quantum dots size, both absorption onset
and fluorescence emission can be tuned by changing the size of the QDs during
synthesis process. Based on the quantum confinement effect arising from their small
dimensions, the bandgap of QDs can be easily tuned (see Fig. 16). Fluorescence
occurs when an excited electron relaxes to the ground state, so the excitation and
emission of QDs can be easily modulated by changing the diameters, composites, or
structures, resulting in broad absorption spectra with narrow, symmetric, and tunable
emission spectra spanning the NIR-II region. Compared to organic dyes, QDs are
characterized by large Stokes shifts, which allow overlap of the excitation and the
emission spectra to be effectively avoided.

4.2 Synthesis Strategy

The QDs are typically composed of elements from groups ii–vi or iii–v [71]. Cur-
rently, key factors concerning the design and synthesis of QDs available for
bioimaging include larger absorbance at a wavelength >400 nm with emission at
>1,000 nm; high QYs; water solubility or easy functionalization; good colloidal

Fig. 16 The photophysical pathways for QD NIR-II fluorophores in solution and the mechanism of
NIR-II fluorescence emission
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stability and photostability; relatively small size; and absence of toxic metallic
elements. So far, the methods for the preparation of NIR-II QDs can be mainly
divided into two major strategies: the organometallic route and aqueous synthesis
approaches [72–75]. Different reaction conditions, such as temperature, hot injection
time, precursor reagents, and exchange ligands, have been utilized to prepare NIR-II
QDs with diverse components. As QDs synthesized in the organic phase usually
have very poor water solubility and biocompatibility, the synthesis of QDs in
aqueous solution has become an alternative option, which also has the advantages
of convenience, easy control, reproducibility, low cost, and large-scale preparation.
Because of the poor crystal quality with nonuniform particle size, broad spectra, and
low QYs of the resulting QDs, this method still requires improvement. Great efforts
have been made toward water solubilization and biofunctionalization of chemically
synthesized QDs. The employment of biological systems as the reaction platforms
has three distinctive features: (1) intrinsic generation of metal-reducing and metal-
binding agents with the capability of reducing metal ions, (2) easy modulation of the
platform by means of genetic engineering for the expression of specific biomolecules
to regulate the QD growth and fluorescence emission, and (3) moderate reaction
conditions without the involvement of high-temperature and rigorous deoxygen-
ation. In general, the biocompatible QDs may be prepared through three different
approaches: (1) using living organisms ranging from prokaryotes to eukaryotes as
the bioreactors, (2) using of either artificial cellular structures or functional bio-
molecules as the templates, and (3) surface modification of QDs. Among them, the
biosynthesis approach provides a green route to prepare biocompatible QDs without
the involvement of harsh reaction conditions or toxic chemicals.

4.3 Application In Vivo

In quantum dots in types III–V, InAs and InGa are the two typical ones possessing
outstanding optical properties as well as significantly lower intrinsic toxicity com-
pared to other NIR QDs containing elements such as mercury or lead. So, they have
played an important role in biomedical and bioanalytical application. For example,
Bawendi has reported a class of high-quality NIR-II-emissive indium-arsenide-
based quantum dots that are readily modifiable for various functional imaging
applications and that exhibit narrow and size-tunable emission and a dramatically
higher emission quantum yield than previously described NIR-II probes (Fig. 17)
[71]. To demonstrate the unprecedented combination of deep penetration, high
spatial resolution, multicolor imaging, and fast acquisition speed afforded by the
NIR-II quantum dots, they quantified, in mice, the metabolic turnover rates of
lipoproteins in several organs simultaneously and in real time, as well as heartbeat
and breathing rates in awake and unrestrained animals, and generated detailed three-
dimensional quantitative flow maps of the mouse brain vasculature.

Ag2S is a promising NIR-II fluorescent QD in the preclinical research because of
its nontoxic heavy metal and high uptake in tumors (Fig. 18e) [19]. In surgical
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treatment, assessment of blood supply in tissues and screening of anti-angiogenic
drugs provide new blood vessels formation, both around and within tumors. In
addition, Ag2S QD-based NIR-II imaging shows excellent clarity and penetration
depth for visualizing lymphatic vessels and lymph nodes during sentinel lymph node
resection than the FDA-approved, clinical standard contrast agent, ICG-based NIR-I
imaging (Fig. 18a–d) [20]. Ag2S QDs are also able to track and visualize mesen-
chymal stem cell (MSC) populations during intricate biological processes [21]. It
provides a promising method to monitor the MSCs transplantation and acquires the
important information about cell dynamics and interactions with the host central
nervous system. Furthermore, Ag2S QDs offer a chance for enhancing both early
disease diagnosis sensitivity and identification of lesions by targeting functional
molecules. For example, pentapeptide can bind to αVβ3 integrin receptor on tumor
cells. The pentapeptide conjugated Ag2S QDs show a significant enhancement in
sensitivity in NIR-II imaging specific tumor sites (Fig. 18f) [22].

In multimodal imaging field, QDs show a great potential application in preclinical
research. Recently, Li et al. have reported a Gd–Ag2S nanoprobe that combines
deep-tissue penetration capability of MRI with high spatiotemporal resolution of
NIR-II fluorescence imaging (Fig. 19a–c) [76]. The localization of the brain tumor
can be clearly delineated preoperatively using MRI signal generated from Gd
component in the nanoprobe, and then precise resection of the tumor can be guided
by intraoperative NIR-II fluorescence imaging produced by Ag2S.

Photoacoustic imaging (PAI) is an emerging optical imaging modality in which
absorbed photon energy is converted into acoustic waves that are detected using
ultrasound. PAI provides higher spatial resolution and better contrast than conven-
tional optical imaging techniques, because ultrasound scattering in tissues is lower
by 2–3 orders of magnitude than optical scattering. A new PAI/NIR-II nanoprobe,
ICG@PEG-Ag2S, has recently been prepared recently [77]. This nanoprobe showed
relatively long blood retention up to 7 h and was selectively accumulated in the
region of atherosclerotic plaque due to the lipophilicity of the C18 chain to the
atherosclerosis microenvironment, and thus the atherosclerosis was monitored real
time by high contrast-enhanced PAI of ICG. Combining the high signal-to-noise
ratio (SNR) and high spatial resolution fluorescence imaging of Ag2S QDs in the
NIR-II, the feasibility of this new nanoprobe for atherosclerosis targeting is
achieved. Such a simple, multifunctional nanoprobe for targeting and PAI of ath-
erosclerosis will have a great potential for future clinical applications. Ag2S QDs are
not only used for NR-II fluorescence imaging but also in therapy. For example,
hollow nanocage multifunctional Ag2S nanodots are synthesized by precisely con-
trolled crystal growth in the presence of human serum albumin [78]. Ag2S nanodots
exhibit size-dependent temperature elevations and have high photothermal conver-
sion efficiencies of 33.7–35.0%, which are comparable with those of most other
photothermal nanoparticles, such as Au nanorods (up to 22.8%) and ICG-loaded
micelles (up to 25.2%). In drug delivery, Ag2S QDs also demonstrate perfect drug
release under NIR-II excitation. For example, a smart Ag2S QDs nanoplatform
(DOX@PEG-Ag2S) has been obtained by loading the anticancer drug into polyeth-
ylene glycol functionalization Ag2S QDs (PEG-Ag2S QDs). The Ag2S QDs had up
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to 93 wt.% drug loading capability, long half circulation time in blood, and more
than 8.9% ID/g passive tumor-targeting efficiency in living mice [79]. Another
NIR-II QDs have also been actively pursued in NIR-II imaging. By controlling
core size, it is possible to prepare PbS/CdS core-shell ligand-coated QDs with a high
quantum yield of 17% and extremely bright NIR-II (1,100–1,300 nm) emission.
These NIR-II QD probes increase the signal-to-noise ratio tenfold when imaging
blood vasculature in mouse brain and lymphatic vasculature in mouse hindlimb [80].

Fig. 19 (a) Schematic illustration of the procedure for preparing Gd–Ag2S nanoprobe and the
diagram of brain tumour targeting of Gd–Ag2S nanoprobe. (b) Absorption and emission spectra of
Gd–Ag2S nanoprobe. (c) Intravital NIR-II fluorescence image of the brain vessels in the nude
mouse (left). Amplified fluorescent image of vasculature in the nude mouse (middle). A cross-
sectional intensity profile measured along the red-dashed line in (middle) with its peak fitted to
Gaussian functions (right). Scale bar represents 3 mm. Relaxation rate R1, the inset shows a T1 map
of a MR imaging phantom containing Gd-Ag2S nanoprobe with different concentrations. In vivo
progressive T1-weighted MR images of the U87MG brain tumour at different time points from
transverse view and immunohistochemical staining of vessels in brain tissues and tumour tissues
with anti-VEGF antibody. Red arrows indicate the tumour. (a–c) Reprinted (adapted) with permis-
sion from Ref. [76], Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA
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5 SWCNTs

Single-walled carbon nanotube (SWCNTs) can be pictured as a single graphene
sheet rolled up seamlessly into a nanocylinder with its diameter ranging from less
than 1 nm to a few nanometers. SWCNTs have unique intrinsic physical and
chemical properties such as Raman scattering cross sections and UV/visible/NIR
absorption [27, 29, 81]. SWCNTs have shown potential for biological and medical
applications because of their intrinsic ability to load both targeting ligands and
chemotherapy drugs, in vitro and in vivo. Because of van Hove transitions across
bandgaps, semiconducting SWCNTs demonstrate intrinsic fluorescence in the
NIR-II window, which are ideal as biological probes because of the inherently low
autofluorescence and large Stokes shift between the excitation and emission bands,
which allows excitation in the biological transparency window near 800 nm while
further reducing the background effects of autofluorescence and scattering.

5.1 Mechanism of NIR-II Emission

Due to the quantum confinement along the transverse direction of a single carbon
nanotube, which can be considered as a quasi-one-dimensional nanomaterial,
SWCNTs feature very sharp maxima of electronic density of states (DOS) called
van Hove singularities in their energy band diagrams. The energies of van Hove
maxima of SWCNTs in a band diagram are mainly dependent on the diameter of the
nanotube and the chiral angle at which the specific nanotube is rolled up from a
single graphene sheet with 2D honeycomb structure (Fig. 20a) [82]. The band
diagram of a semiconducting SWCNT shown in Fig. 20b show great detail to
fully understand the NIR-II photoluminescence process, which can be described in
three consecutive steps:

First, an SWCNT absorbs a photon with the photon energy matching the bandgap
of the E22 transition, which is the difference in energy between the second valence
band V2 and the second conduction band C2. The absorption of this excitation
photon leads to the excitation of an electron, leaving a hole behind. The excited
electron and the remaining hole form a bound pair called an exciton that is held by
the exciton binding energy.

Second, the electron and the hole undergo rapid nonradiative relaxations to the
lowest level in both valence and conduction bands.

Lastly, the bound pair of electron and hole travel together along the length of the
nanotube through diffusion until they recombine radiatively to give off a fluores-
cence photon with its energy corresponding to the bandgap across E11 minus the
exciton energy.
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5.2 Synthesis Strategy

Photoluminescence wavelengths of SWCNTs depend on the diameter of SWCNTs,
which lie on the synthetic routes such as the ranges of 900–1,400 nm for high-
pressure CO (HP co) decomposed SWCNTs (Fig. 21a), 1,500–1,700 nm for laser
ablation SWCNTs (Fig. 21b), and 1,600–1,900 nm for arc discharge SWCNTs
(Fig. 21c) [82].

Briefly, the arc discharge method was firstly used in synthesis of SWCNTs by
Sumio Iijima in 1991 [83]. In this process, two graphite rods are placed in an
enclosure that is filled with inert gas at low pressure (between 50 and 700 mbar).

Fig. 20 The photophysical pathways for SWCNTs NIR-II fluorophores in solution and the
mechanism of NIR-II fluorescence emission. (a) Honeycomb structure of graphene showing
different roll-up vectors (red arrow) result in different (n, m) indices or chiralities (numbers labeled
in each hexagon). (b) Band diagram of a semiconducting SWCNT. NIR-II emission wavelength of
in a bandgap is mainly dependent on the diameter of the nanotube and the chiral angle. (a) Reprinted
(adapted) with permission from Ref. [82], Copyright 2015, American Chemical Society. (b)
Reprinted (adapted) with permission from Ref. [4], Copyright 2018, The Royal Society of
Chemistry
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The carbon rods act as electrodes which are kept at different potentials. The anode is
moved close to the cathode until an arc appears, and the electrodes are kept at the
distance of 1 mm for the whole duration of the process that takes about 1 min. After
the de-pressure and cooling of the chamber, the nanotubes can be collected. The
synthesis product yield is up to 60%. In 1995 Richard E. Smalley and his group used
laser ablation method to grow high-quality SWCNTs [84]. During the process,
intense laser pulses ablate a carbon target is heated to 1,200�C. Inert gas flow in
the chamber will carry the grown nanotubes to the copper collector. After cooling of
the chamber, the nanotubes and the by-products, like fullerenes and amorphous
carbon overcoating on the sidewalls of nanotubes, can be collected. In 1999 Richard

Fig. 21 Photoluminescence-versus-excitation plots of HiPco (a), laser ablation (b), and arc
discharge (c) SWCNTs, with progressively increasing diameter distribution. (a–c) Reprinted
(adapted) with permission from Ref. [82], Copyright 2015, American Chemical Society
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E. Smalley and his co-workers developed high-pressure carbon monoxide method
called HiPco for the synthesis of carbon nanotubes [85]. In this process, carbon
monoxide acts as a feedstock, and iron carbon monoxide Fe(CO)5 acts as a catalyst.
With the HiPco method, the thinnest SWCNTs with high quality, few structural
defects, and high intrinsic selectivity are obtained.

5.3 Application In Vivo

Generally, SWCNTs require surface functionalization with water-soluble polymers
or proteins that allow them to be nontoxic [27, 28]. In 2009, NIR-II probes were
prepared by coating SWCNTs with phospholipid–polyethylene glycol. This indi-
cates the beginning of the use of SWCNTs for NIR-II imaging (Fig. 22a, b)
[27]. Since then, SWCNTs have been extensively used for tumor-specific imaging
and mouse organ registration (Fig. 22c–f) [28] with higher spatial resolution than
that afforded by in vivo microCT (Fig. 22g–h) [29, 31]. In mouse cerebral vascula-
ture NIR-II imaging, SWCNTs have shown the great promising with high spatial
(<10 μm) and temporal (<200 ms per frame) resolution, at a depth of >2 mm
(Fig. 22k) [30]. This is a truly noninvasive procedure at molecular level for real-time
dynamic cerebrovascular imaging. By laser vaporization method, SWCNTs with
smaller bandgaps and larger average diameters (up to 1.24 nm) were recently
synthesized. At a depth of up to 3 mm in mouse hindlimb, SWCNTs allow in vivo
vascular NIR-II imaging with high spatial resolution up to 4 mm. Single-vessel-
resolved blood flow speed mapping for multiple hindlimb arterial vessels has also
been obtained simultaneously by video-rate fluorescence NIR-II imaging (Fig. 22i, j)
[32]. Moreover, in the range up to 1,700 nm, this probe may provide high-
performance in vivo NIR-IIb imaging.

By creating targeted bright NIR-II emission SWCNTs, the sensitivity can be
improved for early detection. For example, a multifunctional M13 phage has been
assembled with SWCNTs via π–π interactions for use as a ligand for targeted NIR-II
imaging of tumors. Targeting M13-SWCNTs improves the uptake up to fourfold in
prostate-specific membrane antigen-positive prostate tumors compared to
nontargeted SWCNTs. In addition, it can identify sub-mm tumors that are not easily
identified by either visible or NIR-I fluorophore [86]. Other suitable targeting
strategies, such as analyte-specific receptors, have been developed for detecting
changes in NO level in response to wound-induced tissue inflammation (Fig. 22l)
[33]. In one study, SWCNTs have great promising application in NIR-II imaging
guidance for cancer resection [86]. In this research, many sub-millimeter tumor
nodules are discovered in NIR-II image-guided system compared with non-image-
guided system. In addition, NIR-II imaging observes low tissue autofluorescence,
which enhances target-to-background ratios and allows detection of small tumor
nodules in confined anatomic regions. However, SWCNTs have a broad absorbance
overlap in the NIR-II region, which may cause NIR-II loss. Then, how to increase the
quantum yields will be a major focus for SWCNTs application in vivo.
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Fig. 22 (continued) bioimaging using single-chirality (9,4) SWCNTs. (i) Video rate NIR-IIb
fluorescence imaging of mouse hindlimb vessels (n ¼ 3) and dynamic contrast-based vessel-type
differentiation. PCA overlaid image showing the differentiation of arterial (red) and venous (blue)
vessels (scale bar: 2 μm). (j) High-magnification vessel imaging of the brain of mice in the NIR-IIa
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6 Perspective

Organic dyes and inorganic particles in NIR-II range emission have been designed
and synthesized. To expand and accelerate the applications of NIR-II imaging from
experimental animal models to clinical translatability and applicability, in particular,
for the understanding of design and synthesis mechanism and pathways in living
organisms, several key points should be noted.

1. NIR-II imaging clinical translation: Preclinical research is the first step on the way
to translate NIR-II imaging techniques into clinic. Conventional NIR-I dye ICG
has been demonstrated to be capable for NIR-II imaging, which makes quick
clinical translation of NIR-II imaging highly feasible. However, the
photostability, NIR-II efficiency, in vivo pharmacokinetics, as well as the
targeting specificity should be optimized before the clinical application. In
addition, how to via chemical functionalize the ICG structure leading to emission
peak red shift into NIR-II region will be great significance. Moreover,
bioconjugation ICG to targeting ligands will be the highly useful visualization
of specific structures during cancer screening or image-guided surgery.

2. Design and synthesis of new NIR-II fluorophores: High quantum yield,
physiochemical stability, photostability, and non-biotoxicity are the first several
important criteria to be considered for designing new generation of NIR-II
fluorophores. In addition, the direct synthesis of NIR-II fluorophores with
targeting group rather than post-synthetic surface targeting modifications is
more effective in improving therapeutic efficacy. Synthesis of biodegradable
NIR-II fluorophores should be encouraged. The biological use of these NIR-II
fluorophores was only recently reported, and further improvements are required,
including their synthesis process according to the FDA’s current GMP
regulations.

3. Multimodal imaging: The NIR-II penetration depth is still limited in 10 mm.
Combining with other imaging mobility is an alternative method to achieve
higher-resolution images. Considering PET can be used in preoperative imaging,

⁄�

Fig. 22 (continued) and NIR-IIb windows. Scale bars: 40 μm. (k) Noninvasive, high-resolution
NIR-IIa fluorescence imaging of mouse brain vasculature from low magnification to high magni-
fication of cerebral vascular image taken at the depth of 2.6 mm. (l) Bright-field/NIR-II fluorescence
(green) overlaid images showing a healthy mouse liver (top) and a mouse liver with inflammation
(bottom), with clear quenching of the NIR-II fluorescence due to inflammation. (a, b) Reprinted
(adapted) with permission from Ref. [27], Copyright 2012, American Chemical Society. (c–f)
Reprinted (adapted) with permission from Ref. [28], Copyright 2011, National Academy of
Sciences. (g) Reprinted (adapted) with permission from Ref. [29], Copyright 2012, Nature Pub-
lishing Group. (h) Reprinted (adapted) with permission from Ref. [31], Copyright 2016, Nature
Publishing Group. (i, j) Reprinted (adapted) with permission from Ref. [32], Copyright 2015,
Wiley-VCH Verlag GmbH & Co. KGaA. (k) Reprinted (adapted) with permission from Ref. [30],
Copyright 2014, Nature Publishing Group. (l) Reprinted (adapted) with permission from Ref. [33],
Copyright 2013, Nature Publishing Group
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and NIR-II can be used in intraoperative real-time imaging in high-resolution
PET/NIR-II imaging and will likely bring high impact to the patient imaging and
image-guided therapy. It would be important to test the advantages of PET/NIR-II
dual-modal probes in clinic. PAI has the both excellent advantages of optical and
ultrasonic imaging due to the high spatial resolution and low scattering of
acoustics. It provides a novel way to link different imaging systems at deeper
penetration depth. It is expected that PAI/NIR-II dual-modal imaging will make
rapid progress, because many dyes can serve as reporters for both PAI and optical
imaging. By now, NIR-II-based three-modal imaging systems (e.g., NIR-II/MRI/
PET or NIR-II/PET/PAI) are still unknown on how to design, but such multi-
modal imaging systems hold great promise for acquiring complementary infor-
mation. For example, with an NIR-II/MRI/PET trimodal imaging system, the
high sensitivity and unlimited penetration depth of PET could be used for whole-
body screening and then reduce the volume of tissue that needs to be scanned.
MRI involves no radiation, and high-resolution images could be obtained. NIR-II
imaging would provide real-time imaging and molecular and functional informa-
tion on diseases. It is noted that the integration of several imaging modalities into
one system is a great challenge due to the different hardware and the imaging
mechanisms.

4. NIR-II-based guide therapy: Compared with the visible imaging, one of the most
advantages of NIR-II imaging is that the photon scattering and autofluorescence
background are very low. So, in my opinion, intraoperative NIR-II image-guided
surgery will be the most likely to be the clinical application. In addition, it will be
helpful to integrate other clinic imaging modalities, such as PET or MRI, which
will obtain more information beyond the single NIR-II imaging.

5. 3D NIR-II imaging: Because of the relative deeper NIR-II penetration depth, the
NIR-II photons may significantly achieve 3D volumetric tissue imaging. For
example, the current brain neurology is mainly relying on optical microscopy
and electron microscopy (EM) of thin tissue slices, which brings in additional
difficulties and extra heavy work in the 3D reconstruction. Combined with tissue-
clearing techniques, NIR-II fluorescence imaging may potentially afford volu-
metric brain imaging to achieve close-to-EM resolution on the whole organ or
even whole body in deep volumetric scanning depth without tissue slicing.

6. NIR-II imaging system: The ability to maximize the full benefits of any NIR-II
imaging is highly reliant on the thorough understanding of the requirements of
each imaging system and the physical characteristics of the complementary
fluorophores probes. The NIR-II imaging system can be described as acquisition
of NIR-II emission signals from fluorophores probes using an image capturing
system. Besides selecting suitable filters based on the fluorophores’ optical
characteristics (excitation/emission wavelengths and brightness), the hardware
platforms (scan rate, lenses, collimators, working distance, exposure duration),
and software algorithms for signal processing and image acquisition are designed
to reduce undesired thermal noise often associated with NIR-II imaging and to
enhance the signal-to-noise ratio. It would therefore be critical to adopt a
systems–level approach to plan research efforts where the requirements of the
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imaging setup that is determined by the imaging system design are considered
from the start, so as to design the fluorophores probes to effectively improve
detection sensitivity. For example, one of the most important hardware, the more
advanced NIR-II camera with higher sensitivity and broader spectral ranges
beyond the current NIR window should be developed. Besides the conventional
InGaAs material widely used for NIR-II fluorescence imaging, other photosensi-
tive semiconductor materials such as indium antimonide (InSb) and mercury
cadmium telluride (HgCdTe) may provide new capabilities to NIR-II
fluorescence imaging.

In summary, the future direction of NIR-II fluorophores will be mainly focused
on the following properties, including biocompatible, high fluorescence quantum
yield, high photostability, tunable excitation and emission wavelengths, feasible
functionalization, and easy clearance. In addition, we envisage the bright future of
NIR-II fluorescence imaging potential frontier applications in brain science, stem
cells, genetic science and sensing in vivo, and so on.

7 Conclusions

NIR-II imaging has several advantages over NIR-I imaging and other current
medical imaging modalities. Owing to the reduced photon scattering and low
autofluorescence background at longer wavelengths, high imaging resolution and
depth can be achieved by NIR-II imaging. NIR-II fluorophores from small organic
molecules to organic and inorganic nanoparticles have been successfully developed,
and their wide-ranging biomedical applications such as imaging, therapy, and
guidance for intraoperative surgery have been discussed. This chapter also provides
a summary overview of experimental strategies to tailor the luminescence charac-
teristics, as well as control the physical and surface characteristics of the NIR-II
probes. Optical (e.g., bright emissions with tunable excitation/emission) and bio-
medical (e.g., biocompatibility and targeting) characteristics of the NIR-II probes
must be considered during the design and synthesis phase. To date, many probes
with NIR-II emissions and large Stokes shifts have been established. The great
advancement of NIR-II fluorophores has shown high impact not only on fundamen-
tal research but on preclinical application. However, their widespread utilization to
diagnose diseased lesions has been largely limited due to the demanding challenges
of effective in vivo targeting in a complex microenvironment. The complexity of the
in vivo microenvironment (e.g., changing pH, enzymatic degradation) often results
in unintended degradation of either the chemically conjugated targeting ligands or
organic surface coatings and off-target localization of the probes due to charge-
dependent non-specific attachment to various sites. Furthermore, the binding effec-
tiveness of the targeting moieties could be affected during chemical conjugation
leading to ineffectual localization and disease identification. The second concern is
that the low QYs of the NIR-II emission are largely limited by the low absorption
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cross section of the probes. To date, many efforts have been devoted to enhancing
the QYs, but not very satisfactory. Third, elimination time of NIR-II probes last for
weeks to months, and for large-sized nanoparticles, the excretion takes a longer time,
varying from months to years. It has been suggested that small-sized NIR-II
probes excreted by the renal route performed faster excretion. Therefore, further
work is required in developing suitable strategies to effectively expand the existing
NIR-II fluorescence imaging applications in vasculature visualization, disease
identification, and diagnostics.
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Abstract X-ray fluorescence (XF) and X-ray luminescence (XL) are X-ray stimu-
lated processes which can be exploited for medical imaging. In recent years, the
computed tomography (XFCT and XLCT) imaging of these processes has attracted
much attention especially in the field of radiation therapy. These imaging modalities
have potentials to offer additional functional information from the patient during
exposure to X-rays for position alignment before the radiation treatment. More
recently, these new techniques have been further studied in Monte Carlo simulations
and benchtop experiments to characterize and optimize different imaging
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configurations. This chapter summarizes recent instrumentational developments in
X-ray excited imaging; discusses their attributes, advantages, and drawbacks; and
describes specifications and applications of various contrast agents for XF- and
XLCT. The feasibility of the modalities for future clinical applications will be also
highlighted.

Keywords High atomic number contrast agents, Medical imaging, Molecular
imaging, X-ray fluorescence, X-ray luminescence

1 Introduction

X-ray excitation is a promising mode for the field of medical imaging. The deep-
penetrating X-rays can produce signals of functional information of an imaged
object with high resolution and sensitivity. The nature of the generated signals is
of different origins. While we focus in this chapter on fluorescent high energetic
X-rays (XFCT) and optical and near-infrared (NIR) photons (XLCT), other types of
signals, e.g., X-ray acoustic [1], can also be exploited for imaging.

In laboratories, XF is generally used to identify small amounts of chemical
species without affecting the sample. Each element is characterized by spectral
lines that are a unique signature. In XF, fluorescent X-rays emitted by the elements
in the probe are either directly measured by an energy-discriminating solid-state
detector (energy-resolving XF) or separated by wavelength by diffraction in a crystal
(wavelength-dispersive XF). XF is non-destructive, highly sensitive (1–10 ppm),
and used to measure many chemical species simultaneously and quantitatively. It is
capable of determining subtle amounts of elements in biological tissues such as
tumor specimen [2] or lead in bone [3] with monochromatic synchrotron radiation.
The ability to perform XF imaging studies in vivo, during conventional X-ray CT,
will aid tremendously in characterizing active biological processes. Preliminary
work [4–6] has shown that XF can be performed in a tomographic manner using a
CT-like scanning geometry with a conventional poly-energetic X-ray source.

The molecular contrast in XFCT comes from high atomic number (high-Z)
elements which are present either exogenously or endogenously. The conceptual
design of an XFCT imaging system consists of an X-ray source and an energy-
dispersive X-ray detection system. In the physical process of fluorescence, the
exciting X-ray interacts with an inner shell electron (K or L) of the probe which
results in a vacancy that is subsequently filled by an electron from an outer shell as
shown in Fig. 1. The difference in energy between the two states is emitted as a
characteristic X-ray (aka fluorescent X-ray). The detection of these photons and
subsequent image reconstruction will allow the determination of the spatial distri-
bution of molecular probes.
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The contrast in XLCT imaging relies on the excitation of nanophosphors. These
nanophosphors usually consist of a nanoparticle made from a high atomic number
element, and the particle is bounded to phosphor groups which cause the emission of
optical or near-infrared (NIR) photons. The emission of these photons is stimulated
by a high-energy electron ejected during a Compton or photoelectric interaction of
the exciting X-ray with the high atomic number element. The optical signal can be
measured with cost-efficient CCD cameras, while NIR signals require more sophis-
ticated detection hardware. The contrast agents used in XLCT are partly translated
from tracers used in laser stimulated NIR optical imaging. These probes which emit
light with a higher wavelength than optical photons can penetrate deeper into soft
tissue. XLCT imaging promises to surpass the depth-dependent restrictions of
optical imaging even further as the X-rays can even excite contrast agents in very
thick samples. Furthermore, X-rays produce no autofluorescent signal in normal
tissue which is a problem in laser-excited optical imaging. These advantages will
extend the applicability of tracers built from rare-earth nanophosphors in medical
imaging.

Both XFCT and XLCT do not require X-ray detectors in the transmission
direction. Hence, traditional CT imaging systems can be extended by XF or XL
detection systems, providing X-ray CT with the ability to see molecular contrasts
[4, 6, 8–10]. The information undetectable by X-ray attenuation (such as cellular and
molecular activities and physiologic function) is critical to detect a disease at its early
malignant stage, to differentiate between aggressive and non-aggressive phenotypes,
and to understand how to treat a disease effectively [11–13].

The extension of XF imaging to XFCT is, to a large extent, analogous to the
development of magnetic resonance imaging (MRI) from nuclear magnetic reso-
nance (NMR) in the 1970s, which has fundamentally changed medical practice.
Indeed, if the detection limit of XF analysis (1–10 ppm) can be fully realized in

Fig. 1 Principle of X-ray
fluorescence (Reprint with
permission [7])
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XFCT, it will be sufficient to catch a cancerous lump of micrometric dimensions
[14]. The method allows quantifying element concentrations in the active biological
environment without the cumbersome and time-consuming analysis of sacrificed
animals.

Potential challenges of XFCT imaging are currently molecular sensitivity, acqui-
sition time, scatter contamination, and cost-effectiveness. The drawback of XFCT
and XLCT is that ionizing radiation is used for the imaging which is harmful if used
in high doses. This limits the sensitivity of the imaging modalities as only clinically
and ethically acceptable doses can be used.

2 Combination of XFCT or XLCT with Transmission CT
Imaging

Transmission X-ray and CT imaging are indispensable in preclinical and clinical
studies, and CT imaging became a cornerstone for the evolution of tomographic
imaging. The modality, however, falls short in providing sufficient contrast for
probing the molecular bases of diseases. Combined with transmission CT, XFCT
or XLCT offers an unprecedented method for visualizing subtle molecular processes
in living subjects within a CT-based anatomical frame of reference. The establish-
ment of fully integrated XF- or XLCT and CT imaging systems will allow the
simultaneous acquisition of anatomical and molecular information in the same scan.
By empowering X-ray imaging with the ability to extract molecular signatures
through the simultaneous measurement of XF or XL signals, the molecular infor-
mation can be extracted without additional dose for the patient. Due to the low mass
attenuation coefficient of dilutions with low concentrations of XF or XL contrast
agents, these probes are not detectable in transmission X-ray or CT images. The
emergence of fully integrated XFCT/CT systems in laboratories and clinics using
conventional polychromatic X-ray sources will satisfy the ever-growing interest in
imaging of high atomic number (Z > ~30) elements.

On top of the benefits of multimodal imaging by combining anatomical and
molecular information into one imaging system, CT images can also be used to
improve the performance of XFCT imaging. The probability of Compton scatter at a
given point is a function of the underlying material. As the material and density
distributions are known from the CT images, the dual-modality implementation
presents a unique opportunity for advanced attenuation and scatter correction (see
also chapter “Scatter and Attenuation Correction”). While the CT image can directly
be used for attenuation correction, the scatter corrections require more elaborate
processing steps. The CT image can be used to run analytical or semi-analytical
simulations to generate a scatter estimate as the CT pixel data provides the proba-
bility for the angle and energy of deflection for scattered X-rays given by the Klein-
Nishina differential cross-section. The scatter estimate can then be used in one of the
abovementioned scatter correction methods.
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If pencil-beam excitation is used in a multimodal XFCT/CT system, the
acquisition time of the CT image is longer than for a standalone CT. Nevertheless,
the single line acquisition would lead to reduced scatter contamination in the CT data
and further increase the CT image quality.

Similar to the attenuation and scatter correction in XFCT, the information from
the anatomical CT image can be used to improve the modeling of the scatter and
attenuation properties, required to solve the diffusion equation in XLCT image
reconstruction. However, the absorption coefficient by the CT measurement is not
directly related to the scatter probability and the absorption coefficients of optical or
NIR photons. Therefore, segmentation and material identification/decomposition
need to be performed on the reconstructed CT images to derive the correct prior
knowledge for the XLCT image reconstruction. The additional information obtained
from the CT images will improve the image quality and precision for retrieving the
nanophosphor concentration from the measured luminescent signal.

3 Imaging and Instrumental Specifications

The performance of X-ray excited imaging depends on various parameters (e.g.,
source-subject distance, subject-detector distance, source and detector specifications,
detector location, collimator design, etc.) which need to be optimized for enhanced
sensitivity, spatial resolution, and scanning time. For polychromatic X-ray sources,
beam filtering with various thicknesses of attenuating materials must be adapted for
each distinct contrast element to provide X-ray energy spectra suitable to enhance
emission photon efficiency from the contrast agent. Moreover, the optimal trade-off
between imaging dose, filtration, output, sensitivity, and spatial resolution needs to
be determined. While the majority of these parameters can be optimized from
simulations for different applications, some of them require experimental validation
or deduction. Proof of principle experiments with a single CdTe detector delivered
sensitivities in the range of 2.5–5 mg/ml for K-shell XFCT imaging with gold
nanoparticles [18]. A schematic of the image acquisition chain and photograph of
this setup are shown in Fig. 2.

For higher energetic K-shell fluorescence from, e.g., gold or platinum, the
stopping power of silicon is low, and silicon detectors do not provide sufficient
photon detection efficiency. In this energy range, it is recommended to exploit the
latest advances in room-temperature semiconductor detectors based on the new
generation of pixelated cadmium-zinc-telluride (CZT) crystals to surmount the key
technical hurdles of XFCT imaging. In recent years, technological advances have
enabled manufacturers to grow large CZT crystals with high energy resolutions
(<1% at 100 keV) and to produce pixelated arrays with small pixel sizes for high
spatial resolution. Other essential detector parameters for XFCT imaging are shaping
time, count rate performance, and energy resolution. It has to be emphasized that
spatial resolution is generally not required for pencil-beam XFCT as the detector
only needs to determine the amount of XF and scatter photons in a particular energy
window. Hence, the detector is a veto detector reporting whether or not a contrast
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Fig. 2 (a) Schematic of the experimental setup including the filtered X-ray source, water phantom,
and CdTe detector. (b) Photograph of the imaging system setup. A water phantom containing
different concentrations of cisplatin insertion was moved on a rotation/transition stage while being
irradiated by a narrow, filtered X-ray pencil beam (Reprint with permission from [18])
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agent is present along the pencil-beam path. Nevertheless, spatial information is
required for attenuation correction [15] and can become important for advanced
scatter removal strategies (see chapter “Scatter and Attenuation Correction”) or other
XFCT imaging modes (see chapter “High-Resolution 2D Imaging”).

The turnkey solution for high sensitivity is a high solid angle coverage as the
fluorescent X-rays are emitted isotropically over the full 4π solid angle. For CZT
detectors, large 4� 4 cm2 crystals are typically grown for efficient gamma- or X-ray
detection, and they reach energy resolutions down to 3% FWHM at 122 keV. In
collaboration with the group from Dr. He [16], we tested the Polaris large CZT
crystal prototype detector with an energy resolution of 2.5% which is about three
times worse than the energy resolution of the spectroscopic CdTe detector used in
our previous experiments [6, 17–19]. The experiment was conducted with both
detectors placed on the same distance to an iodine phantom that was excited with
a 50 kVp X-ray source equipped with an Ag anode. The reconstructed images
provide better contrast and higher sensitivity for the CZT detector. The improved
performance results from the higher detection efficiency and the better angular
coverage which even overcomes lower energy resolution and the X-ray absorbing
shielding of the CZT detector.

In the scenario of lower energy X-rays from L-shell fluorescence of high atomic
number contrast agents like gold or platinum and lower atomic number K-shell
fluorescence from elements, for example, silver and iodine, the XF photons can be
measured with advanced detector technology, e.g., a silicon drift detector (SDD). As
SDDs are made of silicon, their stopping power for high energetic X-rays is meager.
However, in the lower energy regime, their high energy resolution outperforms other
detector materials. For example, our group showed that for L-shell imaging of gold
as the contrast agent, SDD detectors exceed CdTe detectors [17]. In contrast to
K-shell fluorescence of high atomic number contrast agents which is suitable in
principle for whole-body clinical imaging, the lower energy regime of L-shell
fluorescence is restricted to small animal preclinical applications and organ-specific
surface close clinical applications due to the high X-ray attenuation of tissue for low
energetic X-rays. There are two advantages of lower excitation energies. Firstly, at
these energies, synthetic materials exist that can reflect and refract these X-rays
[20]. Specifically, compound poly-capillary X-ray lenses are available either to focus
the X-ray power to a small spot on the surface of the subject or to bend the X-rays for
higher flux X-ray parallel beam [20]. In this design, the X-ray power is used
efficiently compared to conservative pencil-beam collimation and focused on a
narrower area. Moreover, synthetic materials can be used to produce X-rays mirrors
with energy-dependent reflection indexes. Thus, these mirrors can be used to shape
the exciting energy spectrum more precisely than with absorbing filter materials.

The second advantage of choosing lower X-ray excitation energies is that they
can be stimulated from small form factor sources (X-ray energies up to 50 keV). The
target anode in these sources is very close to the exit window or nozzle. Therefore,
the imaged subject can be placed very close to the X-ray source focal spot for high
X-ray exposure. These sources don’t require advanced cooling methods and can be
operated with compressed air or water cooling.
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4 Scatter and Attenuation Correction

In XFCT imaging, Compton scatter states one of the major problems and must be
dealt with adequately for high sensitivity. To reliably detect the fluorescence signal
and to eliminate the adverse effects of the Compton scatter photons, fundamental
strategies are required which estimate and correct scatter contamination or avoid
scatter in the first place. The signal created by Compton scatter of the primary
excitation X-rays interferes with the detection of fluorescent X-rays. For low con-
centrations of contrast agents, the scatter signal can be several times larger than the
fluorescent signal itself. The primary technique to reduce scatter content is the
employment of X-ray detectors with high energy resolution. As shown in Fig. 3,
the ability to distinguish background scatter from the fluorescent X-rays is given by
the energy resolution (manifested by the FWHM of the monoenergetic fluorescent
X-rays).

Beyond energy resolution, a simple scatter removal method is realized by fitting
the detected X-ray background at a few energy windows in the energy spectrum
adjacent to the XF peak. With this method, an estimation of the scatter background
below the XF peaks is generated which either can be subtracted from the measured
spectrum before image reconstruction or can be applied as a scatter estimate during
reconstruction [6, 21].

Another method to generate a scatter estimation is an additional XFCT scan
before contrast agent injection. This method requires the X-ray source and detector

Fig. 3 A representative spectrum showing multiplexed detection in the water phantom of a mixture
of 2% Pt, Gd, and I solutions. The energy resolution of a detector is proportional to energy width of
the characteristic peaks. The continuous spectrum represents the scatter X-rays (Reprint with
permission [18])
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to operate without strong fluctuations and doubles the dose for the imaged object as
the additional second scan is needed.

Generally, when incident photons collide with electrons of a medium, they give
up some of their energy, and these Compton scattered photons, deflected out of their
original direction of motion, have a distinct angular and energy distribution. In fact,
this dependence can be exploited for scatter removal by determining the different
spectro-spatial behaviors of the scattered and fluorescent X-rays [22]. The X-ray
fluorescence signal has a fixed energy and is distributed uniformly in the 4π angular
space. The Compton scatter instead is anisotropic: backscatter X-rays (Θ � 180�)
have lower energies than forward-scatter X-rays (Θ � 0�). Thus, the two different
types of events can be separated by placing the detector in an optimized position.
Monte Carlo simulations with gold nanoparticles have shown that distinct angles can
be found in which directions the overlap between the Compton and fluorescence
photons are avoided or much reduced for different excitation spectrums [22]. In this
study, the detection of the Kβ lines of gold with Θ > 110� proved to be a better
configuration than the full 4π coverage. This means that contrary to intuition, the
optimized configuration simultaneously reduces the number of detectors and
improves the imaging result.

By optimizing the fluorescence data acquisition geometry, the interfering Comp-
ton scatter X-rays can be reduced by orders of magnitude, which pushes the limit of
detectable gold concentrations to 0.001% by weight (the corresponding molar
concentrations of a mono-atomic gold solution is 50 μM, and the molar concentra-
tions for nanoparticle solutions would be nM). By optimally placing the detectors
with respect to these results, an order of magnitude increase in sensitivity is
achievable.

In order to apply the principle of XFCT to a living organism, one must take the
attenuation of X-rays by the surrounding tissues into account. Generally, elements
such as gadolinium (Z ¼ 64, Kα1 ¼ 42 keV), gold (Z ¼ 79, Kα1 ¼ 69 keV), barium
(Z¼ 56, Kα1¼ 32 keV), and iodine (Z¼ 53, Kα1¼ 29 keV) can be imaged at a depth
of ~20 cm, making XFCT imaging of many elements a viable choice. As L-shell
fluorescent photons are much stronger attenuated by tissue than K-shell fluorescent
X-rays, the attenuation correction is more important in L-shell XFCT imaging.
Nevertheless, suitable attenuation correction is required for quantitative imaging
for all X-ray energies.

The iterative image reconstruction commonly used in XFCT imaging requires a
system matrix. The attenuation of incoming and outgoing X-rays needs to be
incorporated correctly into the system matrix with different linear attenuation coef-
ficients for each XF energy [15]. Hence, the position of each fluorescent X-ray on the
detector must be determined to calculate the probability of XF absorption along this
specific line. The attenuation must be integrated into each system matrix element as
each system matrix element represents the detection probability of one detector pixel
with one image pixel/voxel. For each system matrix element, the attenuation is
calculated by summing all line segments weighted with the attenuation coefficient
obtained from the CT image. For both the line connecting to the detector pixel (with
the attenuation coefficient for the XF energy) and the line created by the pencil beam
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(with the attenuation coefficient for the excitation energy), the intersection length
with all intersecting pixel/voxel needs to be calculated. The reconstructed images
with included attenuation correction show even tracer distributions of uniformly
distributed contrast agents, while uncorrected images would depict a decreased
contrast agent concentration in the image center.

5 Contrast Agents

In XFCT imaging, three different classes of contrast agents provide a broad palette of
opportunities for medical applications. While exogenous contrast agents are modi-
fied functional molecules with a bound signal carrier, metal-based therapeutic agents
and endogenous contrast agents contain the XF signal carrier already in their native
form. The latter two agents are ideal contrast agents as their unbiased
bio-functionality can be imaged. For XLCT imaging, only exogenous contrast
agents are available.

5.1 Exogenous Contrast Agents

Molecular probes for XFCT can be synthesized by labeling a chemical compound of
interest with a high-Z element or nanoparticle (NP). The addition of a single atom to
a molecule preserves the affinity of that molecule for biological processes; hence, its
modified behavior is very similar to the original molecule of interest. This feature
enables quantitative and unbiased measurements of biological processes. XFCT will
also be able to image NPs made from high-Z elements, such as gold [23], silver [24],
gadolinium oxide [25], zinc oxide [26], and so forth. Intensive research is ongoing in
the biomedical community to use these NPs as molecular imaging probes, as
vehicles for therapeutic drug delivery to target sites, or as sensitizers to enhance
the delivery of photothermal ablation therapy or radiation therapy [27–34]. Hence,
the ability to image the distribution of such NPs fulfills a critical need and can aid
substantially in the design and evaluation of novel imaging and therapeutic
strategies.

For the imaging with X-ray excitation energies (<30 keV), the use of silver and
gold nanoparticle agents are recommendable because they are relatively inert bio-
logical elements. Furthermore, the surface chemistry of these nanoparticles can be
modified to make them less reactive. The use of the K-shell X-rays from silver
nanoparticles (22.2 keV) and L-shell X-rays from gold nanoparticles (9.7 and
11.4 keV) provides an energy range suitable for X-ray focusing optics (see chapter
“Imaging and Instrumental Specifications”).
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5.2 Metal-Based Therapeutic Agents

Metallodrugs are designed to induce pharmacological effects by interacting with
proteins (in particular with catalytically active enzymes) or directly with DNA
[35]. Because of their unique properties, metallodrugs are the subject of intense
research efforts. Platinum-based complexes are examples of the most widely used
anticancer agents. Currently researched compounds are mainly based on platinum
but also other metals such as ruthenium, titanium, gallium, or silver are under
investigation. Until now, no imaging technique was available to visualize the
distribution of these drugs in living subjects. Because metals such as platinum
emit energetic characteristic X-rays, they are highly amenable to imaging via
XFCT [18]. XFCT will play a pivotal role in the biological characterization and
optimization of metal-based drug complexes and their pharmacodynamics in vivo.
By directly observing the trafficking of these therapeutic agents, the technique
provides a novel opportunity to advance our understanding of their metabolism
and the drug resistance of tumors. Furthermore, it will be possible to verify and
monitor therapy response at an early stage allowing to tailor treatment, thereby
avoiding unnecessary side effects and improving treatment outcomes.

5.3 Endogenous Trace Elements

Trace elements are dietary minerals required for the proper functioning of the
organism. These elements, including Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Mo, and I,
occur at very low concentrations (<100 ppm) under normal conditions and are
indispensable to the biosynthesis of special metalloproteins and metalloenzymes.
XF studies have shown that the concentration of these elements is perturbed in
various disease states. For instance, elevated levels of copper were observed in breast
cancer [36], while abnormally low levels of zinc were found in prostate cancer
[37]. Iodine is also accumulated excessively in certain types of breast cancers that
overexpress the sodium-iodine symporter [38]. The potential to image endogenous
contrast mechanisms in vivo is unique and will provide new biological insights.

5.4 X-Ray Luminescent Contrast Agents

The majority of studied X-ray luminescent contrast agents are rare-earth nanoprobes
which consist of a lanthanide-doped host material surrounded by a non-doped shell
[39]. The luminescent behavior of the lanthanide-doped material has been well
characterized over the years due to the broad use of scintillation materials in X-ray
medical imaging applications [40]. Different experiments were conducted using
BaYF5, NaYF4, or NaLuF4 doped with ytterbium (Yr) and erbium (ER), or
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Europium (EU) and delivered good optical and infrared photon emission when
excited with X-rays [39, 41]. Following the literature, the majority of XLCT
experiments were conducted with Eu- or Er-doped nanophosphors. Beyond these
experiments also Tb, Cr, and La were used to study combined XLCT and optically
stimulated luminescence imaging [42, 43]. Another efficient luminescent emitter is
Gd2O2S:Eu (GOSE) which was used in proof-of-concept experiments [44], but it is
not recommended as a biological tracer, due to its toxicity.

6 Comparison to Other Imaging Modalities

In the last decade, much effort has been dedicated to the development of instruments
that can image both anatomical structure and molecular processes noninvasively. In
the existing designs, a molecular imaging modality (e.g., PET, SPECT, optical
fluorescence tomography (OFT)) is combined with X-ray CT or MRI, and both
modalities are working independently (or even sequentially) to provide co-registered
anatomical and molecular images [45–47]. However, these approaches have inherent
limitations. Radionuclide tracer synthesis, for example, requires complex radio-
chemistry procedures, and commonly radiotracers must be produced on-site. The
imaging needs to be performed within a short time window after radiotracer
synthesis.

Systems combining CT and OFT [47] do not require radionuclides, but labeling a
small molecule of interest (e.g., glucose) with a fluorescent dye without affecting its
function and biodistribution is challenging, and very few fluorescent agents have
found a use in the clinic. Tissue autofluorescence is also intractable and impedes the
sensitive detection of fluorescent molecules. Gold nanoparticles can be excited
optically via the plasmonic resonance effect and emit red-shifted light. Optical
imaging methods are quite popular in mouse imaging studies because of their high
sensitivity. However, the resolution suffers due to diffuse optical scattering. The
typical resolution for optical fluorescence imaging at 1 cm depth is 3 mm [48],
whereas XFCT imaging achieves sub-mm resolution.

The capability for simultaneous imaging of a large panel of elements in XFCT is
an advantage in comparison to PET. In PET, only 511 keV photons can be measured;
meaning only one target molecule at a time. Furthermore, the signal carriers in
XFCT are stable over time, and each molecule can be excited multiple times which is
not possible with radionuclides used in PET and SPECT. As a proof of concept for
the imaging capability to simultaneously measure various elements, an XFCT
acquisition was performed in a first-generation CT geometry, acquiring a single
pencil-beam line integral at a time [6]. It was possible to measure Au, Gd, and Ba
inclusions with a diameter of 5 mm with a single polychromatic and filtered X-ray
beam. The 5 mm diameter pencil beam was produced by an X-ray tube operated at
150 kVp, and the phantom was imaged in the prototype system using 30 translational
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steps (45 mm total displacement) and 31 rotational steps (360� total rotation). The
XF photons of all three elements were detected with a single CdTe detector, and the
success of the measurements exemplifies that no additional hardware is required for
multitracer imaging.

To compare the molecular sensitivity of XFCT contrast agents and radionuclides,
the following approximation is made. For AuNPs (50 kDa), 1 μg/ml is equivalent to
a molar sensitivity of 20 pM, similar to PET and better than SPECT. We note that
PET imaging probes have lower molecular weight than AuNPs, so mass sensitivity
of PET and XFCT is not similar. The comparison of different signal carriers, such as
nanoparticles and radiolabeled molecules, requires the consideration of distinct
characteristics. The ability of signal carriers to accumulate in pathological tissues
or target regions influences the molecular sensitivity as well as the efficiency of
clearance from the background environment. An accurate comparison of sensitivity
needs to account for the pharmacokinetics of the agents which needs to be compared
for each specific application. For receptor imaging, for example, the number of
available receptors might limit the amount of contrast agent, and large re-excitable
nanoparticles might provide more signal per receptor than single-decay PET or
SPECT probes [49].

To compare XFCT imaging with traditional X-ray transmission imaging, the
following calculations are presented. Based on the gold bulk attenuation coefficient
of 27.5 cm2/g at 30 keV, the X-ray attenuation coefficient for a 10 μg/ml gold
nanoparticle aqueous solution is 0.2272 cm2/g, which is only 0.12% higher than the
coefficient of water. For XFCT imaging instead, the intensity of the X-ray fluores-
cence photons in the emission spectrum is at least 10% greater than the intensity of
the water background. Theoretically, this allows for two orders of magnitude higher
sensitivity with XFCT compared to transmission X-ray-based imaging. It enables
in vivo visualization of probes that cannot be imaged by any other means, such as
metallodrugs as well as trace minerals.

As energy resolving detectors are also under investigation for CT imaging,
preclinical and clinical spectral CT systems were established for research purposes
in recent years. As the detection event rate in CT is approximately three orders of
magnitude higher in transmission CT compared to XFCT, only detectors with rough
energy resolution (with up to six energy bins) could be developed so far. Rough
estimations predict that the molecular sensitivity of XFCT is improved by an order of
magnitude compared to state-of-the-art transmission spectral CT.

7 Imaging Modes

Until now, the majority of proof of principle XFCT measurements were performed
with pencil-beam excitation and uncollimated X-ray detectors. While this combina-
tion is the most intuitive form of image acquisition for XF imaging, other acquisition
modes were suggested and realized. The selection of the best acquisition mode for an
application is a delicate exercise due to the many parameters involved in XFCT
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imaging. Commonly the choice is driven by trade-offs between sensitivity and
acquisition time and often restricted by the XFCT hardware. Another way to localize
XF emitters is the spatial selective X-ray excitation which can be combined with
spatially resolving, energy-discriminating X-ray detectors. Akin to MRI, it is possi-
ble to partially encode the X-ray excitation to some of the spatial dimensions by
collimation on the source side and to collimate the detectors to measure the
remaining dimensions. Compared to the sinogram format provided by a rotating
gantry, here the XFCT can directly be measured in image space, without the need for
any image reconstruction (triple-collimation geometry).

7.1 Pencil-Beam XFCT

In the general concept of XFCT imaging, the excitation is limited to a line by
creating a pencil beam. The X-ray pencil beam is commonly generated by collimat-
ing the X-ray photons emitted by a standard clinical X-ray source. For lower
energies (<30 keV), it is also possible to focus X-rays as described in chapter
“High-Resolution 2D Imaging”. The collimation is usually realized with masks of
high atomic number materials like lead or tungsten which block the excess X-rays
emitted by the anode of the X-ray source. With this form of excitation, the emission
of XF X-rays from the contrast agents is mainly limited to the line of excitation. Of
course, it is possible that scatter or background X-rays excite target agents outside of
the line of excitation, but this process is highly suppressed as scattered photons
already lost too much energy to stimulate K-shell or L-shell fluorescence, respec-
tively. However, it is recommended to utilize filtration for the polychromatic X-ray
beam as the scatter background magnitude and dose to the imaged object is highly
dependent on the shape of the energy spectra of the X-ray beam. The beam filtration
cuts off the lower energy photons which generate dose to the object but are not
energetic enough to produce fluorescent X-rays. It also attenuates higher energy
X-rays, but in general this only increases the acquisition time slightly. The acceler-
ation voltage of the X-ray source is also a parameter that influences the beam energy
spectrum. Here, the higher energy part of the spectrum is shaped. It is recommended
to produce fewer X-rays with excess energies above the K-shell excitation. These
higher energetic X-rays increase the probability for scatter photons in the energy
range of the XF signal. Furthermore, the scattered X-rays have enough energy to
create XF signals outside of the line of excitation. For optimized performance, the
source voltage and the filtration must be tuned for each contrast agent individually.

While there is an optimal configuration for each contrast agent, it was shown that
multiplexed imaging of multiple contrast agents with a single filter and tube voltage
configuration is possible [18]. In the study, the filter consisted of 1 mm Pb, 1.4 mm
Cu, and 7.3 mm Al optimized for the imaging of platinum, gadolinium, and iodine
simultaneously.

For K-shell fluorescence experiments with high emission energy elements, e.g.,
gold or platinum, the molecular sensitivity can be increased with a spectro-spatial
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optimization of the detector placement [22]. The optimization is based on
minimizing the Compton scatter X-rays, which are the primary source of interfer-
ence in X-ray fluorescence imaging of low quantities of contrast agent. The study
proposed an optimized anisotropic spatial orientation of detectors such that there is a
low probability of acquiring scatter X-rays which have the same energy as fluores-
cence X-rays. In this optimization, X-ray detectors are placed at large scattering
angles relative to the primary excitation beam. At large scattering angles, the
Compton scatter X-rays loose enough energy in the scattering process to be separa-
ble from the fluorescent signal.

As a consequence, this optimized detector configuration allows higher molecular
sensitivities which was validated in Monte Carlo simulations. A mouse-sized phan-
tom, with a diameter of 2.25 cm, containing various low gold concentrations
(10–100 μg/ml) of nanoparticles expected in molecular imaging applications was
excited with different beam spectra (monoenergetic, Gaussian, and tungsten anode).
It is shown that the optimized configuration, in which X-ray detectors cover only a
specific portion of a sphere surrounding the imaging volume, performed better than
the isotropic configuration (in which detectors cover the entire sphere). This was a
counterintuitive result that forces a redesign of XF imaging instrumentation. The
optimization results in a tenfold sensitivity improvement over isotropic detection for
gold nanoparticles and established a theoretical sensitivity limit of 10 μg/ml. The
sensitivity improvement significantly enhanced the potential of the X-ray fluores-
cence modality for future preclinical and clinical molecular imaging.

7.2 Compton Camera XFCT

The anisotropic detection principle, described above, can also be combined with
Compton imaging [50]. The position and energy information of a fluorescent X-ray
can be collected with a Compton camera. This information is used to restrict the
possible emission of XF X-rays to a cone-surface in the image domain. Here we talk
about electronic collimation on the detector side in comparison of physical collima-
tion on the source side in pencil-beam XFCT. In contrast to physical collimation on
the detector side, the electronic collimation reaches higher sensitivity as no valuable
XF photons are absorbed by a collimator.

With the spatial information from the Compton camera, scatter events can be
distinguished based on their emission direction which is specifically efficient for
deep tissue imaging. This enables reasonable molecular sensitivity in clinical in vivo
XF imaging and allows high-speed imaging as the target region can be excited with
fan- or cone beams. Image reconstructions in our Monte Carlo studies were able to
recover 5 mm diameter lesions in the center of a human lung. The results show that
low concentrations down to 150 μg/ml can be detected for a CdTe energy resolution
of 110 eV at 78 keV and a target dose of 30 mGy. Since the detector developments
are not yet advanced enough to realize XFI with the Compton Imaging concept,
further advances in detector instrumentation are required to realize clinically feasible
Compton camera XF imaging.
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7.3 Fan-Beam and Volumetric Imaging Modes

XFCT and XLCT allow more imaging modes than optical imaging and standard CT
due to freedom in detector placement and due to the much lower absorption and
scatter probability of X-rays compared to optical photons. As energetic X-rays
mainly transverse the imaging medium on a linear path with exponential attenuation,
the possible lines of response (LORs) can be either annotated by the source beam
geometry or the detector collimation. Besides the pencil beam and Compton camera
XFCT geometries described above, it is possible to use different detector collimation
designs and combine them with different X-ray source collimation geometries.
Basically, six different combinations of X-ray source and detector collimation are
possible. Dual collimation of the source, the detector, or both yields LORs along
which projective measurements can be performed. These LORs result from the
intersection of two planes, wherein each plane is defined either by an excitation or
detection collimator. Using this principle, a pencil-beam geometry is achieved by
collimating the source in two orthogonal directions; a fan-beam geometry by
collimating the beam and the detectors each once orthogonally; and the cone-beam
geometry by collimating the detectors in two orthogonal dimensions. Each geometry
offers a different trade-off in terms of spatial resolution, sensitivity, imaging time,
and imaging dose. On top of these three basic collimation concepts, it is possible to
directly measure elemental concentrations at “points of response” (PORs) with the
use of three orthogonal collimation planes. This can either be achieved by a
combination of a pencil-beam collimation and a strip collimator orthogonal to
each other or by a fan-beam excitation perpendicular to a parallel hole collimator.
In these designs, no ill-posed inverse problem must be solved for image reconstruc-
tion and quantitative images can be obtained with a direct attenuation correction on
the measured data. This scheme offers the attractive possibility of directly probing
the PORs of interest and also removes the noise amplification inherent to the image
reconstruction process.

Last, pinhole collimators can be used in place of parallel hole collimators with
cone-beam excitation. With the pinhole collimators, it is possible to achieve higher
spatial resolutions than restricted by the dimensions of an exciting pencil beam. As
pinhole collimation may reduce the sensitivity, the following approximation should
motivate the approach: The goal is to achieve around 1 mm spatial resolution in
molecular information extraction. We consider a 1 mm3 volume element, filled with
10 μg/ml of AuNPs, irradiated with X-rays (10 cGy total dose, 81 keV) (similar to
the dose used in microCT). This corresponds to an energy transfer of 100 μJ, or 7.7
billion photons. Out of those photons, about 0.05% interact with gold, while the
remainder interacts with water (this is based on the higher density and attenuation
cross-section of gold compared to water). Out of the 3.85 millions of photons that
interact with gold, 99% do so via the photoelectric absorption, and 80% of these with
the K-shell. Based on the fluorescence yield of gold (95%), roughly 3.66 million
fluorescent X-rays are emitted. Assuming a 10% photon sensitivity (pencil beam, no
detector collimator), 366,000 photons can be detected that emanate from a single
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1 mm3 volume element. With a SPECT-like pinhole collimator (0.01% sensitivity),
366 fluorescent photons per 1 mm3 image voxel would be collected. Those statistics
are sufficient for accurate image reconstruction.

7.4 High-Resolution 2D Imaging

Besides clinical and preclinical in vivo imaging, molecular imaging analysis of
surgically removed tumors with high-resolution planar imaging is a potential appli-
cation for XF or XL imaging. Currently, resected tumors are analyzed by patholo-
gists which requires staining of the tissue with elaborate techniques. This procedure
is cumbersome and time-consuming. In a 2D XF imaging approach, small tumor
samples can be analyzed quickly with resolution ranging from 5 to 100 μm by
translating the sample with a bilinear motion stage across a narrow pencil beam.
Such imaging can be performed close to the operating room and return feedback
about the analysis of the sample to the surgeon before closing the surgical site.

The analysis of small samples allows the use of low energetic X-rays which can
be manipulated with X-ray optics made of hollow glass tubes. With classic collima-
tion, the imaging process can take up to hours, but with polycapillary optics, the
X-ray flux can be increased by orders of magnitude and stimulate a proportionally
sizable fluorescent response [51]. This makes imaging within minutes possible.

7.5 Coded-Aperture Compressed XLCT

The pencil-beam XLCT approach provides a simple image reconstruction problem,
but commonly the scanning time is prohibitive for in vivo imaging. In coded-
aperture compressive XLCT (CAC-XLCT), a binary pseudorandom aperture mask
encodes the X-ray excitation field for each angular projection. In this case, instead of
exciting the sample one pencil beam at a time, the sample is simultaneously excited
by a subset of multiple pencil beams. The specific excitation pattern created by the
coded aperture mask is incorporated into the sensing matrix, and image reconstruc-
tion is performed using sparse regularization. This compressed-sensing image
reconstruction approach that combines a pseudorandom coded aperture mask and
sparse regularization allows for reconstructing high-quality images with far fewer
measurements than what traditional sampling dictates. It was demonstrated that
CAC-XLCT performance using five coded aperture masks per angular projection
with a mask transmission of 20% can locate all target lesions in a mouse-sized
phantom with good image quality. For comparison purposes, an image reconstructed
with cone beam XLCT is not able to recover the true nanophosphor distribution.
CAC-XLCT allows for accurately retrieving the nanophosphor distribution with
400 times fewer measurements than pencil-beam XLCT would require, indicating
a 400-times faster acquisition time.
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7.6 XFCT with Polarized X-Ray

It is possible to perform XFCT imaging with polarized X-rays. In synchrotrons,
for example, X-rays are naturally emitted with a preferred polarization direction. For
excitation it is possible to have an optimized setup with a detector positioning for
suppressed scatter contamination. The reconstructed images in Fig. 4 show how this
is beneficial for XFCT imaging performance.

8 Figures of Merit for Performance Analysis

The direct performance comparison of different systems and imaging modes is a
delicate exercise as different studies utilize different system parameters for their
experiments and different figures of merit for the performance analysis. The imaging
sensitivity and resolution are commonly assessed in phantom experiments. Here, we
propose some imaging configurations and figure of merits which have been proven
useful for the performance analysis.

The molecular sensitivity is usually determined by measuring various medium-
sized cylinders with different concentrations of contrast agent. The lowest detectable
contrast agent concentration is then retrieved by a linear least square fit to the
contrast-to-noise ratio (CNR) to concentration ratio where a contrast-to-noise ratio
of 5 (Rose Criterion) is considered the minimal detection limit. In this context, the
CNR is defined by:

CNR ¼ μROI � μbkg
σbkg

,

where μROI, μbkg, and σbkg are the average voxel intensity of the region of interest
(ROI) and background (bkg) and the standard deviation of the voxel intensity within
the background region, respectively. Usually, the background region is a ROI sized
region defined in the center of the field of view (FOV).

A figure of merit for spatial accuracy is the Dice coefficient (DC). For phantoms
without background concentration, the coefficient extracts the precision of the image
acquisition and reconstruction to correctly position the contrast agent into the image
and the ability of the image reconstruction to reduce scatter background and noise.
The DC is calculated as follows:

DC ¼ 2
P

IROIsP
IROIs þ 2

P
IROIs

,

where IROIs is the voxel intensity inside the ROIs and IROIs the voxel intensity
outside of the ROIs. If no contrast agent is located outside of the ROIs, then a perfect
acquisition and reconstruction results in a DC of one.
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A quantitative figure of merit for the determination of correct signal amplitudes is
the contrast recovery coefficient (CRC). For the analysis, phantoms with known
background concentrations are typically used where the high contrast agent concen-
tration is embedded in a low contrast agent background. The contrast is normalized
to the expected value for the contrast. The explicit form is given by:

CRC ¼ 100

μhigh
μlow

� 1
ahigh
alow

� 1
,

where ahigh, alow, μhigh, and μlow are the mean values of the known and reconstructed
low and high contrast agent concentrations, respectively.

Another metric for image analysis is the normalized mean square error (NMSE).
It is a valuable figure of merit when the actual contrast agent distribution is known,
e.g., in simulations. The NMSE is calculated as follows:

NMSE ¼ x� xTk k22
xTk k22

,

where x is the reconstructed image and xT is the true contrast agent distribution. The
NMSE is especially useful as it considers the whole FOV for the performance
analysis.

9 Potential of Clinical X-Ray Excited Imaging

The concepts and strategies of XFCT and XLCT can be extended in the future to
clinical human in vivo imaging. Although moving from small-animal imaging to
human imaging will result in higher attenuation of the characteristic X-rays, XFCT
remains a feasible approach for elements such as gold and platinum. The character-
istic X-rays emitted by these elements are energetic enough to propagate through
~20 cm tissue with only minor attenuation. For XFCT with elements emitting lower
characteristic energies and XLCT, imaging is still possible in examinations with
clinical merits like breast, head and neck, hand, and shallowly seated lymph nodes
where and depth is not a major issue. Here, L-shell fluorescence signals (15–20 kV)
can also be utilized to enhance the SNRs dramatically, as was demonstrated in our
recent studies in simulation [15] and experiment [17]. In clinical L-shell applica-
tions, a full gantry rotation is likely redundant as only excitations from the skin side
will contribute recoverable information. Hence, optimized compressed sensing
approaches are required to provide quantitative images of high quality for gantry
excitation arcs from π/2�π.

The concept of XFCT has been proposed mainly in the realm of monochromatic
synchrotron sources, but a turnkey solution fully utilizing the potential of the XF
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signals for in vivo molecular imaging has yet to be developed. It was shown that
polychromatic X-rays from clinical sources are still able to detect low concentrations
of XF signals when all of the described XFCT data acquisition strategies are
exploited to their full potential. In fact, most of these strategies are also compatible
with monochromatic excitation which usually leads to sensitivity improvements by
one order of magnitude better with monochromatic excitation. In this context,
developments in the field of inverse Compton scattering are intriguing as they
allow the establishment of laboratory scaled monochromatic X-ray sources feasible
for clinical environments.

This chapter discussed studies which lay the foundation for the future develop-
ment of human XFCT. While the concepts and initial results of XFCT are intriguing,
its widespread acceptance for molecular imaging depends critically on the achiev-
able sensitivity, and further technology is required to increase the sensitivity. For
example, advanced imaging techniques like Compton imaging [50, 52] or time-of-
flight information will help to reach clinical sensitivities comparable to sensitivities
shown here.

Contrast agents like Gd- or Pt-based drugs have already been approved by the
FDA, and no regulatory hurdles need to be addressed for immediate clinical use.

When fully implemented in the clinic, XFCT will provide crucial information
about molecular processes taking place within the patient. Considering the large
number of CT exams done annually in the USA (~69 million/year, with an observed
annual growth rate of about 8% [53]), the potential impact of XFCT will be
enormous.
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Abstract In the last two decades, there have been enormous developments in the
area of reporter gene imaging for various bioimaging applications, especially to track
cellular events that are occurring in intact cells and cells within living animals. As
part of this process, there has been a significant interest in identifying new reporters
or developing new substrates that can allow us to image multiple cellular events
simultaneously without any signal overlap between the targets. Even though chem-
ical dyes are useful for some of these applications, reporter proteins which mimic
biological properties of proteins when tagged directly with the target proteins are
very useful. Although molecular imaging has significantly advanced through use of
different imaging probes (radiolabeled ligands, MR contrast agents, CT contrast
agents, fluorescent dyes, fluorescent and bioluminescent proteins) and techniques
(PET, SPECT, MRI, CT, optical, ultrasound, and photoacoustic imaging), optical
imaging, such as fluorescence and bioluminescence imaging, has shown promising
applications in various preclinical settings, especially in imaging cellular pathways
and studies involving drug development. This is mainly owing to its simple and easy
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nature in performing the assay and also its high-throughput and cost-effective
applications. In this chapter, we review the evolution of optical imaging with specific
emphasis on fluorescent proteins, as well as an introduction regarding the general
approach of optical imaging in in vitro and in vivo applications. We explain this by
briefly introducing different optical imaging methods and fluorescent assays devel-
oped based on fluorescent dyes and fluorescent proteins followed by a detailed
review of different fluorescent proteins currently used for various assay develop-
ments and applications.

Keywords BRET, Fluorescence dyes, Fluorescent proteins, FRET, In vivo imaging

1 Introduction

Fluorescent proteins and fluorescent dyes are routinely used to monitor biological
processes of cells in culture or cells in living animals; hence they are called
fluorescent reporters (FR). This includes fluorescent proteins, organic dyes, and
inorganic photonic materials. Fluorescent reporters are commonly used for devel-
oping assays involving fluorescence spectroscopy, fluorescence microscopy, and
whole-body preclinical imaging and to some extent in human applications for image-
guided surgery in the operating room [1, 2]. Fluorescent reporters in combination
with an optical imaging system can provide key information in clinical oncologic
research while providing the opportunity to develop transgenic animal models for
studying various diseases, including cancer. Fluorescent dyes are widely used in
various bioassay applications. Here, we mainly discuss the role of fluorescent protein
as reporters (FPR) in various sensor designs and applications in bioimaging, drug
delivery, and drug discovery systems. We also briefly discuss the role of fluorescent
dyes in imaging applications (Fig. 1).

2 Fluorescent Biosensors and Evolution of Fluorescent
Protein Palette

Fluorescent proteins are frequently used for studying molecular mechanisms of cells
and physiological processes involved in cellular biological pathways. A plethora of
fluorescent proteins with characteristic excitation and emission spectra offer enor-
mous scope for researchers to “paint” living cells as they desire [3]. At present we
have gone a step further and created sophisticated biosensors engineered with single
or multiple fluorescent proteins, including Förster Resonance Energy Transfer
(FRET)-based biosensors for studying macromolecular interactions in cells [4].
These fluorescent proteins exhibit environment-dependent changes in fluorescent
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spectral characteristics and act as biosensors (1) to measure target enzyme functions
(e.g., protein kinases and proteases); (2) to measure the concentration of intracellular
ions, metabolites, and messengers (H+, Ca2+, Cl�, H2O2, cAMP, etc.); (3) to monitor
cellular physicochemical parameters (i.e. specific analyte, covalent modification,
mechanical influence, redox potential, membrane potential); and (4) for high-
throughput screening of drug candidates and their evaluations in preclinical studies.
One of the earliest fluorescent proteins to be discovered was green fluorescent
protein (GFP), when, in 1962, a Japanese organic chemist and marine biologist
Osamu Shimomura stumbled upon this remarkable protein in the jellyfish Aequorea
victoria [5]. At present this discovery has reached beyond the realm of science and
our homes with the development of transgenic fluorescent fishes and green fluores-
cent pigs and cats [6, 7]. The first use of GFP as a fluorescent tag for in vivo labeling
was demonstrated in 1995 by Dhandayuthapani et al., where they reported the
application of GFP-engineered mycobacteria (M. smegmatis and M. bovis BCG)
for analysis of fundamental biological and pathogenesis related to mycobacteria
[8]. It was rather serendipitous that GFP turned out to be a natural monomer which
enabled its wide use for labeling of various proteins of interest by simple in-frame
fusion to the –COOH or –NH2 terminus or even as an insert within a flexible loop of
a protein [9].

Biosensing encompasses a diverse array of techniques for the generation of
an experimentally accessible “readout” of a molecular interaction between a
biomolecule-derived molecular recognition element (MRE) (e.g., a protein domain)
and an analyte of interest (e.g., a small molecule, another protein, or an enzymatic
activity) [10, 11]. Molecular entities or devices that enable biosensing are generally
referred to as biosensors. The primary challenge of creating biosensors is transduc-
ing the nanometer-scale event of a biorecognition process into an observable
change in a macroscopic property such as color or fluorescence hue [12]. One of
the nanometer-scale changes that typically accompany biorecognition events is the
change in molecular “geometry” of the MRE. This change could be a distance
between the MRE and its analyte, as in the case of a protein-protein interaction, or
a conformational change of the MRE, as in the case of allosteric proteins [13–15]. As
we will discuss in this chapter, researchers have now devised a variety of strategies
to develop fluorescent protein-based biosensors for many applications [16].

The protein-based fluorescent biosensors can be broadly categorized into two
classes based on the construction method: the first class are genetically encoded
fluorescent proteins such as GFP and its variants, whereas the second class com-
prises of chemically constructed biosensors made of natural protein scaffolds and
artificial fluorescent molecules [17]. We will primarily discuss protein-based fluo-
rescent biosensors in this chapter. In the case of genetically encoded biosensors
(GFP-based), the GFP protein acts as a signal transducer that manifests change in
fluorescence intensity or wavelength shift in response to triggered stimuli. Different
versions of such biosensors have been established in the past, including single
FP-based biosensors, split GFP-based biosensors, and dual FP-fused FRET-based
biosensors [18]. Such biosensors are a powerful tool for in-cell imaging and/or
elucidating biological events of cells in normal and pathological processes.
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With the rapid progresses being made in exploring diverse applications of
fluorescent proteins in biosensors, one of the major considerations is improving
the “brightness” of the fluorophore to achieve higher sensitivity. The brightness of
fluorescent protein depends on how well a molecule absorbs light and how fast it
emits light. Light absorption by a fluorophore is quantified in terms of molecular
extinction coefficient, whereas emission of light intensity is quantified by quantum
yield. A promising fluorescent protein for designing a biosensor is identified based
on the high quantum yield of the protein. The quantum yield relates the efficiency at
which a fluorescent molecule converts absorbed photons into emitted photons, i.e.,
number of photons emitted divided by the number of photons absorbed, with an
efficiency of 1.0 being the maximum possible value. Since it is difficult to know the
precise number of photons absorbed without specialized instrumentation, the typical
practice of measuring quantum yield depends on comparing the unknown to a
known standard [19, 20]. In most of the fluorescent proteins, the quantum yield of
the fluorophore is not solely determined by absorbed photons but also by other
environmental factors such as pH, temperature, polarity, etc.

The construction of fluorescent biosensors generally relies on the rational design
of the strategy, which begins with an effort to find a macromolecular receptor with
appropriate affinity and specificity to the target. The second step integrates the
receptor molecular recognition event into suitable fluorescent signal transduction,
which involves foreign reporter moieties such as an engineered autofluorescent
protein (AFP). The resultant possibilities for the engineered biosensor are then
screened based on biosensor quantum yield, sensitivity, and measurement dynamics
[21]. In spite of a seemingly simple procedure, researchers are attempting to fabricate
a novel fluorescent biosensor for a given target that would inevitably struggle with
unexpected labor intensity in screening such large possibilities of random mutagen-
esis. The field of computational biology and machine learning offers an exceptional
brute force approach in screening the such large sea of variants, by placing a
“virtual” molecule of interest in the binding site of a virtual receptor [22]. The
program sequentially mutates the receptor amino acids involved in binding the
ligand, searching for sequences that form a surface complementary to the ligand.
Typically, even with 12–18 amino acids mutations, around 1023 variants arise which
excludes the possibility of in vitro screening. Finding productive biosensors with
high quantum yield and sensitivity in such a large number of possibilities requires
powerful computational algorithms. The success of such algorithms depends on how
precisely the model recapitulates the energy (or “fitness”) of the interacting groups.
However, when approaching this problem computationally, not only the amino acid
sequence of the receptor must be specified but also the orientation of the ligand, as
well as the various conformations that might be adopted by the side chains of the
mutated amino acids. Different models have evolved over the course of time for
protein biosensor engineering, for instance, Rangefinder, a computational algorithm
developed by Mitchell et al., which performs in-silico screening of dye attachment
sites in a ligand-binding protein for the conjugation of a dye molecule to act as a
Förster acceptor for a fused fluorescent protein [23]. Such computational protein
designs have been successfully used to precisely arrive at efficient protein models; a
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few to highlight here include a hyperthermophilic protein [24], two small molecule
biosensor proteins [25], two novel enzymes [26, 27], and a novel protein fold
[28]. Thus, computational in-silico approach holds great promise in future for
designing and optimization of biosensors. While developing mutants for designing
biosensors, it is also important to consider the use of infrared and near-infrared (NIR)
fluorescent proteins as a choice for enhancing the in vivo imaging capability of the
developed biosensors.

Green fluorescent protein (native state) is a 21 kDa protein consisting of
238 amino acid residues forming a secondary structure of 5 α-helices and 1
11-stranded β-pleated sheet, where each strand contains 9–13 amino acid residues
each [29]. Substitution of specific amino acids has generated a wide range of GFP
variants with distinct spectral characteristics. For instance, substituting Tyr66 for
His, Trp, or Phe results in blue-shifted spectral variants. Extensive mutagenesis of
Aequorea victoria GFP has produced a series of monomeric FPs of a variety of
colors: blue [30, 31], violet [32], cyan [30, 31, 33, 34], green [35–37], and yellow
[38]. This palette enables multicolor labeling of proteins of interests and FRET-
based techniques. Breakthrough in the red fluorescent protein field occurred only
after the discovery of DsRed and other red fluorescent and chromoproteins from
Anthozoa species [39–41]. These discoveries opened the way for the development of
orange, red, and far-red FPs with emission peaks located as far as 655 nm [42]. How-
ever, the vast majority of natural FPs and chromoproteins cloned from various
species during the past 10 years are tetramers, such as FPs from anthozoa [39–41]
and copepods [43, 44], or dimers, such as anm2CP and phiYFP from hydrozoa [44].

3 Genetically Encoded Sensors (GES)

The genetically encoded fluorescent proteins have opened new avenues for
developing biosensors to visualize and quantify activity or conformational state of
proteins of interest, especially changes in the concentration of molecular and phys-
iological events in cells, tissues, or whole organism [45]. The intercellular/intracel-
lular signaling pathways, cell communications, differentiation, and development
have been investigated extensively with these fluorescent proteins [46]. One of the
promising applications include in vivo imaging of individual neurons in transgenic
animals with calcium-responsive genetically encoded biosensors [47]. At the intra-
cellular levels, genetically encoded biosensors can be used to spatiotemporally
decipher the complex network of interactions that occur between proteins, nucleic
acids, and other macromolecules (Fig. 2) [48]. The chemically synthesized sensitive
fluorescent dyes differ greatly from fluorescent proteins in terms of their relevance,
sensitivity, specificity, development, and applications. The genetically encoded
fluorescent protein sensors are introduced into the host cells as genetic materials
by either transient transfection or knock-in techniques which allows cellular endog-
enous biogenesis pathways to express these as proteins [49]. Such an intricate
integration with endogenous biogenesis eliminates the possibility of unintended
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perturbation in endogenous pathways by the biosensor itself while probing target;
thus, they allow fluorescence imaging with a closer representation to the in vivo
system over a longer period of time [50]. On the other hand, fluorescent dyes are
limited by their stability, photobleaching, and cytotoxicity, which are often driven by
their non-native interaction with biomolecules that interferes with endogenous fate
of the analytes, and thus might limit relevance of such a study to single time point
analysis alone [51]. Furthermore, unlike dyes, GES are not prone to leakage during
long-term experiments and offer high-throughput screening in drug development.

Fig. 2 Different fluorescent protein constructs with specific subcellular localization; FP-fusion
partner: (a) mOrange2-b-actin, (b) mApple-Cx43, (c) mTFP1-fibrillarin, (d) mWasabi-cytokeratin,
(e) mRuby-annexin (A4), (f) mEGFP-H2B, (g) EBFP2-b-actin, (h) mTagRFP-T-mitochondria, (i)
mCherry-C-Src, (j) mCerulean-paxillin, (k) mKate-clathrin (light chain), (l) mCitrine-VE-cadherin,
(m) TagCFP-lysosomes, (n) TagRFP, (o) superfolderGFP-lamin, (p) EGFP-a-v-integrin, (q)
tdTomato-Golgi, (r) mStrawberry-vimentin, (s) TagBFP-Rab, (t) mKO2-LC-myosin, (u)
DsRed2-endoplasmic reticulum, (v) ECFP-a-tubulin, (w) tdTurboRFP-farnesyl, (x) mEmerald,
(y) mPlum-CENP-B. Adapted with permission from Richard et al., with copyrights [48]
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GES, by virtue of being derived from naturally evolved proteins or protein compo-
nents of cells, open the possibility for targeting them virtually to any compartment or
microcompartment of cells through fusion with an appropriate domain or by introduc-
ing short terminal peptides to form appropriate signal motifs [58–60]. The design of
fluorescent biosensors is based on a rationale of introducing a nimble manipulation of
target domains or fluorescent proteins, which involves conformational changes in the
spectral properties of fused domains or distance change, dipole orientation shift
between two proteins capable of FRET. FRET is a physical phenomenon in which a
donor fluorophore upon excitation transfers the energy non-radiatively to a neighboring
acceptor fluorophore, thereby causing the acceptor to emit its characteristic fluores-
cence of longer wavelength range [18]. Since FRET is highly sensitive to the distance
between donor and acceptor dipoles within the 1–10 nm range, they have become a
valuable tool to deduce biochemical events involving changes in molecular proximity,
such as protein-protein interactions, conformational changes in proteins, intracellular
ion concentrations, and enzyme activities [61].

The genetically encoded fluorescent sensors can be broadly categorized into four
groups according to the basic principles of the designs (Fig. 3):

1. Intrinsic environment sensitive fluorescent protein biosensor (single FP-based
sensors)

2. Engineered single FP-based sensors

(a) Incorporating a conformationally sensitive detector domain
(b) Circularly permuted FP sensors

3. FRET-based sensors containing two FPs
4. Translocation sensors/assays

Each of these sensor categories has distinct applications owing to their charac-
teristics. Single native fluorescent proteins are the preferred option for ion sensors,
whereas engineered fluorescent proteins and two protein systems are better options
for deducing structural changes or a protein-protein FRET interaction, respectively.

3.1 Intrinsic Environment-Sensitive Fluorescent Protein
Biosensor (Single FP-Based Sensors)

As an intrinsic property of GFP and its derivatives, the spectral properties of the
chromophores are determined by the environment (i.e., pH or conformational
change). This property has been exploited to develop biosensors that measure pH
[53, 62, 63], halide anions [64], and redox potentials [65, 66]. The environment-
induced change within the chromophore pocket of fluorescent protein offers flexi-
bility for generating variation in the fluorescence spectrum to probe analyte-specific
signal.
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3.1.1 Fluorescent Biosensors as Tool for Detection of Intracellular Ion
Concentrations

The pH-responsive fluorescent proteins have been used to monitor exocytosis and
recycling of proteins based on the rationale of prevalent acidic pH of the secretory
vesicles [52, 67] (Table 1). The chromophores of most of the fluorescent proteins
naturally possess sensitivity to pH, specifically those carrying GFP-like or DsRed-
like chromophores, which indicates that any FP can be used as a sensor to monitor
pH changes in living cells [53, 68]. Especially in proteins with GFP-like chromo-
phores, the proportion of charged ground-state chromophores (with excitation peak
at �480 nm) grows with increase in pH, up to pH 9.0, whereas the proportion of
protonated chromophores (with excitation at �400 nm) declines. This property
explains the observed increase in fluorescence of green or yellow fluorescent protein
with increase in pH upon excitation at 480–500 nm. The shift in fluorescence
intensity in pH is rapid and reversible (<1 ms) [63]. Overall, the pH sensitivity of
fluorescent sensors is determined by the pKa of the charged chromophore, which in
turn determines the pH value at which the intensity of green fluorescence begins to
decline by 50% of Imax, and the Hill coefficient determined by slope of fluorescence
versus pH at a given pKa point. Fluorescent proteins with pKa of�6.0 are suitable to
measure pH changes in acidic compartments, while some of the less acid-tolerant
yellow FPs can be used to measure pH changes in the cytosol [67]. Fluorescent
proteins with different pKa values are generated by rational modification of core
amino acids in the chromophore pocket or by random mutagenesis. A pH-sensitive
mutant variant called super-ecliptic pHluorin manifests ~50-fold increase in fluo-
rescence in response to change in pH from 5.5 to 7.5 and has been used for
monitoring synaptic vesicle cycling at nerve terminals [69]. Another such variant
of monomeric red FP, mKeima, exhibits a large Stokes shift with respect to change
in pH. Depending upon the neutral (protonated) and anionic (deprotonated) state of
chromophore, it exhibits bimodal excitation spectra with peaks at 438 and 550 nm,
with a single emission peak at 620 nm [70, 71]. The chromophore has pKa of 6.5,
and the pH acts as a ratiometric pH sensor based on the ratio of ionized state at a
given pH. Another crucial factor in determining the implication of such fluorescent
sensors for pH sensing is also based on their stability in different pH range. In this

Table 1 Genetically encoded fluorescent sensors – single fluorescent protein (FP) sensors

Analyte Sensor name Components Sensor type Reference

pH SynaptopHluorin pHluorin pH-sensitive green
FP

[52]

pH mNect.hCNT3 mNectarine pH-sensitive red FP [53]

Ca2+ GCaMP3 M13-cpGFP-calmodulin Single cpFP [54]

Ca2+ Case12 M13-cpGFP-calmodulin Single cpFP [55]

Ca2+ Camgaroo-2 Calmodulin domain into
YFP

Peptide insertion [56]

H2O2 HyPer OxyR Single cpFP [57]
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aspect, mKeima exhibits high resistance to lysosomal enzyme-mediated degrada-
tion; this inspired and resulted in the modification of mKeima as an autophagy
sensor, specifically to detect the event of conversion of autophagosomes to
autolysosomes. In the fluorescent pH sensor, mKeima was fused with light chain
3 (LC3) of microtubule-associated protein [72]. Under starvation-induced
autophagy, LC3 is cleaved and allows recruitment of phosphatidylethanolamine to
the outer and inner membranes of autophagosome, which then fuses with the
lysosomes leading to the degradation of packaged cargo under a highly acidic
environment [73]. The mKeima-LC3 probe enabled visualization of these
autolysosomal maturation events by detection of the acidification-induced color
change of mKeima and provided a cumulative fluorescent readout of autophagic
activity, with the deduction of the hallmark event of autophagy, i.e., LC3 localiza-
tion. Another variant of mKeima, pH-Red, was developed with a specific purpose of
achieving pH-dependent readout in near-infrared region. This property can provide
the advantage of light emission with higher penetration and less light scattering in
biological tissues and thus offer advantage for deep tissue pH monitoring across a
broad pH range. pHRed with an apparent pKa of 6.6 demonstrated nearly tenfold
change in ratio of fluorescence emission upon excitation with a wavelength of
585 nm [74].

To date, various GES for monitoring pH have been generated in such as way they
can respond with either changes in fluorescent brightness of a single fluorescence
peak or ratiometric changes with two excitation peaks [75]. The latter type of pH
sensors imply ratiometric measurement of fluorescence brightness excited at two
different wavelengths and hence are free from artifacts that arise owing to variable
protein concentrations, cell thickness associated signal attenuation, cell movement,
or excitation intensity since measurement in one peak can normalize the other peak
that was used for pH measurement [75]. Ratiometric pH sensors commonly respond
with a change in the ratio of excitation efficiency at 400 nm versus 480 nm owing to
a shift in the protonated/deprotonated chromophore ratio [52]. An internal control of
overall signal stability can be the intensity of fluorescence excitation at the isosbestic
point between the two excitation peaks, at �430 nm. Another type of ratiometric
GES that utilizes the pH-sensitive efficiency of excited state proton transfer (ESPT)
from the protonated GFP chromophore excited at 400 nm. These sensors are excited
at 400 nm and respond with a change of fluorescence ratio between 450 nm and
510 nm [62]. Ratiometric pH sensors can also be developed by fusing pH-stable and
pH-sensitive fluorescent protein variants of different colors. In this case, changes in
the fluorescence brightness ratio of the two fused FPs can be measured along with
FRET efficiency between the two FPs, as discussed in detail below.

Fluorescent protein-based sensors for measuring metal ions in living cells can be
categorized into intensiometric sensors which change in fluorescence intensity when
the chromophore bound to a metal ion and ratiometric biosensors that exhibit shift in
the absorption or emission spectra when the chromophore bound to a metal ion. The
intensiometric fluorescent sensors are the preferred option for developing quantita-
tive assays, since their fluorescence intensity has been determined by the sensor
concentration in each cell and the path length in addition to the ion concentration.
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Ratiometric biosensors are severely limited for quantitative estimations owing to
their lower sensitivity (i.e., smaller dynamic range), larger spectral bandwidth, and
the need to acquire images with two combinations of excitation and emission filters
for fluorescence measurement.

The sensitivity of biosensor for measuring ionic concentration has been
determined by its binding affinity for an ion and its dynamic range. Binding affinity
of an ion can be defined in terms of dissociation constant (Kd), which is the ion
concentration at which 50% of the sensor binding sites are occupied. This can be
experimentally determined by sensor titration experiments. Dynamic range is essen-
tially an indicator of a sensor’s measurement sensitivity and its signal-to-noise ratio
(SNR). In order to monitor ion concentration changes, it is preferable to choose a
sensor that is 20% saturated at baseline, whereas a sensor that is ~50% saturated at
baseline is more suitable for comparing differences in resting ion concentrations in
different cells or different environmental conditions. For instance, Cameleon-Nano
sensors have lower Kd and are better for quantitative measurement of cytosolic Ca2+

in some cell types, whereas D1ER is preferred for ER measurement because Ca2+

levels are high in the ER and the Kd of D1ER is much higher than other Cameleons.
Tables 2 and 3 summarize Kd and DRs of some ratiometric ion sensors which are
designed for measuring ion concentrations in subcellular organelles.

3.2 Fluorescent Protein Complementation (Split Fluorescent
Proteins) Sensors

3.2.1 Sensors Fused with Intermediate Recognition Domains from
Target Proteins for Designing the Biosensors

To expand the scope of sensors specific to some analytes, an analyte-specific
extrinsic recognition domain has been inserted into FPs. In the conventional design
of bimolecular fluorescent complementation (BiFC) sensors, a FP is split into two
fragments and then fused to recognition domains that are associated with the
analytes of interest [86, 87]. The two halves of the FP do not emit fluorescence in
the state of dissociation since no intact chromophore will be reconstituted. Upon the
analyte-induced change in the recognition domains, the complementary fragments of
the FP are brought into close proximity and reconstitute the β-barrel chromophore
structure of the FP, resulting in the recovery of the fluorescence signal. In general,
split FP strategies have a much lower background so that it may produce a greater
dynamic range than those of FRET and single FP-based biosensors. On the other
hand, a major drawback of split FP-based biosensors is that they are not reversible.
While irreversibility provides a significant advantage for detecting transient and/or
weak interactions, it is not suitable for analyzing dynamics of an analyte in real time
[88]. Study of protein-protein interaction involves split FP fragments that do not
associate with each other spontaneously. In this strategy, the fluorescent protein
halves are fused to two different target proteins of interest. In the event of interaction
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between target proteins, the split FP halves are brought together, resulting in
assembly of functional fluorescent protein with intact chromophore which results
in the appearance of fluorescence. This approach provides straightforward interpre-
tation for extent and location of target protein interaction in the cell. A drawback of
BiFC as compared to FRET sensors is that upon reassociation of split FP fragments,

Table 2 Ratiometric biosensors for imaging Ca2+ and Zn2+ ions

Ratiometric Ca2+ biosensors

Fluorescent
proteins
used

Sensors
name

Ca2+-
responsive
elements

Kd0 for
Ca2+

Hill
coeff. Comments Reference

Yellow
Cameleon
series

YC2.60 CaM,
M13p

93.5 nM 2.7 Not available [76]

Yellow
Cameleon
series

YC3.60 CaM
E104Q,
M13p

215 nM,
779 nM

3.6,
1.2

High dynamic
range

[77]

Yellow
Cameleon
Nano series

YC-Nano50 CaM,
M13p

52.5 nM 2.5 Optimized for
detecting subtle
cytosolic Ca2+ in
living organisms

[76]

D-family
Cameleons

D1 mCaM,
mM13p

0.8 μM,
60 μM

1.18,
1.67

Does not bind
endogenous CaM;
optimized for ER

[78]

D-family
Cameleons

D3 cpV
mCaM,
mM13p

0.6 μM 0.74 Does not bind to
endogenous CaM;
optimized for
cytosol and
mitochondria

[79]

Troponin C
family

TN-XXL mTpC 800 nM 1.5 Optimized for
imaging of neu-
rons; fast response

[80]

Ratiometric Zn2+ biosensors

Fluorescent
proteins
used

Sensors
name

Zn2+-
responsive
elements

Kd0 for
Zn2+

Hill
coeff. Comments Reference

Zap family ZapCY1 Zap 2.53 pM 1 Optimized for ER,
Golgi, and mito-
chondria; high
dynamic range

[81]

ZinCh
family

eZinCh CFP and
YFP

8.2 μM 1 Targeted to vesi-
cles by fusion to
VAMP2

[82]

eCALWY
family

eCALWY4 Atox1 and
the WD4
domain of
ATP7B

630 pM 1 Optimized for
cytosol

[81]

Zap family ZapCY2 mZap 811 pM 0.44 Optimized for
cytosol

[83]
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it takes from minutes to hours for the chromophore to mature and produce fluores-
cent signal, which limits their applications in real-time detection of protein-protein
interactions [86]. Apart from this, the split FP assembly is irreversible in most cases,
although there have been reports of partial recovery of split FP [89]. On the other
hand, the BiFC system achieves higher sensitivity and detects even weak interac-
tions as it accumulates signal over time, thus prevailing over FRET sensors in this
aspect [90]. Numerous variants of split fluorescent protein-based sensors with
different spectral properties have emerged over the years, e.g., blue (EBFP), cyan
(ECFP, Cerulean, SCFP3A), green (EGFP), and yellow (EYFP, Venus, Citrine)
mutants of Aequorea victoria GFP [91–94]. In addition split variants of red and
far-red FPs such as mRFP1 [94], mCherry [95], DsRed-monomer [96], and mKate
[97] have their origin from other fluorescent proteins. As a result of common origin
from same FP, fragments from different color mutants with complementary frag-
ments also yield cross-associated species with distinct spectral properties, which
extends the application of these systems in competitive protein binding interactions
[92, 98]. The other possibility of using two split FPs of different origins capable of
hybrid formation may be applied to visualization of two independent pairs of
protein-protein interactions [95, 96]. The combination of cross-associated BiFC
and non-cross-associated BiFC system enables simultaneous detection of three
pairs of protein-protein interactions taking place within the same cells at any given
time point [97].

In the cases of certain BiFC, chimeric proteins consisting of fragments from
different proteins sometimes reconstitute chromophore and emit fluorescence, which
offers diverse fluorescent shades capable of tracking multiple events simultaneously
in cells [96]. As an example of such a multicolor BiFC chimera, the event of ligand-
dependent oligomerization (homodimer and heterodimer) between adenosine A 2A
and dopamine D2 receptors was evaluated effectively in a differentiated neuronal
cell model [99].

Another emerging strategy is based on incorporation of unnatural amino acids
(UAAs) into a natural chromophore of fluorescent protein for developing single FP
sensors. The incorporation UAA to proteins has recently emerged as a strategy to
generate novel rationally engineered single FP sensors [100]. One of the earliest
reports on this approach was made by Yun and coworkers wherein GFP-dopa mutant
was generated by replacing all tyrosine residues in the GFP with metal-chelating
L-DOPA [101]. The mutant variant functioned as a selective Cu2+ sensor. Similarly

Table 3 Sensors targeted to subcellular locations

Subcellular location Ca2+ sensors Zn2+ sensors Reference

Golgi None Golgi-ZapCY1 [83]

ER D1ER ER-ZapCY1 [78, 83]

Vesicles Ycam2 eZinCh [81, 84]

Mitochondria 4mt-D3cpV Mito-ZapCY1 [79]

Nucleus D3cpV ZapCY2 [83, 85]

Cytosol D3cpV eCALWY-4, ZapCY2 [81, 83, 85]
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another group introduced a metal-binding amino acid, HqAla (2-amino-3-
(8-hydroxyquinolin-5-yl)propanoic acid), into the Tyr66 of a cpsfGFP variant that
enabled this construct to achieve a 7.2-fold increase in fluorescence intensity in
the presence of Zn2+ ions in living E. coli cells [102]. Apart from affinity-based
unnatural amino acids, chemically reactive UAAs also serve as an option for
reaction-based fluorescent protein biosensors. Schultz and coworkers exploited this
approach in designing an FP sensor (UFP-Tyr66pBoPhe) for detection of H2O2 by
substituting Tyr66 of GFP with p-borono-L-phenylalanine (pBoPhe) carrying an
H2O2-reactive arylboronate side chain [102]. In the absence of H2O2, the chromo-
phore remains electron deficient owing to the presence of electron withdrawing
vacant 2p orbital of boron, and as a result of which, the sensor does not produce
fluorescence. However, in the presence of H2O2, pBoPhe is oxidized to the original
tyrosine residue, leading to quick recovery of fluorescence [103]. Although initially
UAA-based sensors were speculated to behave unsuccessfully in in vivo systems
owing to the synthetic origin of UAA, a few recent reports have achieved the same
in mammalian cells. An UAA-based H2S sensor was developed by substitution of
Tyr66 with p-azido-L-phenylalanine (pAzF) and was successfully expressed in
mammalian cells and illustrated as response time of mere ~7 min upon addition of
50 μM of NaHS [104]. The azide-modified chromophore in the presence of H2S is
selectively reduced which results in the observed fluorescence enhancement. The
same group also developed genetically encoded mammalian cells compatible for
peroxynitrite probe on the basis of the similar strategy [105].

The oligomeric aspect of fluorescent proteins offers flexibility for designing
dimerization-dependent fluorescent sensors that also enables reversible fluorescence
change upon complementation [106]. For instance, the oligomeric Discosoma red FP
(DsRed) and the RFP heterodimer (ddRFP-A1B1) exhibit weak fluorescence in the
monomeric state but upon heterodimerization manifest tenfold higher fluorescence
with a Kd of 33 μM. A series of red intensiometric biosensors based on a diverse
color palette ddRFP, ddGFP, and ddYFP have been created for detection of PPIs,
Ca2+ dynamics, and protease activity with improved brightness and contrast [107].
The efficient SNR of the system enabled imaging of endomembrane proximity
between endoplasmic reticulum and mitochondria clearly distinguishable.

3.2.2 Biosensors Designed Using Circularly Permuted FPs

The close proximity of N- and C-termini observed in many three-dimensional
protein structures has been used in the past to perform circular permutation exper-
iments on many different proteins [108]. The circularly permuted FP (cpFP)-based
GES are quite promising owing to the potentially high dynamic range of fluores-
cence spectral shifts. A circular permutation is a relationship between proteins
whereby they have a changed order of amino acids in their peptide sequence
resulting in a reconstituted protein with overall similar 3D shape but with different
N- and C-termini [109]. In the case of cpFP-based sensors, conformational changes
of sensory domains yield structural changes in the chromophore environment and
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thus strongly influence change in the spectral properties of the cpFPs. The influence
is usually brought by factors such as protonation/deprotonation of a GFP-like
chromophore, as well as changes in its fluorescence quantum yield and molar
extinction coefficient. A rationally engineered cpGFP offers robust variants which
sustains fluorescence emission even after insertion of peptides or proteins to the new
terminus. The predominant permuted variants as per GFP sequence arise from a
permutation point in the vicinity of amino acid positions [62, 66]. The proximity of
sensitive fusion domains to the chromophore pocket in the fluorescent protein
determines extent of influence on the native spectral properties. In the case of
cpECFP, cpEGFP, and cpEYFP, insertion of calmodulin (Ca2+-binding protein) in
a specific position localized it in close proximity to the chromophore in the folded
3D conformation, which resulted in deprotonation of the chromophore and subse-
quent shift in fluorescence emission [60, 110]. As a follow-up to this pioneering
study, several groups developed single cpFP-based biosensors with different binding
domains for the detection of calcium [54, 111, 112], cGMP [113], H2O2 [57], and
Zn(II) [114].

In cpFPs, the recognition domain in the presence of an analyte can undergo a
conformational change by itself as well as influence conformational change in the
fused fluorescent protein that is reflected by change in the fluorescence spectra. One
example of this approach is a G-CaMP sensor for Ca2+, which has a calmodulin
(Ca2+-binding protein) fused to the C-termini of a cpEGFP and a M13 peptide
(a synthetic peptide with calmodulin-binding domain) fused to the N termini
[115]. The success of the G-CaMP biosensor design inspired further modification
for improving the sensitivity while developing a diverse range of color palettes for
multicolor imaging of Ca2+ level in different organelles of cells, such as cytosol,
nucleus, and mitochondria, at single-cell level [116].

The routine approach of permutation in FPs involves fusion of sensitive domains
close to the chromophore in order to manifest a change in its spectral properties
[77, 117]. With this strategy, numerous calcium sensors [55, 112, 118, 119] and
hydrogen peroxide sensors [57], phosphorylation sensors [120], and membrane
potential sensors [121, 122] have emerged successfully in the recent past. Incorpo-
ration of binding protein with competitive analyte affinity can serve as a new type of
ratiometric sensor. Incorporation of adenylate binding protein GlnK1 with differen-
tial affinity for ATP and ADP into cpYFP could generate sensors with different
spectral properties depending upon the analyte ADP or ATP [123].

Hydrogen peroxide is an important signaling molecule, and a sensor specific
for detection of hydrogen peroxidase, i.e., HyPer, was designed based on yellow
cpFP incorporated into the H2O2-sensitive OxyR regulatory domain [124]. The
sensor detects submicromolar concentration of H2O2 by selective oxidation of
OxyR residues and leads to change in yellow cpFP chromophore environment
with corresponding ratiometric change in fluorescence excitation spectrum, i.e.,
fluorescence ratio upon excitation at 420 nm with respect to excitation at 500 nm.
The sensor was later successfully modified for the detection of wounds using zebra
fish as a model organism [125].
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3.3 FRET Sensors

The phenomenon of Förster or Fluorescence Resonance Energy Transfer (FRET)
was first described by Theodor Förster in 1946 [126]. In principle FRET is a physical
phenomenon in which a donor fluorophore in its excited state non-radiatively trans-
fers its excitation energy to a neighboring acceptor fluorophore which is located in
close proximity, thereby causing the acceptor to emit its characteristic fluorescence.
As FRET involves non-radiative transfer of energy, it is highly sensitive to the
distance between donor and acceptor dipoles within the 1–10 nm range [127]. Thus,
FRET has found extensive application as a spectroscopic ruler in monitoring molec-
ular interactions, because the distances that can be measured are much shorter than
the diffraction limit of conventional microscopy and even super resolution micros-
copy. In case of fluorescent protein-based FRET sensors, the donor and the acceptor
are fluorescent proteins with distinct spectral properties. The two proteins upon
interaction undergo conformational change and alter the proximity of chromophores
and its orientation, which promotes the occurrence of FRET [128]. The efficiency of
FRET is inversely proportional to the sixth power of distance within the short range
of 10 nm [129]. The inverse sixth power law relation leads to detectable change in
energy transfer even for change in orientation/proximity at the molecular scale
between the interacting chromophores. Such small-scale molecular interactions
include protein-protein interactions, conformational changes, intracellular ion con-
centrations, and enzyme activities (Fig. 4).

The efficiency of FRET (i.e., the quantum yield of the energy transfer) between
any two FPs is determined by the overlap of the emission spectrum of the donor
and the excitation spectrum of acceptor, quantum yield of donor fluorescence, and
extinction coefficient of the acceptor. A 30% or higher overlap in the emission
spectra of donor and excitation spectra of acceptor is a prerequisite for achieving
sufficient FRET signal with a reliable detection limit. Apart from this, the proximity
of the donor and acceptor governs the FRET efficiency by inverse power law. The
quantum yield and extinction coefficient of fluorophores determine the sensitivity
and yield of FRET signal. For any given pair of chromophores involved in FRET, an
integral factor representing the abovesaid parameters is denoted by the Förster
distance (R0), which is the distance at which the FRET efficiency is 50% of its
maximal value.

With the advent of a wide range of GFP variants with distinct excitation and
emission spectra, the possibility of donor/acceptor combination has increased dra-
matically. Initial FRET-based biosensors were predominantly based on BFP as
energy donor, which was hampered by its instability and lower brightness. Recently,
cyan fluorescent protein (CFP) and donor yellow fluorescent protein (YFP) have
become the most useful FRET pairs for many in vitro studies. Following this trend,
two novel FRET pairs (mAmetrine/tdTomato and mCitrine/mTFP1) were developed
for simultaneous imaging of two different enzymes in a single-cell level.
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3.3.1 Types of FRET Biosensors

The intramolecular FRET probes/sensors involve two fluorescently tagged proteins
that bring them into close proximity in the event of an interaction between the two
analytes to generate FRET signal. In the following section, we also classify FRET
biosensors by their way of transforming a biological change into a change in FRET
efficiency. A brief list of such FRET-based biosensors is summarized in Table 4.

3.3.2 Cleavage-Based FRET Biosensors

The cleavage-based FRET biosensors are the most prevalent sensors because of their
versatility in design and application. The constituent FRET pair is linked by a short
cleavable peptide sequence that in its uncleaved state shows FRET signal owing to
the proximity of the donor and acceptor, whereas in the presence of a linker peptide
as a specific enzyme, cleavable substrate leads to dissociation of two fluorophores
and loss of FRET signal upon cleavage. This signal is evident as a shift in acceptor
emission to donor emission. One of the major drawbacks of such FRET systems as
compared to other counterparts is the irreversibility of the sensors because they
are driven by irreversible cleavage of linker peptides; this limits their ability to
sense target analytes to only one event. Therefore, they find application mostly to

Table 4 FRET-based fluorescent protein sensors

Sensor
type Sensor name Components Principle of work Reference

cGMP cGES-DE5 YFP-GKI-B-CFP Structural
rearrangement of
domain

[130]

Ca2+ TN-XXL CFP-2x (COOH-terminal lobe
of troponin C)-cpYFP

Structural
rearrangement of
domain

[80]

Ca2+ Yellow
Cameleon3.6

ECFP-calmodulin-M13-
cpVenus

Interaction of
domains

[77]

Ca2+ Cameleon
D3

ECFP-calmodulin-M13-
cpVenus (redesigned calmodu-
lin and M13)

Interaction of
domains

[79, 131]

Caspase-3
activity

CaspeR3 TagGFP-DEVD-TagRFP Cleavage of the
linker

[132]

PKA
activity

AKAR1 ECFP-14-3-3-substrate-YFP Interaction of
domains

[133]

Membrane
potential

Mermaid Ci-VSP-mUKG-mKOk Structural
rearrangements
near membrane

[134]

Membrane
potential

VSFP2.4 Ci-VSP-YFP-mKate2 Structural
rearrangements
near membrane

[135]
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determine the activation of specific proteases, often following the stimulation of
a pathway. For example, in the case of the caspase-3 biosensor, in the presence
of active enzyme, the single-peptide sensor DEVD (caspase cleavage sequence) is
cleaved, increasing the distance between CFP and eYFP, resulting in increased CFP
fluorescence and decreased FRET [136]. Another major limitation is that measuring
loss of signal is a readout for measuring FRET rather than measuring an increase in
signal, which is preferred for most biological studies (Table 5).

3.3.3 Conformational Change-Based FRET Biosensors

FRET biosensors for measuring conformational changes in proteins and other
macromolecules are the most prevalent subclass, followed by cleavage-based
FRET biosensors. The ability of a protein to form a structural conformation that
can execute its biological function is the driving factor for these FRET biosensors.
Such conformational changes are also contributed to a large extent by posttransla-
tional modifications such as phosphorylation, glycosylation, ubiquitination,
S-nitrosylation, methylation, acetylation, lipidation, sumoylation, and proteolysis.
An advantage of a conformational change specific sensor is that upon design
optimization and validation for a specific analyte, it lends flexibility to cover a
wide range of biological processes. The conformational change-based biosensors
are also reversible, which offers new avenues for dynamic analyte sensing. For
example, regarding the glucose biosensor, the glucose-/galactose-binding protein
MglB (D-galactose-binding periplasmic protein, from E. coli), consisting of two
lobes and a hinge region, is coupled terminally with a CFP and a YFP. The binding
of glucose to the sensor leads to increase in FRET signal [144] (Table 6).

3.3.4 Mechanical Force-Based FRET Biosensors

The three-dimensional structure of a protein can be changed not only by modifying
the protein itself but also by applying an external mechanical force. A good example
for this would be the proteins contained in spider silk. These often feature helical

Table 5 Cleavage-based FRET biosensors

Target Type FRET pair Reference

Caspase-3 Apoptosis CFP, YFP [136]

Caspase-3 and caspase-6 Apoptosis CFP, YFP, mRFP [137]

Caspase-3 and caspase-8 Apoptosis CFP, YFP [138]

Caspase-3 and caspase-8 Apoptosis seCFP, Venus, mRFP1 [139]

RIPK1 and RIPK3 Necroptosis – [140]

Atg4A and Atg4B Autophagy CFP, YFP [141]

MT-MMP1 ECM – remodeling Ypet, ECFP [142]

MT-MMP1 ECM – remodeling Orange2, Cherry [143]
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segments which can stretch out to a great extent, giving the thread its elasticity.
Mechanical forces (such as tension) not only are a stress to cells but play a central
role in many developmental, physiological, and pathological processes, especially
regarding the transduction of signals. One of the exciting results in this field was
produced by Grashoff et al., who have designed a tension sensor module (TSMod) to
examine the mechanical forces across vinculin during cell migration [158]. In this
sensor, a 40-amino-acid-long elastic domain was inserted between two fluorophores
(mTFP1 and Venus (A206K)) as a potential fluorescence resonance energy transfer
(FRET) pair. The elastic domain derived from the spider silk protein flagelliform
consists of repetitive amino acid motifs that form entropic nanosprings suitable
for measuring piconewton forces. Since FRET is highly sensitive to the distance
between the fluorophores, FRET efficiency changes under tension (Table 7).

3.3.5 FRET Sensors for Assessing Microenvironmental Changes

The three classes of biosensors discussed in the preceding section manifest decrease
or increase in FRET upon change in distance between donor and acceptor, whereas
microenvironment-responsive FRET sensors exploit the sensitivity of a fluorophore
to certain microenvironmental conditions. One such microenvironment-sensitive
fluorescent protein is YFP, which makes it a promising choice as one of the FRET
pairs. For example, the oxygen biosensor FluBO for detecting intracellular oxygen

Table 6 Conformational change-based FRET biosensors

Target Type FRET pair Reference

CyclinB1-Cdk1 Cell division mCerulean, Ypet [145]

AKT Signal transduction ECFP, Ypet [146]

AKT-PDK1 Mechano-transduction CFP, YFP [147]

FAK Mechano-transduction ECFP, Ypet [148]

Src Mechano-transduction ECFP, EYFP [149]

ATP Metabolite quantification GFP, OFP [150]

Glucose Metabolite quantification EYFP, ECFP [151]

Lactate Metabolite quantification mTFP, Venus [152]

Ca2+ Metabolite quantification BFP, GFP [153]

BCR-ABL Drug efficacy M1Venus, ECFP [154]

Src Drug efficacy ECFP, EYFP [155]

ZAP-70 T-cell interaction CFP, YFP [156]

Lck T-cell interaction ECFP, EYFP [157]

Table 7 Mechanical force-based FRET biosensors

Target Type FRET pair Reference

Vinculin Focal adhesion mTFP1, Venus [158]

VE-cadherin, PECAM-1 Fluid shear stress mTFP1, Venus [159]

E-cadherin Fluid shear stress mTFP1, Venus [160]
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uses an oxygen-insensitive donor fluorescent protein FbFP (hypoxia-tolerant flavin-
binding fluorescent protein) that is intramolecularly linked to an oxygen-sensitive
acceptor fluorescent protein, and thus FRET only occurs in the presence of oxygen
[161]. Blood flow, oxygen delivery and consumption, and hypoxia are important
aspects of in vivo cancer biology. The dual imaging of these factors that may
influence tumor behavior with altered drug target signaling could potentially be
co-monitored using these distinct but interdependent types of FRET biosensor
readouts [162] (Table 8).

3.4 Translocation Sensors/Assays

A unique field of application for FP sensors is in tracking the redistribution of
proteins between different cellular compartments such as the nucleus, endosome,
membrane, cytosol, and mitochondria [166, 167]. The translocation of proteins
between cellular compartments in response to different external stimuli has been
considered common phenomenon that involves protein redistribution into different
compartments of the living cells. Tracking proteins and their distribution patterns
opens up the possibility of monitoring the activity of various signaling pathways and
associated intracellular events. Fusion of proteins such as phosphatases, transcrip-
tion factors, receptors, and kinases with fluorescent proteins can act as ready-to-use
translocation sensors for deduction of cellular metabolic and biogenesis pathways.
Such a fusion construct can localize outside or inside the nucleus, or on the cell
membrane, cytosol, endosome, etc., and such protein trafficking can be monitored
in real time with the help of translocation sensors. These sensors are reversible,
enabling time-dependent tracking of specific proteins in various cellular compart-
ments. In this context, the spatial and functional division into the two dynamic
intracellular compartments, i.e., nucleus and the cytoplasm, can easily be distin-
guished using microscopy. Modern microscopy platforms enable high-content
screening using translocating FPs.

In such high-throughput screening assays, screened compounds can be assessed
for their potential effects on protein translocation or used to study the inhibition of

Table 8 Microenvironment-
based FRET biosensors Type Target

FRET
pair Reference

Oxygen and reactive oxygen
species (ROS)

Oxygen YFP,
FbFP

[161]

Oxygen and ROS ROS ECFP,
EYFP

[163]

pH pH GFP,
YFP

[164]

pH pH ECFP,
EYFP

[165]
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protein translocation in response to an agonist or external stimuli. A combination of
high-resolution microscopy and advanced image recognition software enables quan-
titative analysis of translocation events with reliable information on the efficiency
of the influencing stimulus. Recently Fetz et al. have developed three classes of
modular protein translocation biosensors tailored to investigate (1) signal-mediated
nucleocytoplasmic transport, (2) protease activity, and (3) protein-protein interac-
tions [168]. Besides the mapping of protein function, the biosensors can also be
applied to identify chemicals and/or (nano)materials modulating the respective
protein activities and be used for RNAi-mediated genetic screens. In general, the
rapidly developing field of translocation sensors appears very promising both for
basic science studies and in drug development applications.

4 Advances in Biosensors for Animal Imaging

Whole-body animal imaging with fluorescent proteins has been shown to be a
powerful technology to develop various disease models. The red-shifted proteins
with brighter emission wavelengths are preferred candidates for in vivo models as
they are more sensitive owing to the reduced light absorption by tissue with much
lower scattering. For example, a protein called Katushka driven by the hybrid CAG
promoter activated upon Cre-mediated recombination has been developed by
Hurtado et al., for deep tissue imaging in mice models. This group successfully
demonstrated the expression of Katushka exclusively in a specific cell population
within the deep animal body such as pancreatic beta cells which can be monitored by
noninvasive whole-body imaging [169]. The implication of imaging biosensors in
animal studies is severely affected by the level of biosensors expression and the
wavelength of fluorescent proteins used for imaging [170]. For example, Audet et al.
[171] have developed a double transgenic mouse line co-expressing the beta-2
adrenergic receptor fused to Renilla luciferase (beta(2)AR-Rluc) and beta-arrestin-
2 fused to a green fluorescent protein (GFP2-beta arr2). Although the two halves of a
bimolecular reporter are driven by the same ostensibly ubiquitous reporter, the first
reporter was expressed reasonably brighter in a number of tissue types, whereas the
second reporter appeared only in testes. In addition, the low-level expression of
sensors with tissue-specific promoters further hampers the in vivo imaging ability of
sensors constructed using fluorescent proteins. The effective FRET studies also
cannot be carried out in vivo because of extremely low SNRs. The implication of
a fluorescent protein for whole-body imaging is largely determined by the emission
region and the brightness. Transgenic animal models with fluorescent proteins have
been utilized for tracking tumor growth and metastasis, gene expression, angiogen-
esis, and bacterial infection even at subcellular resolution depending on the position
of the cells in the animal [172]. Deep tissue imaging in animal models has been
severely limited by the interference by skin autofluorescence. Apart from this, in few
instances, overexpression of biosensors also leads to unintended changes like
embryonic lethality or even perturbation of the physiological relevance of the sensor
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[173]. However, with recent progress in CRISPR/Cas9 genome engineering tech-
niques, it has become possible to edit more precisely the genomes of diverse cell
types and organisms and routinely insert fluorescent protein tags into endogenous
genomic loci in some organisms. Hara et al. [173] reported expression of an
endoplasmic reticulum (ER) Ca2+ biosensor in transgenic mouse pancreas. The
expression of a yellow cameleon3.3er (YC3.3er) transgene with mouse insulin
1 promoter was limited to pancreatic beta cells within islets of Langerhans and
absent in the exocrine pancreas and other tissues [173]. The study established that by
controlling transgene transcription with a cell-specific promoter, transgenic expres-
sion of FRET-based Ca2+ sensors can be incorporated in mammals to facilitate real-
time optical imaging of signal transduction events in living tissues. Yang et al.
developed a red fluorescent protein-based cAMP indicator named “Pink Flamindo”
which could effectively trace the spatiotemporal dynamics of intracellular cAMP
generated by photoactivated adenylate cyclase in response to light and in dual-color
imaging studies using a green Ca2+ indicator.

The elevation of cAMP levels in vivo in cerebral cortical astrocytes was success-
fully monitored by two-photon imaging. The cAMP-PKA signaling pathway plays a
key role in the excitability of neurons. In order to study its role, protein kinase A
(PKA) expression in neurons has been mapped in whole-brain context in live
animals. In a study by Gervasi et al., in vivo multiphoton imaging was used to
measure the dynamics of PKA responses to dopamine and octopamine in the MB
neurons of living flies. The PKA activity was monitored on real-time basis by using
the genetically encoded FRET probe AKAR2 [133]. The AKAR2 probe is based on
yeast-derived phosphothreonine-binding domain (FHA1) and an optimized PKA
substrate domain. The substrate domain upon phosphorylation by PKA interacts
with the binding pocket of the FHA1 domain, increasing the FRET between two
GFP variants CFP and citrine [174]. A recent study by Sun et al. developed a
genetically encoded GPCR-activation-based-DA (GRAB DA) sensors to measure
DA changes reliably and specifically with high spatiotemporal precision in
Drosophila (Fig. 5ii) [175]. The GRAB DA sensor could resolve a single-electrical-
stimulus-evoked DA release in mouse brain slices and detect endogenous DA release
in living flies with subcellular resolution, sub-second kinetics, and excellent molec-
ular specificity. Similarly, Portugues et al. studied the dynamics and spatial distri-
bution of neuronal activities during optokinetic response in zebra fish larvae. The
whole-brain activity dynamics was assigned by specific hue based on the timing of
its response relative to the stimulus, which enabled categorization of brain regions
into distinct response-based functional modules (Fig. 5iii) [176]. Another recent
technique is called “Brainbow” that used the combinatorial expression of a series of
four different color fluorescent proteins resulting in at least 90 different colors of
cells in the brain such that the lineage of each neuron can be traced [177]. For
translational purposes, mammalian systems such as mouse are appealing targets for
similar in vivo studies. However, there are a number of challenges for in vivo kinase
studies, particularly in living mice. A RhoA-FRET biosensor-based transgenic
mouse was recently developed by Nobis et al., for real-time longitudinal, intravital
imaging of RhoA deregulation in invasive mammary and pancreatic cancers [178].
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Fig. 5 (i) Generation of the RhoA-FRET biosensor mouse: (a) schematic of the Raichu-RhoA
biosensor; (b) targeted to the Hprt locus to generate the RhoA-FRET biosensor mouse. (c)
Embryonic stem cell colony expressing the RhoA-FRET biosensor (GFP, green; RFP, red). (d)
RhoA activity in the mammary fat pad, pancreas, intestine, and neutrophils of RhoA-ON mice. (ii)
In vivo imaging of DA dynamics in the Drosophila brain: (a) schematic for odor stimulation during
two-photon microscopy in Drosophila. (b) Fluorescence changes of DA1m- or DA1m-mut-
expressing flies to 1 s of odor stimulation. (c) Group analysis of the odor-evoked fluorescence
responses. (iii) Clustering of fluorescence traces reveals four temporal clusters in zebra fish;
anatomical distribution of activity clusters in one fish. Sum projection showing the distribution of
the four clusters of activity in the same fish (top), with colors corresponding to the color traces
(bottom). Scale bar 50 μm. (Figures in different panels are reproduced with permission from (i) Cell
Rep. 2017 Oct 3;21(1):274–288 [178]; (ii) Cell. 2018 Jul 12;174(2):481–496 [175]; (iii) Neuron.
2014 Mar 19;81(6):1328–1343 [176])
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Apart from mice, Caenorhabditis elegans is a widely used animal model for
studying neurodegenerative disorders. Transgenic C. elegans strains expressing
green, yellow, or red fluorescent proteins in embryos were developed by Heppert
et al., to image embryos expressing fluorescent proteins under the same conditions
with probe mNeonGreen. Monomeric green (GFP, mNeonGreen [mNG]), yellow
(mNG, monomeric yellow fluorescent protein for energy transfer [mYPet]), and
red (TagRFP-T, mRuby2, mCherry, mKate2) fluorescent proteins were evaluated
for comparative in vivo experiments in C. elegans [179]. Since C. elegans is a
transparent small animal, fluorescent protein-based sensors provide sensitive imag-
ing ability to track its biological events in a much better way compared to large
animals. Hirayama et al. designed a first-generation near-IR turn-on fluorescent
sensor, CS790AM, to report dynamic copper fluctuations in vivo and detected the
basal, endogenous levels of exchangeable copper in living mice platform to monitor
labile copper pools role in murine Wilson’s disease model [180].

5 Drawbacks Associated with the Use of Fluorescent
Proteins in Biosensors

Although fluorescent protein-based biosensors offer a realistic, cost-effective, and
high-throughput imaging approach for studying various biological processes of
cells, their application is also limited by the inherent problem of photobleaching,
phototoxicity, low quantum yield, high background signal, and especially tissue
attenuation in in vivo imaging applications. Upon repeated cycles of excitation, the
fluorophore of the sensor protein gets damaged and leads to loss of fluorescence
signal which can result in non-specific sensor signal. In addition, it severely limits
the application of fluorescent protein biosensors for real-time imaging where time-
dependent pattern of biosensor signal is important for achieving reliable result for the
studies [181, 182]. On the other hand, exposure to higher-energy photons tends to
generate reactive oxygen species (ROS) which are highly reactive species capable of
inflicting damage to cellular biomolecules like DNA, RNA, and proteins by oxida-
tion, which in turn limits the possibilities of multiplexing the assays in in vitro and
in vivo imaging applications [183]. In the event of avoiding photobleaching and
phototoxicity, the narrow operation bandwidth and shorter imaging time leave us
with lower quantum yield of these fluorescent proteins with limited sensitivity. The
cells by itself possess biomolecules that prominently contribute to autofluorescence
and render high background while imaging such fluorescent proteins with low
quantum yield, which limits the spectral resolution and sensitivity of the biosensor
[184, 185]. To overcome the limitation of tissue attenuation, the development of
fluorescent proteins with high quantum yields and far-red or near-infrared (NIR)
shifted absorption and emission wavelengths are preferred. Currently there are
several fluorescent protein variants which emit light in the NIR range and have
been developed from bacterial phytochrome photoreceptors and are used in various
biosensor applications [186, 187].
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6 Conclusion and Future Perspectives

The course of evolution of fluorescent proteins from the first known member GFP to
a completely new family of fluorescent proteins spanning across the visible spectra
has emerged in relatively short time span. The rapid growth and applications of the
FP repertoire for in vivo imaging continuously shed light on studying crucial cellular
events which play a vital role in development and progression of diseases. With
the present capabilities of FPs, multicolor labeling of proteins and nucleic acids;
tracking of protein movements, interactions, activities, degradation, organelle motil-
ity, and fusion-fission events; and monitoring of promoter activation, as well as
multiparameter imaging of various cellular processes, including changes in concen-
tration of signal molecules, changes of membrane potential and cell state, etc., can be
deduced efficiently. Although extensive variants of biosensors for specific applica-
tions have been developed, it is expected that further improvements in brightness,
photostability, maturation rate, pH stability, and performance in fusions will gain
priority in the future. Even though a significant progress has been made in the
demonstration of novel fluorescent protein-based biosensors for in vivo models,
further research is required to establish consistent, reproducible, and reliable imaging
instruments with far-red shifted fluorescent proteins, and animal models for disease
investigations. Although rapid strides have been made in this field, further improve-
ments on deep tissue imaging with higher sensitivity and long-term noninvasive
imaging would open wide range of applications for biosensors. Addressing the
drawback of loss of fluorescent proteins during tissue fixation or subsequent
processing can also improve ex vivo histopathological analysis of tissues from
transgenic animals.
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Abstract β-Galactosidase (β-gal) is an enzyme commonly served as a reporter
for the examination of transcription and transfection efficiencies. Due to its
overexpression in primary and metastatic ovarian cancers, β-gal was also usually
regarded as a molecular target for visualizing peritoneal metastases from ovarian
cancers. Moreover, β-gal has been studied as a potential therapeutic target for lactose
intolerance via gene replacement therapy in recent years. Interestingly, there were
some reports that β-gal has been abnormally accumulated in senescent cells, which
allowing this senescence-associated β-gal to be a significant biomarker for senes-
cence. The great significance of β-gal has attracted many researchers’ attentions in
developing highly selective and sensitive approaches to monitor the activity of this
enzyme in vitro and in vivo. In this review, we reported the recent development of
the various materials for β-gal detection and their application in disease progression
monitoring, with a focus on fluorescent probe, nanomaterials, and biomolecules.
Finally, the trends for the further development of the probe for fluorescence-guided
diagnosis in clinical cases and its preclinical potential value were proposed.
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1 Introduction

β-Galactosidase (β-gal), an enzyme that catalyzes the hydrolysis of a glycosidic bond
of β-galactopyranoside within a carbohydrate such as lactose, ganglioside GM1, and
lactoceramides, is regarded as a very significant biomarker for cell senescence and
primary ovarian cancers [1, 2]. And its deficiency is reported to be associated with
β-galactosialidosis and Morquio B syndrome. On the other hand, β-gal serves as an
important reporter for verifying the efficiency of transcription and transfection as
well. Commonly, it acts as a biomarker to monitor the gene expression of lacZ1.
Moreover, β-gal has been studied as a potential therapeutic target for lactose
intolerance via gene replacement therapy in recent years [3]. According to the
great significance of β-gal, it has attracted many researchers’ attention in developing
highly selective and sensitive approaches to monitor the activity of the enzyme
in vitro and in vivo. There are various detection techniques, including MR [4],
single-photon emission computed tomography (SPECT) [5], positron emission
tomography (PET) [6], colorimetric [7], fluorogenic [8], chemiluminescence [9],
and bioluminescence [10] approaches. By contrast, fluorescent probes are of great
interest owing to their conveniences like high sensitivity, simple handling proce-
dures, inexpensive instruments, and bioimaging ability. Herein, we reported the
progress of fluorescent nanomaterials in various fields, especially in chemical
sensing and biomedical imaging such as the detection of β-gal, and recent advances
related to the nanomaterial for β-gal detection have also been mentioned.

2 Fluorescent Probe for β-Galactosidase Activity Detection

2.1 Fluorescent Probe Based on Coumarins, Fluoresceins,
and Rhodamines

Recent research has illustrated that β-gal can be used as a molecular target for
visualizing peritoneal metastases originating from primary ovarian cancers. As a
result, great efforts have been devoted to developing a real-time tracking method
for β-gal. A number of fluorescent probes based on coumarins, fluoresceins, and
rhodamines have been synthesized for monitoring β-gal activity.

In 2014, Lee et al. [11] reported a two-photon β-gal fluorescent probe 1 and
applied it to the detection of β-gal activity quantitatively in living cells and in
aged tissues during cellular senescence. In their strategy, 6-(benzo[d]thiazol-2-yl)-
2-(methylamino)-naphthalene was used as the probe fluorophore and β-D-
galactopyranoside-derived benzyl carbamate as the β-gal hydrolytic site. After
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exposing to β-gal, the carbamate compound was cleaved to afford the amino group
as the electron donor. An internal charge transfer (ICT) effect was observed to shift
the emission to the stronger fluorescent emission. After treating with β-gal in PBS
buffer (10 mM, pH 7.4, 37�C), the fluorescent intensity of a 1 μM probe solution
increased gradually at 540 nm while decreased at 460 nm. The ratio of the emission
intensities at 410–460 nm and 520–570 nm increased by 120-fold upon reaction.
Meanwhile, D-galactose, a well-known competitive inhibitor of β-gal, could not
trigger this fluorescent emission, indicating that the fluorescent enhancement is
specific to β-gal activity. A linear relationship was observed against the β-gal
concentration ranging from 0 to 2.0 nM, indicating that probe 1 could quantify
β-gal in the low concentration range. Next, the application practicability of 1 has
been examined in a representative cell senescence model via monitoring the endog-
enous SA-β-gal activity. Doubling times and population were recorded in this
process, during the middle stages of senescence, suggesting that the probe could
sensitively detect the slight increases in SA-β-gal. Further, the probe was success-
fully applied for tissue imaging. Using 7- and 26-month-old Sprague�Dawley rat
skin tissues, the TPM images of probe 1 clearly showed the distribution of β-gal
activity at a depth of about 140 μm (Fig. 1).

Later in 2015, Hirabayashi et al. [12] made great efforts in fluorescent detection of
β-gal. They reported a silicon-substituted fluorescein, which had a carboxylic group
at the 2-position of the benzene moiety, to construct a red-fluorescent probe
2 for β-gal. Firstly, TokyoMagenta (TM), a moiety of fluorescein which has been
employed, was modified with enzyme substrates at the 30 and 60 positions to form
the colorless and nonfluorescent status. Then they applied 2 to test β-gal for the
enzymatic reaction. The solution of probe 2 was almost colorless and nonfluorescent
initially, but a sharp shift of red color was observed and strongly fluorescence
enhancement (>1,000-fold) appeared after the incubation with β-gal. In the same
year, Asanuma et al. [13] reported a strategy to synthesize a hydroxymethyl rhodol
(HMR) derivative bearing β-gal, HMRef-β-gal (3), which enabled highly sensitive
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Fig. 1 Pseudocolored ratiometric TPM images (Fyellow/Fblue) of (a) 7-month-old and (b) 26-month-
old Sprague�Dawley rat skin tissues stained with 10 μM SG1 (Reproduced from ref. [11] with
permission from ACS)
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detection of β-gal activity in living cells. The probe exhibited a weak fluorescence at
pH 7.4 without β-gal, while an obvious high fluorescence increase (1,400-fold) was
observed upon the reaction with β-gal. They further applied probe 3 for imaging
several cultured ovarian cancer cells. The results showed that the enhanced fluores-
cence could be decreased by a competitive β-gal inhibitor, indicating the high
specificity of 3 to detect intracellular β-gal activity. Further, SHIN3 cells were
used to test the practicability of cancer imaging in a mouse model. The metastases
as small as 1 mmwere visualized clearly and specifically after injection of 3 in 5 min.
This results clearly indicated potential value of the probe for fluorescence-guided
diagnosis of peritoneal metastases from ovarian cancers.

In recent years, Zhang et al. [14] reported a small molecule fluorescent probe
named 4-hydroxyl-N-butyl-1,8-naphthalimide–β-gal (NI–β-gal, 4) for the detection
of β-gal. Upon incubation with β-gal, probe 4 would turn into 4-hydroxyl-N-
butyl-1,8-naphthalimide with a large Stokes shift and sharp fluorescent
enhancement according to the restoring of ICT character. The synthetic strategy
was well prepared so as all the reactions conditions were mild. After a three-step
procedure, 4-bromo-1,8-naphthalic anhydride was adopted to afford 4-hydroxyl-N-
butyl-1,8-naphthalimide. Upon addition of β-gal into probe 4 in PBS buffer (pH 7.4),
a large fluorescence increase was observed at 545 nm and a decrease at 440 nm.
Correspondingly, the F545/F440 ratio acted as an enhancement behavior of 680-fold.
Subsequently, probe 4 turned out to be qualified to image stable β-gal expression
within tumors in living mice, and bright fluorescence could be observed in the
transfected tumor at 75 min after administration of 4, whereas the control group
exhibits a negative signal. In comparison with non-transfected tumors, transfected
tumors showed an approximately tenfold higher fluorescence intensity at 2 h after
administration of 4. Therefore, probe 4 maybe a useful tool in biomedical research
such as gene therapy for cancer in the future.

2.2 NIR Fluorescent Probe

Conventional fluorophores with wavelengths less than 600 nm exhibited several
shortcomings in vivo, such as poor tissue penetration and strong background
fluorescence from bio-specimens. In order to overcome preceding drawbacks as
well as elevate the signal-to-noise ratio, near-infrared fluorescent probes targeting
β-gal have been prepared by incorporating β-galactose residues into near-infrared
fluorophores like cyanine and squarylium dye scaffolds.

Redykeisar et al. [15] reported QCy7-based probe 5 targeting β-gal, which
possessed long-wavelength fluorescence and a turn-on option. The fluorophore
named quinone-cyanine-7 (QCy7), which was prepared by a simple two-step pro-
cedure, had strong emission in the NIR region but no emission after linking with
β-galactose residues. To assay the turn-on imaging option in vivo, probe 5 were then
injected subcutaneously into mice and the signal was monitored over time. The
results showed that probe 5 possessed excellent in vivo compatibility and exhibited

188 A. Bi et al.



an enhanced NIR fluorescent emission with the high signal-to-background ratio in
mice. In the same year, Han et al. [16] reported a fluorescent turn-on probe termed
AcGQCy7 (6) to detect β-gal activity in living cells. Because of its disrupted
p-conjugated system, the prepared probe 6 was nonfluorescent in the NIR region,
but after the enzymatic cleavage of β-galactose by β-gal under physiological condi-
tions, the probe emitted strong fluorescence. The probe (300 μM) was dissolved in
HBSS was tested for the presence or absence of β-gal (15 U mL�1) at 37�C for
30 min. The color of the solution rapidly turned into dark blue when it was in contact
with β-gal, and a broad absorbance band covering of 400–580 nm was detected. The
fluorescence intensity of the β-gal-treated solution was 110-fold higher than that of
the solution without it. The cellular imaging capability of the probe was studied in
two cell lines, rat glial tumor C6 (control, no β-galactosidase expression) and its
derivative, C6/LacZ, which constitutively expresses β-gal. C6/LacZ or C6 cells were
incubated in HBSS buffer containing probe 6 (1 mM) at 37�C for 40 min. As
expected, a bright fluorescence signal was detected only in the β-gal-positive
C6/LacZ cells but not in the β-gal-negative C6 cells. Co-localization studies indi-
cated that the cleaved product that specifically targeted mitochondria as the red
fluorescence from 6 was overlapped with the MTG signal. This finding agrees with
the author’s another research of QCy7 as an excellent mitochondria mark.

In 2016, Gu et al. [17] reported a ratiometric near-infrared probe (DCM-β-gal)
which was able to be activated by β-gal for the real-time fluorescent quantification
in vivo and in situ. They designed 7 by grafting a β-gal activatable unit onto an NIR
fluorophore DCM-OH. Upon excitation of the new absorption peak at 535 nm, a
strong NIR fluorescence enhancement was observed with a peak at 685 nm. The
color changed from faint yellow to rose red, which allows the colorimetric detection
of β-gal using the naked eye. Furthermore, owing to the alteration in concentration-
dependent ratio, the detection limit of DCM-β-gal was 1.7 � 10�4 U mL�1. In order
to get living cells generating endogenous β-gal, lacZ gene was introduced into 293T
cells through a gene transfection method to overexpress β-gal. After incubation with
7 (10 μM) at 37�C for 30 min, the lacZ-(+) 293T cells successfully overexpressed
β-gal and were observed to exhibit a decreased fluorescence in the green channel
as well as a concomitant increase in the red channel. These results suggested
that 7 could be specifically activated in β-gal-expressing cells, hence offering a
ratiometric and light-up NIR readout for the in situ quantitative tracking and
visualization of endogenous β-gal in living cells (Figs. 2 and 3).

2.3 ESIPT and AIE Fluorescent Probes

Besides ICT mentioned above, the β-gal could also be detected through varieties of
other mechanisms, such as excited-state intramolecular proton transfer (ESIPT),
the aggregation-induced emission (AIE), and so on. ESIPT is a fast photochemical
process in which a proton transfers from a hydroxyl (or amino) unit to a carbonyl
oxygen (or imine nitrogen) atom in the excited state of a fluorophore [18, 19]. ESIPT
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compounds generally have high fluorescence quantum yield, large Stokes shift,
and dual-wavelength emission (emission of enol and ketone form). Hence ESIPT-
based fluorophores are ideal candidates for acting as a signal component to
detect biomolecules [20]. In recent years, several ESIPT fluorophores, including
2-(benzothiazol-20-yl)-phenols, and salicylaldehyde azine (SA) derivatives have
been developed to constitute fluorescent probes for the β-gal detection [21–
23]. For example, Otsubo et al. [21] selected 2-(benzothiazol-2-yl)-phenol deriva-
tives as the substrates to synthesize a series of fluorescence dyes for β-gal detection.
At first, they found the fluorescent wavelength could be controlled by adjusting the
electronic character of phenol or benzothiazole ring. Compared with the compound
with no substituent, an electron-donating effect at the meta-position of phenolic
hydroxyl moiety could cause an obvious blue shift of the fluorescent wavelength. On
the contrary, the electron-donating effect at para-position made the fluorescent
wavelength shift toward the longer side. Moreover, the further shift to the longer-
wavelength end could be caused by the reduction of electron density of the
benzothiazole ring. Then, these substrates were coupled with 2,3,4,6-tetra-O-acetyl-
D-galactopyranosyl bromide and converted to 2-(benzothiazol-2-yl)-phenyl-2,3,4,6-
tetra-O-acetyl-β-D-galactopyranoside derivatives; afterward, all the acetyl groups
were removed and the fluorescent probes for β-gal detection have been successfully
synthesized. These probes exhibited no or weak fluorescence in solution because
their ESIPT effect was blocked; however, after reacting with β-gal from Aspergillus
oryzae, the fluorescent probes were hydrolyzed and the ESIPT effect could be
restored, resulting in greatly enhanced fluorescence intensities. Their ratios of
fluorescence intensity before and after enzyme reaction were high enough to detect
β-gal accurately. In addition, it was worth mentioning that these probes could trace
β-gal at low pH, and because of their immobility or poor solubility to water, the
probes might stain live cells on the outer surface or interior of a cell membrane
without fixing or permeabilizing in the future.

In 2014, Cellier et al. [22] designed and synthesized a series of
2-arylbenzothiazole derivatives-enzyme substrates as fluorogenic probes in order

Fig. 2 Confocal and ratiometric images of 293T and OVCAR-3 cells incubated with DCM-β-gal
(10 μM) for 30 min: (a–g) lacZ-(�) 293T cells without overexpressed β-gal and (h–n) lacZ-(+)
293T cells with overexpressed β-gal pretreated with inhibitor for 30 min (Reproduced from ref. [17]
with permission from ACS)
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to detect β-gal and other enzymatic activities. The core 2-arylbenzothiazole
derivatives were highly fluorescent, and this had been rationalized by ESIPT
process. When combined with the enzymic substrates, the ESIPT effect of
2-arylbenzothiazole derivatives was blocked because there were no more hydroxyl
protons at the ortho-position. However, enzyme-induced hydrolysis of weakly
fluorescent enzyme substrate derivatives respectively liberated either fluorescent
compounds. In addition, the coliform bacteria had also been detected because they
could grow in the presence of a β-gal substrate which was transformed by β-gal into a
fluorescent product that could readily be detected. Moreover, Wei et al. [23] suc-
cessfully reported a series of ESIPT-based 2-(benzothiazol-20-yl)-phenol fluorogenic
substrates for β-gal detection in 2017. They developed a novel efficient method for
the synthesis of important indoxyl glycoside substrates by using 1-acetylindol-3-
ones as intermediates and synthesized new precipitating fluorogenic substrates for
β-gal detection based on 2-(benzothiazol-20-yl)-phenols and the ESIPT effect. And
they have also assessed the application of the fluorogenic substrates in the detection
of foodborne pathogenic bacteria.

Recently, although some fluorescent probes for β-gal have been developed, most
of the reported sensors were fabricated with traditional fluorophores, which suffered
from ACQ effect [17]. It causes the fluorescence in the aggregate state to be weaker
than with that in solution. Therefore, it is still highly demanded to explore β-gal
fluorescent probes, which could accumulate in living cells or tumor tissue imaging
without ACQ effect. In 2001, Tang’s group firstly found and reported the phenom-
enon of “aggregation-induced emission (AIE)” [24]. The compounds with AIE
effect are almost nonluminescent when they are dissolved in a good solvent but
emit intensely in a poor solvent. Meanwhile, the compounds with AIE effect have
significant advantages, such as bright luminescent in the aggregate state and large
Stokes shift [25–27]; thus, they have been greatly developed for detection of β-gal
[28, 29]. In 2015, Peng et al. [28] reported a salicylaldehyde azine derivative
SA-β-gal (11) for light-up detection of β-gal activity in living cells based on both
AIE and ESIPT effects. When the hydroxyl groups at the ortho-position on the
benzene ring of salicylaldehyde azine were substituted by β-galactopyranoside,
ESIPT process was blocked. Upon the addition of β-gal, the β-galactopyranoside
group on SA-β-gal was cleaved, and the restored hydroxyl group occurred in ESIPT
to regain the AIE characteristics, resulting in bright fluorescence. Contrary to
traditional β-gal fluorescent sensors, SA-β-gal could emit strongly in the aggregation
state, which can well avoid the ACQ phenomenon. The probe showed a large Stokes
shift, a high light-up ratio, and a high sensitivity (0.014 UmL�1) toward β-gal.
Moreover, it was worth mentioning that the probe could also be well retrained in
living cells emitting strong fluorescence (Fig. 4).

In 2017, Jiang et al. [29] designed and synthesized a tetraphenylethylene-based
turn-on probe TPE-Gal (12) for β-gal detection with AIE effect in aqueous samples
and in living cells. TPE-Gal was designed to bear a positively charged pyridinium
pendant. And a substrate of β-galactosidase-D-galactose residue was conjugated to
the terminal of the pyridinium pendant. In the presence of β-gal, the D-galactose
residue was cleaved and resulted in a phenolate intermediate. Then the intermediate
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could undergo 1,6-elimination of p-quinone methide to generate a
tetraphenylethylene-pyridinium compound with poor solubility, resulting in the
appearance of aggregation effect and a light-up fluorescence of the TPE moiety
based on the AIE effect. The TPE-Gal displayed distinguishable advantages such as
high specificity toward β-gal, no self-quenching at high concentration, large Stokes
shift and so on. Moreover, the researchers also tested the applicability of TPE-Gal
for sensing β-gal not only in aqueous solution but also in living cells. The results
showed that TPE-Gal could exhibit excellent fluorescence properties in these envi-
ronments (Fig. 5).

3 Nanomaterial for β-Galactosidase Activity Detection

The nanomaterial has attracted considerable attentions from the early 1980s due to
its special physical and chemical properties and promising application. Entering the
twenty-first century, the researches of nanomaterials have been extended in various
fields, especially in chemical sensing and biomedical imaging such as the detection

Fig. 4 Imaging b-galactosidase activity in cells. Images of probe SA-β-gal (50 mM) in (a) C6/LacZ
cells and (b) HeLa cells for 2 h at 37�C; the excitation was set at 405 nm (Reproduced from ref. [28]
with permission from RSC)
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of β-gal, and some studies related to the nanomaterials for β-gal detection have also
been reported.

3.1 Thiolated Copper Nanoclusters (CuNCs) and Silica
Nanoclusters

Huang et al. [30] used glutathione (GSH) as the protecting ligand and reducing agent
to successfully synthesize thiolate-protected copper nanoclusters (CuNCs) with
aggregation-induced luminescence, which can self-assemble into dots by aluminum
cations via a coordination reaction and then emit bright red luminescence. CuNCs
are one of the most emerging luminescent materials because of their AIE properties
[31–33] and long decay times in microseconds. And unlike organic AIE dots,
thiolated CuNCs are better at avoiding the interference of autofluorescence in
biosystems for their long emission times and red/NIR emission. However, the
extremely low emission efficiency in neutral solution and poor stability to temper-
ature, pH, and solvent greatly limit its application. Therefore, Chen et al. [34]
utilized glutathione as a protector for CuNCs allowing their good stability in not
only neutral but also weak alkaline solutions, which enabled their practicability
under physiological conditions. And aluminum cations were found to be able to
induce the dispersed CuNCs’ (only emit very faint light) assembly into red bright
luminescent dots quite effectively in water, which was probably due to the strong
coordination of aluminum ions to GSH on the surface of the CuNCs. And the

Fig. 5 ESIPT and AIE fluorescent probes 8–12 for β-gal detection
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formation of a huge amount of coordinate bonds between GSH and aluminum
ions limited the vibration and rotation of the GSH ligands and then reduced the
non-radiative decay rate, allowing the enhancement of emission. According to
transmission electron microscopy (TEM) images, the mean diameter of CuNCs
that existed dispersedly in water was about 2–5 nm, and the dots were mono-
dispersive both in luminescence and in size, which benefit for analytical applications
a lot. Furthermore, GSH-protected CuNCs were reported that their luminescence
intensity was responsive to changes in pH. Huang believed this phenomenon was
mostly because of the alternation of pH value, leading to the change of the aggre-
gation state of the CuNCs. At lower pH, the CuNCs aggregated with intensive
luminesce, while at higher pH the CuNCs were dispersed, showing weak emission.
Interestingly, the reversibility of this pH-driven luminescence switch was observed
clearly, as it didn’t fatigue after five continuous cycles. Hence, Huang claimed
that CuNCs would make an excellent luminescent pH indicator and a potential
β-galactosidase probe. Huang and his team found that the luminescence of the
CuNC dots assembled by Al3+ was gradually quenched by increasing amount of
p-nitrophenol, indicating that there was significant interaction between these two
taking place. The coordination between Al3+ and p-nitrophenol was owing to the
highly efficient electron transfer between the CuNC dots and p-nitrophenol. And
based on that, Huang reckoned that it could be utilized to assay β-gal using
4-nitrophenyl-b-D-galactopyranoside (NPGal) as the substrate. NPGal would rapidly
hydrolyzed into galactose and p-nitrophenol in the presence of β-gal, and the latter
was going to attach on the surface of CuNC dots via a coordinate bond, causing
luminescence quenching. And the quenching behavior corresponds to the amount of
β-gal, illustrating that CuNC dots could serve as a potential monitor of β-gal in a
continuous and real-time way.

Agostini et al. [35] also used nanoclusters targeting SA-β-gal presenting specif-
ically in senescent cells to deliver drugs for the purpose of avoiding senescence-
related disease. The activity of SA-β-gal is encoded by the GLB1 gene [36, 37],
which is a biomarker for increased lysosome number or activity and has been
associated with replicative senescence [38, 39] and organismal aging [40, 41] for a
long time. And the nano-device involved was mesoporous silica nanoparticles
(MSNs) capped with a galacto-oligosaccharide (GOS). The structure of MSNs
contained unique mesoporous materials with large specific volume and easer
functionalization [42]. It could be absorbed by living cells through endocytosis.
Moreover, using molecular/supramolecular ensemble on the external surface of
MSNs could make them functional to develop gated MSNs, which released their
cargo in response to external stimulant while not releasing the payload if there was
only the hybrid material alone, and the latter phenomenon was called “zero deliv-
ery.” In their study, Auvray et al. [43] selected MCM-41-based MSNs as the scaffold
and loaded with Rhodamine B as a model drug after calcining. Then the oligosac-
charide derivative GOS was capped onto MSNs to obtain the final product (S1). The
MSN S1 nanoparticles were roughly spherical with a diameter of about 100 nm and
an average pore diameter of 2.5 nm, and the maximum loading of Rhodamine B was
approximately 0.14 g per gram SiO2. Moreover, S1 was capable of releasing their
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cargo selectively in SA-β-gal-positive cells like β-gal yeast cells and human fibro-
blasts DC1787. While interesting, no drug release in cells without SA-β-gal such as
wild-type yeast cells was observed. Therefore, the MSN S1 nanoparticles were
highly specific but no detectable toxicity for imaging SA-β-gal in senescent cells
(Fig. 6).

3.2 Carbon Quantum Dots

Other than being an important biomarker for senescence, β-gal has been a biomarker
for visualizing peritoneal metastases from ovarian cancers where it’s overexpressed
[2, 13]. Tang et al. [44] developed functional carbon quantum dots (CQDs) to assay
glycosidase enzymes based on a combined host-guest recognition and specific static
quenching-induced signal transduction mechanism. Compared with conventional
fluorescent probes, CQDs possess much superiority including excellent biocompat-
ibility, stable light emitting, and good photostability [45–47], for which it’s believed
to be alternatives to molecular fluorophores. β-Gal, which could catalyze the
hydrolysis of 4-nitrophenyl-β-D-galactopyranoside (NPGal) into the corresponding
glycose and p-nitrophenol, was picked up as a glycosidase example. Then
NPGal selectively associated with β-cyclodextrin linking to CQD (β-CD-CQDs)
for the hydrophobicity and agreeable size match of the cavity. And the formed
nonfluorescent inclusion complex rendered the fluorescence quenching with high
efficiency. On the contrary, the presence of β-gal could trigger the preceding
processes and finally resulted in a sharp change in the fluorescence signal. Through
the intracellular sensing and cytotoxicity tests, β-CD-CQDs nanoprobe exhibited
excellent biocompatibility, membrane permeability, and capability of imaging β-gal
in the OVCAR3 cells. The detection limit of β-CD-CQDs for β-gal could be lower
up to 0.6 UL�1, and the real-time monitoring of the β-gal level in ovarian cancer cells
was also achieved. It’s promising that the preceding established detection strategy
could be expanded as a universal approach.

a bPhC Rhod 40

30

20

10

0β-Galoe

β-Galoe

β-
G

al
ac

to
si

da
se

 u
ni

ts

WT

WT

Fig. 6 Internalization and release of cargo in β-gal overexpressing yeast cells and human senescent
cells. (a) Controlled release of Rhodamine-loaded S1 nanoparticles in wild-type (WT) and β-gal
overexpressing yeast cells. (b) Quantitation of β-gal activity in WT and β-Galoe yeast cells
(Reproduced from ref. [35] with permission from Wiley)

196 A. Bi et al.



4 Targeted Fluorescent Probes for β-Galactosidase
Detection

Targeted imaging by NIR fluorescent probes has been developed as an efficient
alternative to the conventional methods for improving the diagnosis of a particular
disease and therapeutic response of applicable drugs. A variety of targeting moieties,
including antibodies, peptides, and low molecular weight non-peptide ligands, have
been used in various formulations to selectively target the tumor site for the delivery
of diagnostic agents and/or drugs.

Kim et al. [48] developed a ratiometric fluorescent probe (DCDHF-β-gal, 13) for
β-gal visualization in vivo. Probe 13 possessed β-D-galactopyranoside unit which not
only behaved as a substrate of β-gal but acted as a ligand of asialoglycoprotein
receptor (ASGPR). The β-D-galactopyranoside bond was cleaved by intracellular
β-gal, thereby releasing NIR fluorophore and exhibiting ratiometric optical response.
Initial fluorescence emission at 615 nm of probe 13 would red-shifted to 665 nm
upon the incubation with the enzyme. Cellular studies further indicated that
DCDHF-β-gal had great capability to target hepatocytes via ASGPRs without
significant cytotoxicity. Furthermore, as a ratiometric fluorescent probe, the fluores-
cent spectra changes of 13 could be measured at two different emission bands, which
renders relatively higher sensitivity and accuracy with concentration independence
of probes or environmental conditions. Taken together, the novel ratiometric
fluorogenic DCDHF-β-gal with NIR emission wavelength could be selectively
delivered into ASGPR-positive cells, where it allowed effective noninvasive visu-
alization of the β-gal activity (Fig. 7).

Prost and Hasserodt [49] reported a new kind of activatable imaging pre-pro-
fluorescent probe applying the concept of “AND-type logic gate,” which meant
it emitted fluorescent signal only after being consecutively converted by two
different enzymes. A β-gal unit was linked via an eliminating para-
hydroxybenzyloxycarbonyl spacer to the leucine unit, which in return was linked
to the silenced fluorophore through aminomethylpiperidine cyclizing spacer
[50]. The fluorescent signal was observed only at the presence of both enzymes.
The probe’s simplicity indicated that there was a possible extension to triple-gating
probes but still much remains to be explored.

5 Conclusion and Prospective

In general, it has been demonstrated that β-gal is a significant biomarker for cell
senescence and primary ovarian cancers. Many efforts have been devoted to treating
β-gal as an enzymatic target and visualizing its activity in preclinical diagnosis with
fluorescent probes. Molecular bioimaging of enzyme activity in vivo is rapidly
emerging as a powerful strategy for accurate disease diagnostics. The development
of “smart” noninvasive imaging reagents for the determination of specific enzyme
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activity in vitro and in vivo is vitally required for cancer diagnosis. Moreover, at the
side of the single-wavelength fluorescence-intensity-based systems, ratiometric
fluorescence probes are of crucial practical advantages like enhanced signal-to-
background ratio, in which the detectable ratio signal can be obtained via two
isolated read-out channels of activated versus unreacted probes and bringing about
improved and reliable signal quantification.

Nanomaterials has been regarded as one of most emerging biomedical imaging
probes because of their special properties are being more and more studied for the
detection of β-gal. Compared to conventional fluorescent probes, nanomaterials
possess unique superiority such as smaller size, higher selectivity, and better bio-
compatibility. For example, pH-driven-luminescence GSH-protected CuNCs with
AIE property and long decay time are promising to monitor β-gal continuously, and
GOS-capped MSNs loaded with certain drugs are potential probes targeting SA-β-gal
as well as device for drug delivery. Another used nanoprobe is β-CD-CQDs, which is
based on a combined host-guest recognition and specific static quenching-induced
signal transduction mechanism, because of their stable fluorescence emitting, excellent
photostability, and low detection limit.

There are a number of fluorogenic probes being developed for detecting β-gal, but
their applications are limited by a few drawbacks such as poor cellular permeability,

Fig. 7 Cell-specific targeting of DCDHF-β-gal. Cellular fluorescence images of DCDHF-β-gal in
HepG2, A549, and KB cells. Cells were treated with 10 mM of DCDHF-β-gal for 24 h (Reproduced
from ref. [48] with permission from Elsevier)
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narrow emission wavelength, and low penetration depth. Meanwhile, NIR fluores-
cent probes have reduced tissue absorbance, high photostability, large Stokes shift,
and long emission wavelengths, which make them highly suitable for noninvasive
in vivo imaging of specific target. Interestingly, a novel activatable imaging pre-pro-
fluorescent probe is being researched using a concept of “AND-type logic gate.”
That is the probe emits fluorescent signal only after being consecutively converted
by two different enzymes and allegedly it’s of great possibility of increased precision
in the assay of β-gal. In this paper, we summarized diverse selective fluorescent
probes targeting β-gal, all of which have their own superiority, yet there is inferiority
holding back their application or some of them still remain to be further studied.
Nevertheless, it’s promising and thriving that fluorescent probes targeting β-gal
would be put into application not only in molecular imaging but also in drug delivery
systems, location of disease, and so on.
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Abstract Medical techniques based upon optical imaging technologies are
important tools in clinical practice. The use of optical imaging in medical diagnosis
is well established, and a large array of techniques are in current use, such as white
light endoscopy, autofluorescence imaging, and optical coherence tomography. The
applications of these techniques are expanding, and newer imaging technologies are
becoming available to address problems and limitations associated with existing
methods. Beyond diagnostics, optical imaging is increasingly a useful component
of interventional medical procedures, such as image-guided surgery. In procedures
such as surgical tumor resection, fluorescence imaging can aid surgeons in improv-
ing both accuracy and completeness of removal. Relevant to both diagnostic and
therapeutic applications, Cerenkov luminescence imaging is a potential clinical
technique which relies upon generation of visible-spectrum light by beta particles
in a dielectric medium; this method could allow for coupling of a multimodal optical
component to existing molecular imaging techniques, such as positron emission
tomography, and also provide a means of monitoring distribution of administered
clinically relevant radionuclides such as lutetium-177.
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1 Introduction

Optical imaging modalities are a crucial component of medical diagnosis and
treatment. They are widely utilized for both diagnostic and interventional proce-
dures. Thanks to the rapid pace of innovation in optical imaging technologies,
clinicians have a wider array of imaging tools available than ever before. Further-
more, a number of promising new modalities are approaching clinical viability, for a
broad variety of applications. This review will describe the current state of optical-
based imaging modalities in diagnosis via endoscopic imaging and in treatment via
image-guided surgery. Additionally, Cerenkov luminescence imaging, a promising
new technology with many potential medical applications, will be described in
detail.

2 Diagnostic Endoscopic Imaging

Endoscopy, a classification of medical procedures which utilize an endoscope to
examine the endoluminal surfaces of internal body cavities, is a vitally important
clinical tool, both for diagnosis and for guidance of interventional procedures such as
surgery. Information gleaned from diagnostic endoscopic examinations help clini-
cians diagnose diseases and guide treatment decisions. Naturally, optical imaging
technologies are integral to endoscopic procedures. This review section will discuss
the current state and technological horizon of optical imaging modalities in diag-
nostic medical endoscopy.

Optical Imaging and Clinical Endoscopy The current standard of care for most
clinical endoscopic imaging is non-fluorescent white light endoscopy (WLE). This
optical imaging modality relies upon full-spectrum visible light illumination for
visualizing internal anatomy. It can be used both for wide-field imaging and, with
magnification, for examination of internal microanatomy. Although WLE is widely
used clinically and does not require the administration of contrast agents, it has many
shortcomings. Endoscopic diagnosis with WLE relies mainly upon the clinician’s
subjective ability to recognize macroscopic or microscopic morphological abnor-
malities in surface mucosa and other superficial structures. Generally, WLE is useful
for the detection of conspicuous and superficial abnormalities; indistinct and
non-facile abnormalities may escape detection with WLE. Furthermore, WLE detec-
tion of lesions is often not sufficient to merit diagnosis; invasive tissue biopsy
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samples and subsequent histopathological analysis are frequently required for
confirmation. Due to these limitations, newer optical imaging technologies are
coming to the forefront to improve both the utility and versatility of endoscopy as
a diagnostic technique.

Visible-Spectrum Modalities Several visible-spectrum optical imaging technolo-
gies have emerged with the aim of improving the accuracy, sensitivity, and speci-
ficity of WLE. The most widely used, chromoendoscopy, utilizes the administration
of colored dyes as contrast agents to provide differentiating contrast to specific
tissues and anatomical structures. A wide variety of application-specific dyes can
be used for chromoendoscopic procedures. Administered dyes can be absorptive to
specific epithelia or tissue types (e.g., methylene blue with upper gastrointestinal
endoscopy for detection of Barrett’s esophagus), non-absorptive to highlight extra-
cellular structure and tissue topography (e.g., indigo carmine with colonoscopy for
detection of colon polyps), or reactive to detect specific biochemical processes (e.g.,
phenol red with gastroendoscopy to visualize gastric Helicobacter pylori infection).
A key advantage of this method is that it does not require the purchase of expensive
specialized endoscopes, but rather can be performed with existing WLE equipment.
However, it does require patient administration of contrast dyes, which can be
unpleasant and invasive, and/or carry the risk of potential side effects. Furthermore,
many chromoendoscopic procedures require removal of mucus in the region of
interest prior to application of the contrast dyes, increasing the clinical time, com-
plexity, and cost of the procedure.

Narrowband imaging (NBI) is a newer technology based on visible-spectrum
light, in which white endoscopic illumination light is filtered into specific wave-
lengths, typically at 415 nm (blue light) and/or 540 nm (green light). These light
bands correspond to the optimal absorptive wavelengths of hemoglobin contained in
shallow mucosal blood vessels or deeper basal layer blood vessels, respectively. NBI
endoscopy therefore enhances the optical contrast of blood vasculature over con-
ventional WLE without requiring the administration of contrast agents (Fig. 1a). It
can be useful for improving visual identification of vascular abnormalities that are
associated with disease conditions, such as neoplasia. However, performing NBI
endoscopy requires the purchase of NBI-capable endoscope systems.

So-called “digital endoscopy” procedures utilize legacy WLE equipment with the
addition of software-based image post-processing to improve the quality of endo-
scopic images and provide more relevant information to clinicians. Post-processing
is flexible and can be applied to conventional WLE, NBI, or chromoendoscopic
procedures (Fig. 1b). Software suites available for this purpose include Fuji Intelli-
gent Chromo Endoscopy (FICE) by Fujinon Corporation (Saitama, Japan) and
Pentax i-SCAN by HOYA Corporation (Tokyo, Japan.) Usage of these software
suites has shown some benefits in certain clinical diagnostic applications, but
comparative results have generally been mixed. The i-SCAN suite has been shown
to improve diagnosis of esophagitis when coupled with WLE versus WLE alone [6];
however, it also failed to show significant improvement in diagnosis of gastric
neoplasia or small adenomatous colon polyps [7, 8]. Similarly, FICE software has
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shown improvement in detection of depressed-type gastric neoplastic lesions [9] but
not in detection of adenomatous colon polyps [10].

Fluorescence Imaging Modalities Fluorescence imaging is an emerging and
promising avenue for the present and future of clinical imaging, including in
endoscopic applications. Analogous to WLE in visible-spectrum light imaging, the
most widely used form of fluorescence imaging in endoscopic procedures is
autofluorescence endoscopy (AFE). AFE endoscopes exploit differences in the

Fig. 1 (a–d) Comparison of endoscopic optical imaging modalities to conventional white light
endoscopy (WLE). (a) An intestinal dysplasia imaged by WLE and narrowband imaging (NBI)
[1]. (b) A neoplastic colon polyp imaged by WLE with and without Fuji Intelligent Chromo
Endoscopy software (FICE) image post-processing [2]. (c) A colon adenoma imaged by WLE
and autofluorescence imaging (AFE) [3]. (d) A papillary bladder lesion imaged in bladder cystos-
copy with hexaminolevulinate by WLE and induced fluorescence endoscopy (IFE) [4]. (e) Example
of 2D cross-sectional and 3D reconstructed images of a porcine esophagus imaged via optical
coherence tomography (OCT), demonstrating micron-scale resolution of subsurface esophageal
strata. Muscularis propria (MP), submucosae (SM), muscularis mucosae (MM), lamina propria
(LP), and epithelium (E) can be identified [5]. Referenced figure panels have been adapted and
reprinted with permission of their respective owners
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concentrations of naturally occurring fluorophore biomolecules, such as collagen, to
generate wide-area images of internal tissues without exogenous contrast agents.
Fluorescence excitation is provided by illumination with a high-intensity blue light
on the endoscope; emission is visualized (via false color video) with an optical
camera configured to capture light at various emission wavelengths. AFE imagery
can provide information about abnormalities that may not be easily detectable with
WLE, such as differences in tissue density, epithelial thickness, or blood flow rate
(Fig. 1c). Though AFE systems can address some of the limitations of standard
WLE, they are constrained by many of the same drawbacks. Furthermore, although
AFE has been shown to improve detection rates of lesions, it also typically has a
higher rate of false positives, such as in detection of early gastric neoplasia [11],
necessitating more frequent follow-up biopsy analyses.

Analogous to white light chromoendoscopy, induced fluorescence endoscopy
(IFE) relies upon administration of exogenous fluorescent contrast agents and
illumination with excitatory wavelength light to visualize specific internal anatomy.
IFE can provide enhancement of visual contrast beyond what is possible with WLE,
chromoendoscopy, NBI, or AFI. Furthermore, the use of far-red or near-infrared
fluorophores with IFE can increase the penetration depth of imaging and enable
detection of non-superficial structures and lesions, overcoming a key limitation of
other optical endoscopic technologies. However, this newer technology has not yet
seen widespread clinical adoption, due mainly to the limited number of fluorescent
contrast agents available to clinicians. Frequently used contrast agents in clinical IFE
include 5-aminolevulinic acid (5-ALA) and hexaminolevulinate (for cancer detec-
tion in upper gastroendoscopy and bladder cystoscopy, respectively) and the near-
infrared fluorophore indocyanine green (ICG, for enhanced fluorescent labeling of
vasculature) (Fig. 1d). Another near-infrared fluorochrome, methylene blue, is FDA-
and EMA-approved as a chromogenic dye; because it is also fluorescent, its use with
IFE has been investigated to help surgeons locate and avoid injury to the ureters of
colorectal surgery patients [12]. Additionally, IFE holds promise for endoscopic
visualization of targeted molecular probes; however, this application has not yet
been exploited clinically, due to the lack of targeted fluorescent contrast agents with
regulatory approval.

Previously described visible-spectrum imaging modalities are applicable to
either wide-area imaging (e.g., during open or laparoscopic surgery) or magnifica-
tion endoscopy. However, with respect to fluorescence imaging, confocal laser
endomicroscopy (CLEM) is the preeminent technology for fluorescent endoscopic
examination under magnification. CLEM combines blue laser fluorescence imaging
with intravital confocal microscopy, enabling live confocal plane imaging of
endoluminar microanatomy at cellular or subcellular resolutions. This enables supe-
rior image quality, increased penetration depth, and improved anatomical differen-
tiation when compared to conventional magnification endoscopy. The development
of clinical CLEM technology confers two primary benefits to endoscopic diagnosis:
first, in some instances, it may permit completely optical percutaneous biopsy of
patients, negating the need for potentially traumatic tissue sample collection and
outside histopathological analyses; second, in cases where traditional tissue biopsies
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are still required, it can enable more accurate identification of relevant biopsy sites. A
variety of contrast agents are used in CLEM, though all are currently used off-label
for this application. Fluorescein is administered intravenously to provide fluorescent
contrast to blood vasculature. Other contrast agents can be applied topically at the
imaging site, which may or may not require prior removal of mucin from the surface.
Topical imaging agents can include fluorescent stains to highlight intracellular
regions and lamina propria (fluorescein sodium) or cell nuclei (cresyl violet or
acriflavine). Additional fluorescent contrast agents with longer-wavelength excita-
tion, such as methylene blue, have been demonstrated in preclinical research and
could be used in future clinical work as well; however, currently, only scopes
equipped with blue light lasers (488 nm) are approved for clinical use. The micro-
scopic field of view of CLEM necessitates wide-area image-guided placement of the
CLEM probe prior to image acquisition. Existing CLEM endoscopes usually rely on
simultaneous wide-area WLE for correct placement of the microscopic probe at the
lesion of interest. Therefore, the CLEM examination site selection is subject to the
same limitations inherent to macroscopic WLE. However, other probe guidance
methods have been used with CLEM, such as ultrasonography or X-ray fluoroscopy
[13, 14].

Near-Infrared Imaging Modalities Beyond fluorescence imaging in the clinic,
a new technique, optical coherence tomography (OCT), utilizes interferometry
with near-infrared (NIR) light backscattering to construct a high-resolution image
of three-dimensional tissues from a series of two-dimensional tomographic cross-
sectional images. From an application point of view, OCT is similar in function
to high-frequency ultrasonography; however, OCT relies on light rather than sound
for generation of an image. Furthermore, the emitted near-infrared light is able to
traverse air-filled spaces; unlike HF ultrasonography, it does not require direct probe
contact (nor a water interface) with the tissue areas of interest. This makes it a useful
imaging modality for mapping the surface and subsurface topology of large or
expansive endoluminal cavities and therefore highly suited for endoscopic imaging.
OCT scans can provide information on cutaneous and subcutaneous endoluminal
surface density and morphology, enabling rapid wide-area identification of subsur-
face abnormalities. OCT endoscopes provide excellent spatial resolution, with
sub-20 μm resolutions possible. OCT systems also provide temporal resolution by
scanning multiple times per second, thus allowing acquisition and observation of
images in real time. The primary benefit of OCT to clinical endoscopy comes in
the ability to rapidly map the volumetric microstructure of large and complex
endoluminal cavity surfaces (Fig. 1e). Though NIR provides improved light pene-
tration into tissue compared to shorter wavelengths, the depth of OCT scanning is
limited to a few millimeters due to excessive light scattering at greater depths.
Endoscopic OCT has been clinically approved for upper GI endoscopic procedures
and for intravascular endoscopy. It is also being evaluated for a variety of new
indications, including diagnosis of urothelial carcinoma in the bladder [15],
and imaging of bronchial airway remodeling in patients with chronic obstructive
pulmonary disease [16]. A compact OCT endoscope housed within a small,
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self-contained capsule-shaped module has been developed for esophageal OCT; the
“capsule” is swallowed by a fully conscious patient and then recovered via a narrow
tethering fiber. This development raises the possibility of esophageal endoscopy
without the need for sedation, which is a significant barrier to early screening of
Barrett’s esophagus [17].

Multimodal Imaging Despite advances in imaging technology, all endoscopic
imaging modalities are constrained by inherent physical or technical limitations
which limit clinical usefulness. To overcome this, different imaging modalities
could be combined together into a single endoscopic procedure, with the ultimate
goal of mitigating the shortcomings in one imaging modality by supplementing it
with others that are not subject to the same disadvantages. Aside from the use of
wide-field WLE, which is routinely used in conjunction with other endoscopic
modalities (e.g., to guide magnification endoscopy techniques such as CLEM),
multimodal endoscopic imaging is mostly at the investigative stage. Several novel
applications have been demonstrated in clinical pilot studies; for example, a trimodal
endoscope was devised to combine WLE, NBI, and AFI to reduce the high false-
positive rate associated with AFI colonoscopy in screening for colorectal adenomas
and for gastric neoplasia [11, 18]; in another study, OCT was combined with WLE
and IFE cystoscopy (with hexaminolevulinate) to reduce false positives in the
diagnosis of urothelial carcinoma [15].

Preclinical Modality Pipeline A number of promising new optical imaging tech-
nologies are being evaluated for endoscopic applications.

Raman spectroscopy, an imaging technique which relies upon inelastic scattering
of laser light to detect differences in vibrational or rotational molecular states, has
been investigated for in vivo imaging systems, including endoscopy. Raman spec-
troscopy is particularly notable for its chemical specificity, which is useful for
measuring biochemical states and changes in biological tissue. It can be combined
with far-red or near-infrared light sources for deep tissue penetration. Though
promising, Raman spectroscopic endoscopy and other Raman-based imaging
methods thus far have faced technical obstacles, primarily due to the low intensity
of inelastic light scattering signatures, which limit the accuracy and speed of image
acquisition compared to existing clinical modalities. A variety of innovative Raman-
based imaging technologies have been developed to overcome these limitations,
such as selective-sampling Raman spectroscopy, coherent anti-Stokes Raman spec-
troscopy, surface-enhanced Raman spectroscopy, and spatially offset Raman
spectroscopy. Endoscopic Raman spectroscopy has been evaluated in patient feasi-
bility studies for a variety of applications, including colonoscopic identification of
precancerous adenomatous polyps, endoscopic diagnosis of gastric dysplasia, and
detection of nasopharyngeal cancers [19–21].

Cerenkov luminescence (CL), light emissions caused by the transit of charged
particle radiation through a dielectric medium at greater than the speed of light, has
been evaluated for medical imaging purposes. The resultant technology, called
Cerenkov luminescence imaging (CLI), utilizes Cerenkov light generated by the
decay of an injected β particle-emitting isotope, which are typically used to provide
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radiocontrast in positron emission tomography (PET) scans or for targeted radio-
therapy. CLI is adaptable to endoscopy for selected applications and could be useful
for optical detection of radiotracers via an endoscope. A prototype CLI endoscope
has been demonstrated in animal studies using conventional endoscopic equipment
coupled with the PET radiotracer 18F-fluorodeoxyglucose [22]. Further medical
applications of CLI are discussed at length in the latter section of this review.

Incident light that is reflected by tissues is modified in numerous ways by the
physical and biochemical properties of that tissue, which manifests in changes to
absorbance via intensities of specific wavelengths, variation in angular trajectories,
alteration of light polarity, etc. Reflectance spectroscopy takes advantage of these
resultant differences, using advanced analysis to construct quantitative “scattering
signatures” of reflected light to reveal morphological and biochemical information
about probed tissues without labeling. For endoscopy, reflectance spectroscopy
has several promising applications, most notably to detect the oxygenation level of
blood. The ratio of oxyhemoglobin to deoxyhemoglobin can be extrapolated by
the differential absorbance and reflectance profiles of each compound, providing an
endoscopic tool for detection of poorly perfused regions in mucosal tissue. A white
light reflectance spectroscopy method has been used to measure via colonoscopy to
analyze the success of induced colon polyp ischemia procedures in real time, as well
as identification of sites of mesenteric ischemia [23, 24].

Two-photon endomicroscopy (TPEM) is yet another emerging technology with
potential to be translated into clinical endoscopy. Two-photon imaging utilizes two
excitation photons using a femtosecond pulsed beam to produce fluorescent emis-
sion by excitation of individual atoms by two simultaneous photons. This method
can utilize near-infrared excitation sources for deep tissue penetration. Furthermore,
simultaneous absorbance of two photons is an extremely low-probability event
outside of the focal point due to insufficient photon density; therefore, emission
from outside the focal point is negligible. This permits exclusion of background light
outside of the focal plane, but without the pinhole aperture required in confocal
microscopy. TPEM is therefore a potentially advantageous alternative to CLEM,
with acquisition of deeper images possible. Like CLEM, however, TPEM would
require administration of fluorescent contrast agents. Prototype TPEM units have
been demonstrated in animal models but thus far have not yet been evaluated in
human patients [25, 26]. Clinical TPEM also requires further development and
approval of fluorescent contrast agents which are optimized for two-photon
excitation.

Summary Diagnostic endoscopic procedures are arguably the most commonly
used and most diverse application of optical imaging in medicine today. Nearly
every modality of optical imaging in current clinical use is represented in the array of
endoscopic imaging technologies currently available to physicians. Furthermore,
endoscopic procedures also have the largest frontier of technological advancement,
with a number of novel advanced optical technologies at or near the clinical
translation threshold.
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3 Optical Imaging in Interventional Procedures

Beyond diagnostic procedures, optical imaging technologies are of increasing
importance in current and future interventional medical techniques. For example,
in oncology, surgery is the primary treatment modality for most solid tumors.
Although optical imaging plays an essential role in cancer diagnosis and preopera-
tive planning, during the surgery, the operating surgeon often depends on visual
appearance and manual palpation to differentiate between tumor and normal tissue
and to establish a sufficient tumor-free margin. Reliance on white light limits the
visual contrast apparent to the surgeon to a narrow dynamic range in the colorimetric
spectrum. Thus, limitations in specificity and sensitivity are a critical aspect of
oncologic surgeries, and real-time image guidance is highly desirable in the operat-
ing room [27–29].

In this review, we explain the concept of optical image-guided surgery in surgical
oncology. Image-guided surgery enables surgeons to perform surgery under the
guidance of live intraoperative images, wherein surgeons are able to track the
resection area on a monitor with reliable real-time feedback on any remaining
tumor tissues or other diseased areas, such as ischemia. Because of the delicate
nature and time sensitivity of surgery, the imaging time must be short, and image
processing must be rapid – essentially in real time, at high temporal resolution and
with minimal latency [30]. As a result, surgical procedures are easier to undertake
with greater certainty that the critical landmarks are secured. Tumor cells left behind
at the edge of the surgical resection area, defined as positive margins, result in
increased recurrence and poor prognosis for patients with head and neck cancer,
brain cancer, breast cancer, non-small cell lung cancer, colorectal cancer, and
urogenital tract cancer [31–38]. Image guidance allows careful identification of
primary and microscopic tumors and the complete removal of cancerous tissue [39].

Elevated cellular metabolism, increased expression of growth factor signaling
receptors, hypoxia, and increased tumor angiogenesis are common traits that sustain
the hyperproliferative potential of tumor cells. These biomarkers specific to cancer
cells or the tumor microenvironment potentially allow cancer to be distinguished
from normal tissue and could be exploited as potential targets to direct imaging
agents [28]. An approach to incorporate biomarker-targeted molecular imaging
agents in the imaging procedure improves the tumor-to-background signal ratio
needed for fast assessment of lesions [30, 40]. Ease of image acquisition, relatively
low-cost imaging devices, high resolution, and real-time applicability of imaging
agents for use in optical imaging methods are highly desirable for use in real-time
image-guided surgery [30]. However, there are substantial technical issues such as
specific tumor labeling, imaging system portability, and patient-like animal models
in which to develop the technology, which need to be addressed for image-guided
surgery going forward toward clinical use [41].

Image-Guided Surgery Fluorescence-guided surgery emerged as a technique
using fluorescence to visualize cancer cells to guide intraoperative procedures.
Classical fluorescent techniques primarily use probes in the visible light spectrum

The Present and Future of Optical Imaging Technologies in the Clinic:. . . 211



in the wavelength range of 400–600 nm. This spectrum region is related to a higher
level of nonspecific background light and limited tissue penetration depth [28]. In
the early years of this millennium, fluorescent imaging for cancer-specific navigation
was successfully used in neurosurgery. Stummer et al. demonstrated that 5-ALA
accumulates as fluorescent protoporphyrin IX in malignant gliomas and helps in
their precise surgical resection. Complete resection of tumor tissue with maximal
preservation of normal surrounding brain tissue significantly improved survival and
life quality of glioblastoma patients (Fig. 2a) [45, 46].

To improve imaging depth with minimal interference of light scattering and tissue
autofluorescence, optical modalities utilize fluorescent emission light in the NIR
wavelengths of 700–900 nm, known as the first near-infrared window (NIR-I).
Furthermore, fluorophores emitting in the range of 1,000–1,700 nm, in the second
near-infrared window (NIR-II), were developed to enhance imaging quality at
increased tissue depth [47, 48]. The NIR spectrum range allows a high ratio of
signal to background in biological tissue and in oncologic imaging yields a high
tumor-to-background ratio [30, 49]. Clinical applications of NIR fluorescence imag-
ing have been demonstrated in sentinel lymph node (SLN) mapping, tumor imaging,
and visualization of vasculature [50].

At present, clinically approved nontargeted contrast agents for image-guided
surgery include ICG and methylene blue (Fig. 2b, c). Their fluorescence emission
is localized within the NIR-I spectrum [28, 39]. Applications of ICG include induced
NIR fluorescence in cancer-related surgery for SLN mapping, intraoperative identi-
fication of solid tumors, and angiography during reconstructive surgery [43]
ICG-based imaging agents offer significant improvements during SLN mapping in
prostate, breast, gastric, rectal, and vulvar cancers [51–55].

An integrated diagnostic approach based on premixing of ICG with 99mTc-
nanocolloid resulted in an imaging agent that is both radioactive and fluorescent
and enables preoperative and intraoperative SLN imaging in laparoscopic lymph
node dissection. ICG-99mTc-nanocolloid injected into the prostate allowed the loca-
tion of the pelvic sentinel lymph SLNs to be established preoperatively by SPECT/
CT imaging. During surgery fluorescence was used to visualize previously identified
nodes and improve surgical guidance. Correlation between the radioactive and
fluorescent signal in the removed lymph nodes showed that ICG-99mTc-nanocolloid
in combination with SPECT/CT and a fluorescence laparoscope can facilitate precise
dissection of SLNs [51].

One of the greatest challenges for prostate cancer management is lymphatic
spread of metastases, giving rise to tumor recurrences. Lymphatic mapping using
radioguidance or fluorescence guidance in surgery via an agent targeting prostate-
specific membrane antigen (PSMA) constitutes an alternative to traditional pelvic
lymph node dissection. Preoperative PET imaging with 68Ga-PSMA tracers was the
most reliable method for identification of lymphatic macrometastases; by compari-
son, intraoperative lymphatic mapping with ICG-99mTc-nanocolloid via a fluores-
cence imaging camera combined with a handheld γ-ray probe was shown to be the
most reliable for identifying micrometastases [56].
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Fig. 2 Examples of intraoperative imaging for detection and guidance of surgical intervention. (a)
Images from a glioblastoma patient. Left, an MRI scan of the tumor following 5-ALA administra-
tion. Arrows indicate a part of the tumor showing increase of signal following 5-ALA administra-
tion. Center and right, intraoperative images showing tumor contrast of the frontal lobe under white
light and violet-blue excitation fluorescence, respectively [42]. (b) NIR fluorescence imaging of
lymph node biopsy from a breast cancer patient following ICG injection during percutaneous
assessment (upper row) and in exposed sentinel lymph node (lower row). NIR fluorescence light
penetrates tissue, allowing noninvasive imaging method of lymph nodes and lymphatic flow
[43]. (c) NIR fluorescence imaging of the ureter during abdominal surgery following intravenous
administration of methylene blue [44]. Referenced figure panels have been adapted and reprinted
with permission of their respective owners
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Targeted contrast agents for intraoperative imaging include amino acids and
peptides such as aminolevulinic acid, cyclic arginine-glycine-aspartate (cRGD),
folate, chlorotoxin, and specific antibodies against antigens such as CA19-9,
carcinoembryonic antigen (CEA), epithelial cell adhesion molecule (EPCAM),
PSMA, and epidermal growth factor receptor (EGFR) [28, 39]. In organic probes,
the NIR fluorophores are usually conjugated to a specific targeting ligand or mono-
clonal antibody. NIR agents target biomarkers expressed on certain types of cancers.
Antibodies for imaging increased expression of growth factor receptors such as
EGFR, Her2/neu receptor, or vascular endothelial growth factor (VEGF) receptor
are labeled with Cyanine 5.5 and Alexa Fluor 750 fluorophores. Fluorophores bound
to a specific ligand, e.g., VEGF or EGF, can be internalized, allowing uptake of the
tracer to be monitored [28].

For imaging tumor angiogenesis, alpha-v-beta-3 (αvβ3) integrin, a well-
characterized adhesion molecule found at the sprouting ends of newly formed
blood vessels, can easily be targeted with molecular probes. For this reason, it has
been used to model targeting of agents to tumors. High expression of adhesion
receptors can be detected when targeting αvβ3 integrin with cRGD conjugated to
Cyanine 5.5 or IRdye800CW [28]. Previous studies demonstrated that integrin
αvβ3 or CD13 molecules, overexpressed specifically on the surfaces of endothelial
or tumor cells, can serve as imaging targets for early tumor detection and NIR
fluorescence-guided surgical navigation in glioblastomas [49, 57, 58].

Similar approaches using activatable fluorophores are followed when targeting
the upregulation of tumor-associated proteolytic enzymes such as cathepsins and
matrix metalloproteinases (MMP). This allows detection of proteases abundant in
malignant tissue, which can be associated with specific invasive, aggressive, or
metastatic characteristics of tumors. However, proteolytic enzymes are not specific
for molecules in cancer cells, because cathepsins and matrix metalloproteinases
are abundant in inflammatory tissue. NIR probes activated by proteases such as
Cathepsin B and MMP-2 were injected in an inactivated state (quenched), and
cleaved by enzymes that result in dequenching and increased fluorescence [28, 59].

Summary Integration of optical imaging in intraoperative guidance is necessary to
improve the surgical accuracy and outcomes of clinical cancer surgery.

4 Cerenkov Luminescence Imaging and Therapy

Cerenkov Luminescence Cerenkov luminescence (CL) or Cerenkov radiation is a
continuous spectrum of light peaking in the blue-to-ultraviolet spectrum. It is
produced by subatomic charged particles traveling faster than the speed of light
through a dielectric medium such as water or biological tissues. CL was discovered
in 1934, but it was first recognized for biomedical research applications in 2009 due
to advances in highly sensitive optical cameras [60, 61]. Since then, the applications
of CL from clinically relevant radionuclides have been expanding to biomedical
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imaging as well as cancer imaging and therapy. Cerenkov luminescence imaging
(CLI) is a new medical imaging modality that captures CL emitted from clinically
relevant radionuclides via optical imaging instruments and allows multimodal imag-
ing in combination with positron emission tomography (PET) imaging. Further, CL
has been applied with nanomaterials, small molecules, and biomolecules for better
imaging and therapy in cancer research. This section covers the basics of CL and the
recent advances of CLI for diagnosis of disease as well as its applications to cancer
therapies.

In 1934, the Russian scientist Pavel Alekseyevich Cerenkov observed faint blue
light when he accidentally placed a sulfuric acid solution over radium salts [62]. He
concluded the observed visible light was produced by charged subatomic particles
traveling faster than the phase velocity of light in a dielectric medium [63]. Further
theoretical studies were conducted by Ilya Frank and Igor Tamm, who described the
significance of particle energy, cone angle of emitted light, and refractive index of
media. In 1958, Cerenkov, Frank, and Tamm were awarded the Nobel Prize in
Physics for their discovery and explanation of the Cerenkov effect.

Positrons and electrons, collectively referred to as charged beta (β) particles, are
produced by radioactive decay. In dielectric media (mainly tissue/water in biomed-
ical contexts), β particles are traveling faster than the phase velocity of light. Charged
β particles with high energy interact with surrounding water and polarize the
randomly oriented water molecules. The polarized water molecules then relax to
the ground state by emitting photons in the direction of the charged particle travel,
creating a coherent wavefront [61]. The photons propagate at a forward angle (θ)
from the direction of the charged particle vector.

Cerenkov Luminescence Imaging The Cerenkov phenomenon has been applied
in the fields of physics and engineering in a variety of applications, such as in
detectors for particle physics and nuclear power plants [64]. In 2009, the first
biomedical imaging application of the Cerenkov phenomenon was reported by
Robertson et al. who described Cerenkov luminescence imaging (CLI), using 18F-
fluorodeoxyglucose (18F-FDG) in vivo imaged with widely used optical instrumen-
tation for bioluminescence imaging, which provides the necessary sensitivity [60].
This study set the foundation of CLI, and biomedical applications of CLI have been
rapidly expanding ever since. CLI provides a quantitative multimodal imaging
system in conjunction with positron emission tomography (PET) and could be
advantageous over the conventional imaging modalities in the clinic in terms of
cost, time, and applicability of radionuclides (Fig. 3a, b). Some preclinical studies
for CLI have been reported using clinically relevant radionuclides including 18F,
89Zr, 90Y, 68Ga, and 225Ac [65, 67].

CLI for experimental imaging in small animals utilizes a bioluminescence imag-
ing system equipped with a charged coupled device (CCD) camera in a chamber to
exclude ambient light [68]. 18F-FDG, a radiotracer for glycolytic metabolism, is one
of the most common radiotracers for PET imaging because it preferentially accu-
mulates in cancer cells [69]. CL from 18F-FDG has been shown to strongly correlate
with signal intensity in PET imaging [70]. In addition to small-molecule
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radiotracers, CLI with biomolecule radiotracers such as peptides and antibodies has
also been reported. For example, a gastrin-releasing peptide receptor, or bombesin
receptor, agonist was labeled with 90Y and enabled imaging of prostate tumors in
mice by CLI [71]. Further, the anti-prostate-specific membrane antigen (PSMA)
antibody labeled with 64Cu was shown to visualize PSMA-positive tumors in mice
by both CLI and PET [72].

Fig. 3 (a) Cerenkov luminescence imaging and (b) PET imaging of 89Zr in water. The activity
concentrations of 89Zr decrease sequentially in samples 1–6, ranging from 40.3 kBq/mL in sample
1 to 0.0 kBq/mL in sample 6 [65]. (c) Schematic of CL-activated “sticky tag” technology [66]. (d)
Fluorescence image of mice injected with Cyanine 7-azide following previous administration of
the αvβ3-integrin-binding radiotracer 90Y-DOTA-RGD. Enrichment of Cyanine 7 signal can be
observed in the αvβ3-integrin-expressing tumors on the left and right rear flanks due to activation of
the azide group “sticky tag” by CL [66]. Referenced figure panels have been adapted and reprinted
with permission of their respective owners
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In addition to small molecules and biomolecules, CLI is also compatible with
in vivo imaging of nanoparticles. Nanoparticles have gathered much attention in
biomedical research because of their unique properties, including ease of prepara-
tions and modifications, and better pharmacological properties than some conven-
tional chemotherapeutic agents. Some nanoparticles are excitable by Cerenkov light
and emit in longer wavelengths. The imaging system utilizing this phenomenon is
called synonymously secondary Cerenkov-induced fluorescence imaging (SCIFI) or
Cerenkov radiation energy transfer (CRET). The higher optical cross section of
certain nanoparticles sometimes permits SCIFI or CRET [61]. For example, quan-
tum nanoparticles (Qtracker 705) and quantum dots (QD605) have been shown to be
excited by CL to emit longer wavelengths of light, which is advantageous to
overcome the poor tissue permeability of UV light [63, 73]. However, the system
of SCIFI or CRET is not easily modulated because it can be activated regardless of
the surrounding environment. Hence, smart activatable agents, which could be
modulated by endogenous or exogenous stimuli when needed, may provide the
basis of a more accurate imaging system. Photoactivation of caged luciferin by CL is
one example of a smart activatable agent [74]. Luciferin is caged by an ortho-
nitrobenzyl ether protecting group, which is known to be activated by UV light.
CL from 18F-FDG successfully uncaged luciferin, the substrate of luciferase, and
induced bioluminescence from cancer cells expressing luciferase. Another example
of smart activatable agent is protease-activatable SCIFI, which can be turned on by
matrix metallopeptidase-2 enzyme activity [75]. Fluorescein is tethered with a
peptide to a gold nanoparticle and quenched due to the proximity of fluorescein
and a gold nanoparticle; once the enzyme cleaves the peptide, the gold nanoparticle
quencher is released and fluorescein becomes excitable by CL.

The major limitation of CLI is its low intensity of signal compared to conven-
tional optical fluorescence imaging. The prolonged scanning time degrades image
quality due to confounding factors such as patient movement, and the duration of
imaging is limited because of the radionuclide half-life. The CL-activated “sticky
tag” strategy may potentially overcome these limitations by translating CL into
fluorescence (Fig. 3c) [76]. The sticky tag consists of a fluorescent dye tethered by
an aryl azide group. UV light irradiation from Cerenkov transforms the azide into a
singlet nitrene, which can be chemically incorporated into biomolecules on cellular
plasma membranes or proteins in the intracellular matrix. Therefore, radioactivity,
from, e.g., 18F-FDG or an 89Zr-labeled antibody, is converted to fluorescence that is
attached to the side of the radioactive decay. The photoactivation of Cyanine 7-azide
is demonstrated in both in vitro and in vivo (Fig. 3d).

The first human CLI was performed in 2013. CL with 550 MBq of 131I from the
thyroid gland of a patient treated for hyperthyroidism was detected using an electron
multiplied CCD camera [77]. In this study, photographic light and CL were suc-
cessfully localized in the thyroid region. However, the first human study did not
provide quantification of the thyroid. A more rigorous study was performed in the
same year using 18F-FDG in lymphoma patients, lung cancer, and breast cancer
[78]. Patients undergoing diagnostic 18F-FDG PET/CT scans were tested for the
feasibility of CLI. A cooled CCD camera was used to monitor CL and quantification
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was implemented. The study demonstrated the linear correlation between the activity
of radionuclides and the intensity of CL and also showed that the diagnostic dose of
18F-FDG is feasible for detecting nodal disease by CLI.

Cerenkov-Induced Therapy The applications of CL have also been rapidly
expanding to cancer therapy. Photodynamic therapy (PDT) utilizes photosensitizers,
which absorb light and produce reactive oxygen species (ROS) to kill cancerous
cells. Conventional PDT uses red-to-infrared light from external light sources to
excite the photosensitizers. Because the tissue permeability of light is poor, the light
source needs to be delivered to the deep tumor site by insertion of fiber optics into the
patient’s body. This invasive approach could be avoided by CL-induced PDT.
Photosensitizers in proximity to clinically relevant radionuclides may be excitable
by CL, resulting in localized cytotoxic ROS generation. It was demonstrated that CL
generated by 90Y excites porphyrin, a photosensitizer, and inhibits cell growth
[79]. Furthermore, nanoparticles have shown some promising results as a part of
CL-based PDT strategies. For example, it was demonstrated that titanium dioxide
could be excited by CL and generate ROS from water and oxygen molecules.
Further, titanium dioxide in the presence of 18F-FDG or 64Cu could induce PDT
in vivo [80]. In addition to titanium dioxide, some other nanoparticles have also been
reported to induce PDT such as chlorin e6 nanoparticles and copper sulfide
nanoparticles [81, 82].

Summary Cerenkov luminescence has garnered great attention in both science and
medicine since the first biomedical application of CL was reported in 2009. CL
provides an easy-to-prepare and cost-effective imaging modality. Because CL is
generated by most PET imaging radiotracers, multimodal imaging with both CLI
and PET may be possible. CL combined with small molecules, biomolecules, and
nanoparticles has been studied to improve in vivo radiotracer tracking capabilities.
Further, a new targeted therapeutic paradigm that selectively kills only cells in
proximity to CL-generating radiotracers may be accomplished with CL. CL-induced
PDT may provide a less invasive approach compared to the conventional PDT in the
clinic. However, there are some limitations that must be overcome, such as the weak
intensity of CL and prolonged exposure to high dose of radionuclides. Therefore,
further development of this field is needed before clinical relevance can be achieved.
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