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Ultrasound-Enhanced
Chemiluminescence for Bioimaging
Duong Le, Dinesh Dhamecha, Andrea Gonsalves and Jyothi U. Menon*

Department of Biomedical and Pharmaceutical Sciences, College of Pharmacy, The University of Rhode Island, Kingston, RI,
United States

Tissue imaging has emerged as an important aspect of theragnosis. It is essential not
only to evaluate the degree of the disease and thus provide appropriate treatments,
but also to monitor the delivery of administered drugs and the subsequent recovery
of target tissues. Several techniques including magnetic resonance imaging (MRI),
computational tomography (CT), acoustic tomography (AT), biofluorescence (BF) and
chemiluminescence (CL), have been developed to reconstruct three-dimensional
images of tissues. While imaging has been achieved with adequate spatial resolution for
shallow depths, challenges still remain for imaging deep tissues. Energy loss is usually
observed when using a magnetic field or traditional ultrasound (US), which leads to a
need for more powerful energy input. This may subsequently result in tissue damage.
CT requires exposure to radiation and a high dose of contrast agent to be administered
for imaging. The BF technique, meanwhile, is affected by strong scattering of light and
autofluorescence of tissues. The CL is a more selective and sensitive method as stable
luminophores are produced from physiochemical reactions, e.g. with reactive oxygen
species. Development of near infrared-emitting luminophores also bring potential for
application of CL in deep tissues and whole animal studies. However, traditional CL
imaging requires an enhancer to increase the intensity of low-level light emissions,
while reducing the scattering of emitted light through turbid tissue environment. There
has been interest in the use of focused ultrasound (FUS), which can allow acoustic
waves to propagate within tissues and modulate chemiluminescence signals. While light
scattering is decreased, the spatial resolution is increased with the assistance of US. In
this review, chemiluminescence detection in deep tissues with assistance of FUS will be
highlighted to discuss its potential in deep tissue imaging.

Keywords: chemiluminescence, bioluminescence, focused ultrasound, deep tissue, imaging

INTRODUCTION

Imaging has become an essential component of biomedical research and patient treatment.
There has been tremendous improvement in imaging techniques and their application in last
30 years. These imaging tools help clinicians not only to diagnose diseases but also to visualize
the expression of the reaction, and interactions within the human body (Weissleder and Pittet,
2008). In vivo molecular imaging has significantly revolutionized modern medical diagnostics. In
order to evaluate the complex nature of tissues/organs, there is a need for advanced and versatile
imaging techniques which are not only capable of analyzing the structure and morphology of
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tissues/organs but can also efficiently monitor the functions and
molecular reactions in the cells (Nam et al., 2014). Each of the
imaging modalities available today work on different principles
and methods, and the outcome are largely variable depending
on interfaces, samples and the imaging technique used (Nam
et al., 2014). Therefore, based on the experiments and the clinical
application, the most appropriate imaging technique must be
carefully chosen from among the range of available methods.

Tissue imaging can be done using spectroscopic signal
detection techniques such as magnetic resonance imaging (MRI),
computational tomography (CT), acoustic tomography (AT),
biofluorescence (BF), and chemiluminescence (CL). Based on
the unique principle of each technique, imaging methods have
their exclusive range of applications. In most imaging methods,
the physical interaction of X-rays, radiofrequencies or sound
waves with the target/imaged object (tissues or organs) results
in a change in the energy, which is transmitted to form an
image. Based on the source and intensity of the energy, the
various imaging modalities differ in their specific properties such
as resolution, exogenous and endogenous contrast component,
penetration depth, cost, and safety (Pysz et al., 2010; Appel
et al., 2013). Due to the high energy source, CT and MRI
have the best imaging depth and resolution when compared to
luminescence and AT. MRI uses radio frequencies coupled with
strong magnetic field as the source of energy, which rebounds
off the body fat and water molecules, and the transmitted energy
is detected and translated into an image. Hence, it is generally
used for imaging of soft tissues like brain, wrists, heart and blood
vessels (Miwa and Otsuka, 2017). In comparison to CT, MRI has
two disadvantages, namely loud machine noises during imaging
and longer imaging time (Weissleder and Pittet, 2008). CT uses
X-ray energy to image the target tissue and is quick, painless
and non-invasive. It is generally used to image bone fractures,
tumors progression and internal bleeding (Pysz et al., 2010).
However, one of the constraints of CT imaging is the use of
radiation and the generation of less detailed images of soft tissues
when compared to MRI (Nam et al., 2014). AT has evolved as
a hybrid imaging method which can possibly overcome some of
the disadvantages of MRI and CT. AT imaging is based on the
acoustic wave signals which are generated when the absorbed
optical energy is converted to acoustic energy. These waves scatter
less than the optical waves in tissue, leading to generation of high-
resolution images of deeper tissues. This imaging technique has
several advantages. For example, in comparison with CT, it uses
non-X-ray laser energy source for imaging, and in comparison to
MRI, it is less expensive. However, it faces some disadvantages
like poor deep tissue imaging and imaging speed (Xia et al.,
2014). Luminescent imaging is another method of imaging.
Bioluminescence (BL) is excellent for molecular level imaging
without using an external contrast agent, and it has the capacity
for real time imaging (Zhang et al., 2006; Weissleder and Pittet,
2008). BL is a unique optical imaging method in that it depends
on an internal biological light source (based on a reaction)
unlike other imaging systems which require external energy
source. Luciferase are a group of enzymes commonly used in
BL imaging as they can emit light in the presence of oxygen
and a substrate (typically luciferin) (Contag and Ross, 2002).

The released light generated from the live cells is assessed by
a photon detector with high sensitivity (Weissleder and Pittet,
2008). Similarly, CL (first generation), without the need of
external light sources, advances luminescent imaging further
by using luminescent enhancers listed and described in detail
in Table 1. CL avoids the need for the enzyme luciferase for
imaging, thus circumventing the need for genetic modification
to produce BL for imaging (Lippert, 2017). CL also allows
imaging of whole tissues. Recently, ultrasound (US) modulated
fluorescence and US switchable fluorescence (UF) have advanced
deep tissue imaging. Although these techniques are new and
still under investigation, they are supposed to have advantage
over CT and MRI in terms of deep tissue imaging. The key
element in these types of imaging is the design of the external
contrast agent, which determines the success of the imaging
(Pei and Wei, 2019). With the exponential increase in research
into the medical applications of US, second generation CL,
i.e., ultrasound-enhanced chemiluminescence (UECL), has been
developed. In UECL, CL’s limitations in deep tissue imaging
is attenuated. The attributes of CL and UECL is discussed
in detail below.

FIRST GENERATION OF
CHEMILUMINESCENCE AND
BIOLUMINESCENCE

Luminescence in general is defined as the emission of visible light
without increase in the temperature. Luminescence emerging
from a chemical reaction is known as CL. One form of CL is
bioluminescence, which is basically the production and release
of light by a living organism (Créton and Jaffe, 2001). BL and CL
are the results of a chemical reaction in which a product at an
electronically excited state returns to the ground state by emitting
a photon, which is seen as light. This BL and CL light lasts for
few seconds as the reaction is very fast and continues for a very
short time frame. However, literature reveals that certain suitable
supplementary chemicals can modify the emission kinetics in the
range of 10 s to 30 min (Aslan and Geddes, 2009). This leads to
the improvement in the analytical signal output with significant
reproducibility (Roda et al., 2003a).

Bioluminescence is observed in vertebrates and invertebrates
(fireflies) and in some microorganisms like fungi and bacteria
(Viviani, 2002). The key component involved in the generation
of BL is the light emitting chemical luciferin, which is generated
by a series of reactions involving the enzyme luciferase. As
numerous organisms secrete luciferase and luciferin, this enzyme
and molecule respectively are generally named along with the
organism/species or group, for example – firefly luciferin (White
et al., 1961). The enzyme luciferase catalyzes the oxidation of
the luciferin to yield luminescence (Yagur-Kroll et al., 2010).
There is huge variation in the reactions occurring in different
organisms for the generation of luciferin. However, one of
the key and common factors is the requirement of molecular
oxygen and other cofactors along with luciferase, to complete
the reaction. For example, the generation of firefly luciferin
involves a chemical reaction involving luciferase, magnesium
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and adenosine triphosphate (ATP), to yield luminescent luciferin
and by-products like adenosine monophosphate, CO2, and
pyrophosphate (Marques and Esteves da Silva, 2009; Kim et al.,
2015). The mechanism of this reaction is addressed in Figure 1.
For generation of another luminescent molecule – photoprotein
aequorin, co-factors like divalent calcium or magnesium ion
are required (Brown et al., 2019). A well-known application
of BL based on these reactions is the cloning of genes for
the enzyme firefly luciferase and the photoprotein from the
jellyfish Aequorea. This gene can be transferred into a variety of
organisms including bacteria, plants, and human cells. Luminous
tobacco plants and Escherichia coli (expression of genes of
luciferases resulted in visible shades of orange, yellow and
green bacterial cells) are some of the well-known examples
(McCapra, 1990).

Chemiluminescent reactions have a great role in molecular
and cellular based assessment due to its high sensitivity
(Créton and Jaffe, 2001). For example, CL indicators are
used for immunoassays, western blots, northern (nucleic
acid detection) and southern blots. One of the key features
of CL is its capacity to evaluate the specimen at the cellular
level wherein the cells can be either live, in fixed state or
hybridized with the CL probes (Roda et al., 2000a; Sala-
Newby et al., 2000). CL has great potential to analyze
in vivo systems because of the absence of the use of heat
or exciting light which aids in measurements without any
disturbance to the living system. This is an improvement over
regular fluorescence imaging which requires high intensity
emitting light and long exposure to short wavelength
lights which may subsequently damage the living cells
(Créton and Jaffe, 2001).

Bioluminescence and CL imaging are interesting tools for
biomedical studies, clinical diagnosis, and drug development
research. They have the potential to identify and analyze
(quantitatively and qualitatively) enzymes, drug and drug
metabolites, nucleic acids such as DNA (Qi et al., 2018), micro
RNA (Ling et al., 2018), proteins (Li et al., 2015), and antigens
(Mao et al., 2019) in various specimens. These specimens can
be living cells in experiments, or fixed, cryo- and paraffin-
embedded cells/tissues samples and sections (Roda et al., 1996,
2000b). The resolving power of the CL is capable of penetrating
to the subcellular level and image the tissue section or a
single cell (Roda et al., 2003a). BL and CL offer substantial
advantages over other fluorescence imaging methods, which
mainly includes its broad range and sensitivity in imaging
samples in both micro and macro scale. In addition, the imaging
is not affected by the sample matrix, because the luminescence
is generated by specific set of chemicals involved in the reaction
(Roda et al., 2003b).

Recently, CL intensity has been further improved by using
colloidal enhancers that have enabled improvement to not
only imaging and but also therapies. Colloidal enhancers can
include gold (Li et al., 2008; Yan et al., 2019), silver (Chen
et al., 2007; Haghighi and Bozorgzadeh, 2010), platinum (Xu
and Cui, 2007), and magnetic (Yang et al., 2019) nanoparticles
(NPs). For in vivo imaging, peroxalate nanoparticles specific
are known for their high specificity and selectivity against
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FIGURE 1 | Schematic representation of (A) the mechanism involved in luciferin-mediated luminescence reaction, and (B) in vivo bioluminescence imaging using an
antibody coupled luciferase-luciferin reaction.

hydrogen peroxide, and they have therefore been used for
deep tissue CL imaging of the inflammatory response of
mice (Lee et al., 2007). Similarly, polystyrene nanoparticles
stained with squaraine catenane endoperoxide dyes, which
are concurrently chemiluminescent and fluorescent, displayed
significantly higher CL than fluorescence, which helped in the
imaging of distribution of nanoparticles in mice (Lee et al., 2013).
Similar to colloidal and inorganic NPs, enhancement to CL has
been investigated with the help of quantum dots (QDs), including
both metallic (Song et al., 2019) and non-metallic (Wang D. M.
et al., 2019) QDs. Subsequently, enhancement effects such as
chemiluminescence resonance energy transfer (CRET) has been
discovered (Yao et al., 2017). CRET allows transfer of energy
from a chemiluminescent donor to a fluorophore acceptor (e.g.
QDs) without the need for an external excitation source, and with
low background signal. Although QDs have several advantages,
concerns regarding toxicity and environmental contamination
have been raised (Ron, 2006; Wang et al., 2015; Li et al., 2016;
Zhang et al., 2016). Chemiluminescence can also be triggered
using electrochemical techniques, and this method is called
electro-chemiluminescence (ECL). Upconversion nanoparticles,
which are generally lanthanide- or rare earth- doped materials,
have been identified and developed as ECL emitters. Unlike QDs,
these particles have low toxicity, good ECL intensity, and low
autofluorescence background. Detailed description of the use
of upconversion nanoparticles in ECL is already available in
literature (Liu et al., 2014; Gao et al., 2017; Zhai et al., 2017;

Gu et al., 2019). Alternative approaches for safe enhancement of
CL will be discussed below.

CHEMILUMINESCENT MATERIALS

Some of the most commonly used materials in CL imaging have
been described in detail below.

Luminol
Luminol is synthesized in the presence of triethylene glycol by
a reaction involving cyclocondensation of 3-nitrophthalic acid
with hydrazine to produce 5-nitro1,4(2H,4H)phthalazinedione.
The resultant product is further reacted with sodium dithionite
in the presence of heat, followed by treatment with acetic acid
to produce luminol on cooling (Maynard, 1997). CL probes
consisting of luminol are known to successfully detect and
quantify intracellular and extracellular reactive oxygen species
(ROS) produced by phagocytozing cells in the blood (Jancinová
et al., 2017). Luminol and its derivatives possess an intermediate
called α-hydroxyperoxide, which is derived by the oxidation of
the heterocyclic ring, and this reaction depends solely on the
pH of the system (Dodeigne et al., 2000). Masking or structural
modification of this heterocyclic ring (Jancinová et al., 2017)
results in a complete loss of these chemiluminescent properties
(Dodeigne et al., 2000). Kwon et al. (2014) took advantage
of this property to develop a CL chemodosimeter, in which a
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masking group was incorporated to prevent formation of the
α-hydroxyperoxide intermediate, thereby preventing CL. When
the masking group was selectively removed using a target analyte,
the CL could be turned on to get a highly selective and sensitive
signal (Kwon et al., 2014). CL is emitted solely due to the presence
of oxygen and a strong base in an aprotic media such as DMSO,
while protic solvents are capable of oxidizing luminol derivatives
only with the assistance of either enzymes or mineral catalyst
(Giussani et al., 2019).

Luminol has been used to generate CL via numerous
techniques, for instance, by pulsed laser light or optically pumped
CL. A dye absorbing red light is generated by a pulsed laser light
and this light is capable of oxidizing luminol, thus generating CL
(Khan et al., 2014). Luminol and its derivatives have found wide
applications in diagnostic and monitoring techniques of non-
immunoassay or immunoassays. Isoluminol derivatives have
displayed increased efficiency and have been found to be the
sole tracers used in substrate-labeled immunoassays (Dodeigne
et al., 2000). Luminol has displayed a higher efficiency when
its present in the free state. It has found wide applications in
enzyme labeled immunoassays, detection of hydrogen peroxide,
metal ions, amines, carbohydrates, vitamins, nitrate, enzymes
and enzyme substrates, amino acids, cyanides and carbohydrates
(Kugimiya and Fukada, 2015). Luminol has also been extensively
used as a forensic tool in the form of aerosols by many
police agencies in the U.S. for detecting trace blood patterns
at crime scenes (Stoica et al., 2016). Luminol reacts with the
reactive ROS and emits light via luminol CL (Chen et al., 2004).
ROS are produced by defensive cells like macrophages and
monocytes that are highly populated in a cancerous environment.
Alshetaiwi et al. (2013) successfully demonstrated that luminol
administration in tumorous mice allowed early stage imaging
of the tumors. Inflammation produces myeloperoxidase (MPO)
released by neutrophils and these superoxides react with Luminol
emitting luminescence which enables investigation of different
stages of inflammation (Tseng and Kung, 2013). Bedouhène et al.
(2017) showed that in the presence of horseradish peroxidase,
luminol-based CL can be used to detect superoxide anions
and hydrogen peroxide. This method can therefore be used to
detect ROS production by neutrophils, with high sensitivity.
Luminol has also been incorporated within nanoparticles for CL
imaging. Xu et al. (2019) recently developed a self-illuminating
nanoparticle using an amphiphilic Ce6-luminol-polyethylene
glycol (CLP) polymer. The Ce6 (chlorin e6), a photosensitizer,
can be excited by the BL from luminol in the presence of excess
ROS and myeloperoxidase. This excitation leads to generation
of fluorescence and 1O2 by the Ce6 via bioluminescence
resonance energy transfer (BRET), and can be used for detecting
inflammation and for tumor photodynamic therapy (PDT)
(Xu et al., 2019).

Coelenterazine
Coelenterazine is derived from a protein called coelenterate,
which has been synthesized by several methods described
elsewhere (Dodeigne et al., 2000). This compound possesses a
superoxide anion in its structure, which is responsible for causing
coelenterazine to give out CL. Unlike luminol, coelenterazine

does not require any catalyst to trigger CL (Silva et al., 2012). CLA
(2-methyl-6-phenyl-3,7-dihydroimidazo[1,2-a]pyrazin-3-one)
and specifically MCLA probe (2-methyl-6-(4-methoxyphenyl)-
3,7-dihydroimidazo[1,2-a]pyrazin-3-one) which is more efficient
are some of the several coelenterazine analogs that have
been prepared and used (Dubuisson et al., 2005; Wang et al.,
2012; Diaz et al., 2018). In contrast to luminol, MCLA is cell
impermeable, and is therefore useful for detection of superoxides
outside the cell (Diaz et al., 2018). Besides being widely employed
for monitoring of superoxide, coelenterazine and its analogs
have found wide applications as prosthetic groups of various
photoproteins like mnemiopsin, aequorin, phialidin obelin,
and beroverin. Of all the above mentioned photoproteins,
aequorin is widely used for measuring intracellular calcium
and in immunoassay applications (Nguyen et al., 2018; Feno
et al., 2019). Coelenterazine has been used often in cancer
imaging. CL produced by coelenterazine are used to estimate the
elevated levels of ROS that are produced by cancer cells (Bronsart
et al., 2016a). Coelenterazine has also been used to detect and
image chronic inflammation associated with conditions like
inflammatory bowel disease, as it produces CL upon reaction
with ROS associated with inflammation (Bronsart et al., 2016b).
Bronsart et al. (2016a) were able to detect chemiluminecence
in vivo at 3 and 6 days after intravenous administration
of coelenterazine in tumorous mice. Wang Y. et al. (2002)
successfully combined colenterazine with a fusion gene construct
which enabled real-time imaging of gene expression both in cell
culture and animal models.

Peroxyoxalic Acid and Their Derivatives
Peroxyoxalate CL is achieved in the presence of a base
catalyst and an appropriate fluorophore by combining
hydrogen peroxide with oxalate ester (Dodeigne et al., 2000).
Peroxyoxalic acid and their derivatives undergo oxidation in
the presence of hydrogen peroxide producing high-energy
intermediates which is dioxetanedione. Peroxyoxalate and
its derivatives have found wide applications in determining
selective fluorophores especially after separation by high
performance liquid chromatography (Huertas-Pérez et al.,
2016). However, as compared to the previously mentioned
compounds, fluorescence is not emitted by the high-energy
intermediate itself. Light emission is produced by energy transfer
to a fluorescer, which gets excited in a S1 state (Smellie et al.,
2017). The oxalate compound and the fluorescent sensitizer
can be chosen independently. However, as compared to other
chemiluminescent producing compounds, the efficiency of the
peroxyoxalic acid and their derivatives are reportedly low. The
efficiency of this fluorescent material is higher in organic solvents
as compared to aqueous solvent mixtures (Dodeigne et al., 2000).

Another limitation is the observance of high background
in peroxyoxalate CL which is produced due to the blending
of hydrogen peroxide and peroxyoxalate (Cepas et al., 1995;
Romanyuk et al., 2017). This background emission can be
suppressed by addition of continuous reagent like bis(2,4,6-
trichlorophenyl)oxa-late (TCPO)-hydrogen peroxide system
(Niu et al., 2006). The TCPO system have been used to detect
the protein labeled 2-methoxy-2,4-diphenyl-3(2H)-furanone
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(MDPF) (Salerno and Daban, 2003). Another disadvantage of
this material is the poor stability of the compound in water
or aqueous solutions since partial water hydrolysis results in
the decomposition by decarboxylation and decarbonylation,
limiting its application in diagnostics (Delafresnaye et al., 2019).
Peroxyoxalate chemiluminescence (POCL) has also found wide
applications in detecting hydrogen peroxide-forming enzymes
namely cholesterol oxidase, uricase, xanthine oxidase, glucose
oxidase, and choline oxidase (Nozaki and Kawamoto, 2003).
It has also been used to eliminate tumor cells, where the CL
can be absorbed by photosensitizers accumulating within the
tumor, resulting in singlet oxygen generation and subsequent cell
death (Romanyuk et al., 2017). POCL-containing nanoparticles
have also been studied, which are sensitive to endogenous
hydrogen peroxide and can be used to study inflammation,
where overproduction of hydrogen peroxide is expected (Lee
et al., 2007). Peroxalate loaded nanoparticles injected into the
peritoneal cavity demonstrated high specificity and selective
imaging of hydrogen peroxide-related inflammatory diseases
(Lee et al., 2007). POCL has been used in literature frequently
in nanoparticle and hydrogel preparations. Li et al. (2019)
developed a POCL nanoparticle – glucose oxidase-doped
alginate hydrogel, in order to determine glucose levels in the
tumor periphery to study tumor metabolism. Following glucose
permeation into the system, it will be oxidized by glucose oxidase
to produce H2O2, which will be detected by peroxyoxalate.
Following subcutaneous injection of the solution into CT-
26 tumor bearing mice, the gel allowed localization of the
nanoparticles to provide a high signal-to-noise ratio at the tumor
site (Li et al., 2019).

Acridinium Esters
Acridinium esters possess high quantum yields that can be
detected in the attomole range (Weeks et al., 1983; Natrajan
et al., 2010). In comparison with other materials, simple chemical
triggers of acridinium derivatives display quick light emission
with their minute size permitting easy labeling protocols of
nucleic acids and proteins. Acridinium phenyl esters display
greater luminescence than simple alkyl esters (Natrajan et al.,
2010). Unlike the other chemiluminescent materials, acridinium
do not require a catalyst to produce CL. Hydrogen peroxide
and a strong base are sufficient to cause them to produce
chemiluminescence (Dodeigne et al., 2000). Another advantage
is their ability to exhibit faster light emission with simple
chemical triggers (Natrajan et al., 2010). The main disadvantage
of this chemiluminescent material is its instability in aqueous
medium as the ester bond that is present between the acridinium
ring and the phenol undergoes hydrolysis (Brown et al., 2009;
Natrajan et al., 2010).

Despite this limitation, acridinium derivatives have found
wide applications in immunoassays. Acridinium ester has been
successfully used to perform ultrasensitive immunoassays of
various proteins and antibodies. tumor markers (a-fetoprotein),
thyroid stimulating hormone (TSH) and immunoglobulins (Ma
et al., 2017; Min et al., 2018; Chen et al., 2019). Acridinium ester
is also able to successfully label strands of DNA to produce DNA
probes to emit CL (Komori et al., 2019). In a study, wild-type

p53 was immobilized on the surface of gold-functionalized
magnetic nanoparticles. 2′,6′-dimethylcarbonylphenyl-10-
sulfopropylacridinium-9-carboxylate 4′-NHS ester was mixed
with the complementary sequence of wild-type p53. The
two samples were mixed and the gold-conjugated magnetic
nanoparticles were subsequently separated. CL imaging showed
ultrahigh sensitivity and selectivity in detecting the p53 tumor
suppressor gene up to a limit of 0.001 ng/mL (Wang L.
et al., 2019). Several other applications include estimating
thermodynamic affinities of oligonucleotide probes that are
bound to simple synthetic as well as complex biological targets
and hybridization rate constants (Créton and Jaffe, 2001;
Nakazono et al., 2019).

FCLA (3,7-Dihydro-6-[4-[2-[N0 -(5-
Fluoresceinyl)thioureido]-
Ethoxy]phenyl]- 2-Methylimidazo[1,2-
a]pyrazin-3-One Sodium Salt)
FCLA is a highly efficient water soluble chemiluminescent agent
(He et al., 2002a). FCLA is an analog belonging to Cypridina
luciferin that efficiently reacts with superoxide anion (O−2 ) or
singlet oxygen (1O2) that emits luminescence via a dioxytane
intermediate (He et al., 2002a). OH− + NaOCl +H2O2, a
typical reaction system is involved in generating a singlet
oxygen which produces emission at about 532 nm (Wang Y.
et al., 2002). Researchers have developed a novel method to
diagnose superficial tumors by photodynamic diagnosis mediated
by CL probe containing FCLA (Wang J. et al., 2002). Wei
et al. (2011) utilized FCLA CL to monitor tumor necrosis in
response to photodynamic therapy. First the FCLA was injected
subcutaneously in mice, and light irradiation was provided after
a 1 h. A near linear relationship was observed between the
extent of damage from PDT, and the CL (Wei et al., 2011).
FCLA CL was also used recently to detect ROS generation
following DNA duplex-based photodynamic therapy against
retinoblastoma (Wei et al., 2016).

There are several examples in literature of coupling
chemiluminescent probes with enhancers such as US. Due
to US’ ability to penetrate deep within the tissues and remain
targeted to a small region, undesirable side effects can be
minimized and greater spatial information of the CL molecules
can be obtained (He et al., 2002b; Kobayashi and Iwasa, 2018).
Ultrasonic irradiation of water results in acoustic cavitation
producing •OH and •H, which form active oxygen species.
These oxygen species react with FCLA producing CL (He et al.,
2002b). He and colleagues observed that, when a sonosensitizer
(hematoporphyrin derivative) accumulating in tumor tissues
was exposed to ultrasound in vivo, FCLA reacted with the
resulting active oxygen species to emit CL. This CL was stronger
from the tumor region in comparison from other regions. He
reported that the application of US increased the intensity of
chemiluminescence emitted by FCLA (He et al., 2002b; Wei et al.,
2016) and it resulted in excellent signal-to-noise ration ratio of
a sonoluminescence image of tumorous mice on subcutaneous
injection of FCLA solution (He et al., 2002a).
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SECOND GENERATION OF
CHEMILUMINESCENCE:
ULTRASOUND-ENHANCED
CHEMILUMINESCENCE

There are many advantages to using US and CL simultaneously.
Since both US and CL are imaging techniques, they can be used
for dual imaging in order to accurately visualize the tissue of
interest. In addition, US can enhance the intensity of CL by
reducing light scattering while increasing spatial resolution. Both
of these approaches are described below.

Combination of US and CL for Dual
Imaging
In an in vivo study by Alhasan et al. (2012) on tumor (luciferase-
transfected PC3 cancer cell lines) bearing nude mice, D-luciferin-
based bioluminescent imaging (BLI), fluorescence imaging and
doppler ultrasound imaging techniques were simultaneously and
independently conducted. Both BLI and US were able to correctly
indicate time-dependent percent reduction in tumor blood flow
following the injection of arsenic trioxide (ATO) – a model
vascular disrupting agent (Figures 2A,B), and a correlation was
obtained (Figure 2C) with R2 > 0.77 (Alhasan et al., 2012). On
the other hand, fluorescence imaging did not show any changes
in the first 24 h following ATO administration. Jung et al. (2018)
developed curcumin-containing antioxidant vanillyl alcohol-
incorporated copolyoxalate (PVAX) nanoparticles, which can be
simultaneously used for anti-cancer therapy, peroxalate CL, and
amplification of ultrasound signals through generation of H2O2
triggered CO2 bubbles at ischemic sites. More recently, Liu et al.
(2019) used nanobubbles doped with luminol, 1,1′-Dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) and 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate
(DiD) dyes for dual BLI and US imaging. The luminol could
detect myeloperoxidase activity in areas of inflammation and
emit a blue light. By integrating BRET and fluorescence
resonance energy transfer (FRET) using the DiI-DiD, the
light can be shifted into red light. This method was used in
combination with ultrasound imaging to get more information
on anatomical structure and vasculature (Liu et al., 2019).
This shows that US and BLI are useful tools that may be
used independently or simultaneously to obtain important
vasculature-related and anatomical information while providing
therapy. However, in majority of the cases described in recent
literature, US has been chiefly used as a tool for enhancing CL.

Mechanism of UECL
Although CL is widely used in tissue imaging, a chief concern
raised in literature is that the scattering light increases noises of
the detection. The increase in noises could be explained using
the following redox reaction, similar to the Fenton reaction
(McMurray and Wilson, 1999):

H2O2 HO¯ + HO•

Ox Red

(1)

FIGURE 2 | Images captured for tumor vasculature disruption before (top)
and 4 h after (bottom) injection of arsenic trioxide (8 mg/kg) using
(A) Bioluminescent and (B) US techniques. (C) Graph comparing US and BLI
in tumors as fractional signal versus baseline. Nude mice bearing
MCF7-mCherry-luciferase tumors were used. Reprint (Alhasan et al., 2012)
under open-access terms of Creative Commons Attribution License.

From Eq. (1), it could be interfered that, with the ubiquitous
appearance of oxidizing agents in tissues, free HO• are also
commonly produced within tissues. Subsequently, to increase
signal to noise ratios, one could reduce the background signals by
locally increasing production of H2O2 or free HO• of the target
tissue while reducing those amounts in the nearby medium.

The possibility of using US to enhance sensitivity of
CL was first discussed two decades ago in a non-tissue
mechanistic study by McMurray and Wilson (1999). Although
their system was non-tissue, it was proven that the intensity of
sonochemiluminescence, ISCL, was linearly increased with the
increase of US power up to 100 W. The study was conducted
at 10−3 M luminol and 10−4 M H2O2. McMurray proposed
that, at the air-liquid interface of the cavitation bubbles, water
and oxygen molecules were freed and more local free radicals
were created.

H2O→ HO− + HO• (2)

O2 → 2O• (3)

In term of mechanical and physical properties of tissues, it
has been shown that focused ultrasound (FUS) creates periodic
compression and rarefaction of tissues, which changes refractive
indices of tissues locally and allows less optical absorption
and scattering (Li and Wang, 2004; Murray et al., 2004).
Laser light can also be modulated with frequency of US. It
has been discussed in literature that tissues oscillate with US
frequency that subsequently produce harmonic interference to
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FIGURE 3 | Schematic design of ultrasound-enhanced chemiluminescence. Dash arrow and waves are mechanism and signals without ultrasound enhancement;
solid arrows and waves are mechanism and signals with ultrasound enhancement.

laser light (Li and Wang, 2004; Murray et al., 2004; Jarrett
et al., 2014). Meanwhile, a phenomenon called photon–phonon
interaction (Kempe et al., 1997; Jarrett et al., 2014) modulates
the frequency of the transmitted laser light. Consequently, laser
light is modulated to transverse deeper into tissues with less
reflection. A detailed schematic of the mechanism of UECL is
shown in Figure 3.

Effects of Ultrasound on
Chemiluminescent Signals
Since observing that chemiluminescent signals can be modulated
by US, there have been more research conducted to understand
this concept. A detail mechanism was proposed (McMurray
and Wilson, 1999), who suggested that ISCL was correlated
to free radical HO• concentration, which was confirmed
to be linearly proportional to γ-ray pulse radiolytic dose
or US power. More interestingly, the authors reported that
effective distances were strongly dependent on the alignment
of US waves. This means that the more focused the US
delivered, the more aligned or less scattered the luminescent
light was, and therefore the higher the resolution of the CL
signal recorded.

From Figures 4A,B, it can be clearly observed that,
with increased focus of US, the CL signals were also
correspondingly increased. This result indicates FUS can
significantly enhance sensitivity of CL (Figure 4C) by enhancing
the distance that the CL laser can travel (Figure 3). The
mechanism behind this is unclear; however, it might be
due to the fact that the temperature of focal points was
increased locally by the US, and it has been noted elsewhere
in literature that increases in temperature could increase
sensitivity of CL. Aslan et al. (2006) has previously reported

that all red, blue and green CLs were increased up to
75-fold through heating although in this case the heat was
introduced by microwaves.

In correlation with the findings by McMurray and Wilson
(1999) and Greenway et al. (2006) studied the effects of US power
and the distance of US probe from the sample, on CL signals
(Figure 5). The signals were reported to be significantly enhanced
with the distance of 2–8 mm, and was dependent on the US power
(between 60 and 126 W) (Greenway et al., 2006). In agreement
with McMurray and Wilson (1999) and Greenway et al. (2006)
suggested a mechanism where ultrasonication produces H2O2
that subsequently stabilized the short-lived free radicals HO•
as below:

HO• + H2O2 → O•−2 + H3O+ (4)

The stabilized O•−2 would then react with luminol and produce
increased signals. This mechanism is supported by the fact that
CL intensity has been reported to increase in alkaline solutions
(McMurray and Wilson, 1999; Miyoshi et al., 2001) where
reaction (4) is accelerated to the right and produce more O•−2 .
Recently, similar mechanism of O•−2 enhancing CL has been
proposed by Chen et al. (2014), where quantum dots utilized O•−2
to enhance the signals of CL. For FUS, it is able to control the
power and focal point, thus it concretes for the potential of US in
enhancing sensitivity of CL.

Recently, researchers have been studying UECLs on tissue
environment mimics. Huynh et al. (2013) studied FUS enhancing
CLs through a gel tissue phantom as a scattering medium.
Using 1 MHz US transducer and creating cavitation pressure
0.42 MPa, the authors detected luminescent objects at depth
of 7 mm with 10 times more sensitivity than traditional
luminescent methods (Huynh et al., 2013). The resolution was
reported at 3 mm. Huynh et al. (2013) also indicated that
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FIGURE 4 | US-dependent luminol CL when using (A) flat and (B) wedge-ended sonoprobe tips. Bell-shape distribution (C) indicated highly penetration of US in
supporting CL. Reproduced with permission from McMurray and Wilson (1999).

the application of microbubbles, which were FUS contrast
agents, could enhance CL. In agreement with this research,
Kobayashi et al. (2015) also reported that the sensitivity of
POCL was increased along with the increase of inner pressure
up to 6 MPa created from FUS. A clear increase and decrease
in CL signals were recorded with on and off stimulation of
FUS (Figure 6).

We can see from the research reviewed above that
theoretical studies and lab bench experiments have
proven that US, especially FUS, does have beneficial
effects on increasing the sensitivity of CL. However,
there is a need for evidence of efficacy on tissue-
based systems. For this, scientists have mimicked tissue

microenvironments using turbid medium and ex vivo tissues
for their studies.

FUS-CL in Turbid Microenvironments
In order to mimic tissue environments, agarose phantom is
usually used as it has similar scattering coefficient as that
of native tissues following Monte Carlo model (Wang et al.,
1995). Since native tissues may vary from species to species,
phantoms typically have a scattering coefficient from 1 to
80 cm−1 (Kobayashi et al., 2016; Ahmad et al., 2017; Zhu et al.,
2018). Through phantoms, transparent silicon tubes were run
at different depths. CL solutions passing through the silicon
tubes were recorded with or without stimulation of US that is
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FIGURE 5 | CL intensity was increased with the increase of ultrasonication
power. Reproduced from Greenway et al. (2006) with permission from The
Royal Society of Chemistry.

focused at the center of the tubes. Minimum distance between
two tubes that generate non-identical signals are considered
as resolution. Schematic design of UECL imaging system is
illustrated in Figure 7.

Using FUS at different stimulation levels, authors not only
observed 10 times higher signal-to-noise ratio (Zhu et al., 2018)
for 1064 nm luminescent laser but also increased sensitivity or
better spatial resolution. The best resolution was reported at
2 mm (Ahmad et al., 2017; Klein et al., 2018) using 640 nm
laser or 18F lasers. The deepest penetration were obtained
at 25–30 mm (Kobayashi et al., 2016) recorded on agarose
phantom using POCL system. Interestingly, focused US at a
low power could enhance POCL using indocyanine green (ICG)
as the fluorophore (Kobayashi et al., 2016). In most cases in
literature, we can see that the more powerful the FUS, the
greater the penetration and resolution. For instance, once FUS
was increased from 1 to 2 MHz, signals were 10 times stronger
as normalized to background (Klein et al., 2018; Zhu et al.,

2018) while increasing FUS from 2 to 3 MHz allowed fourfold
deeper penetration and 33% better resolution (Ahmad et al., 2017;
Zhu et al., 2018).

FUS-CL in ex vivo Studies
FUS-enhanced CL have also been studied ex vivo on dissected
tissues and outcomes have been promising. Ahmad et al.
(2017) observed clear peaks of two chemiluminescent sources
(encapsulated inside plastic tubes) placed at 10 mm distance
in chicken breast tissue at depth of 20 mm. Meanwhile, the
experiments of Kobayashi et al. (2016) were even more interesting
that they reached resoluble signals at a depth of 25 mm
(Figure 8) in porcine tissues. On the other hand, Dawood (2016)
demonstrated that greater penetration depth of lasers [637, 808,
or 1064 nm Nd:YAG (Neodymium-dopped Yttrium-Aluminum-
Garnet (Julian, 2016) laser probes] was achieved through 10 mm
bovine tissue with help of FUS (Dawood, 2016) for the fact
output intensity was increased by 35–45% while attenuation was
decreased 3–10%. The more powerful the FUS, the greater the
penetration depth of the laser light in the tissue, without having
to increase the laser power (Dawood, 2016). This clearly indicates
the potential of US to enhance CL by allowing greater penetration
of laser through decreasing their attenuation coefficient while
passing through the tissues. To summarize, we can see from
literature that US at high power (typically 3 MHz and above
or 5 W/cm2) can enhance CL signals and can enable imaging
of tissues as deep as 30 mm at a resolution as high as 2 mm.
Summary of FUS enhanced CL is provided in Table 2 above.

CONCLUSION AND FUTURE OUTLOOK

The significant enhancement of CL with the help of US has been
proven by theoretical demonstration, using tissue mimics, and by
ex vivo studies. The enhanced spatial information and reduced
light scattering observed when combining ultrasound with CL is
promising for deeper imaging of biological tissues. Among all the

FIGURE 6 | (A) CL intensity was increased with the increase of FUS pressure. (B) Changes in CL signals in the presence and absence of FUS triggers. Reproduced
from Kobayashi et al. (2015) with permission from Applied Physics Letters.
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FIGURE 7 | Schematic design of an imaging system utilizing Ultrasound-enhanced chemiluminescence.

mechanisms being studied for CL enhancement using US, the use
of US modulated laser light has shown most promise for practical
medical imaging. The more focused and powerful the US, the
deeper the penetration, and better the resolution CL signals that is
obtained. US at 3 MHz or 5 W/cm2 and above has given the most
enhancement to CL according to literature, as described above.
At this setting, tissues have been imaged up to a depth of 30 mm
with a good resolution of 2 mm. Additionally, US also has the
advantage of providing computational data for data processing,
and this may also advance the UECL further (Pei and Wei, 2019).

FIGURE 8 | (A) Images of an incised porcine muscle tissue in which a CL
target capsule consisting of a 0.5 mm silicone tube, was embedded.
(B) Two-dimensional tomographic image obtained with the slab of porcine
muscle. The tissue, measuring 50 mm (X) × 50 mm (Y), had a CL target
embedded within it to a depth of 25 mm. Reproduced with permission from
Kobayashi et al. (2016).

There are, however, a few drawbacks to this technology.
A major cause of concern is the local heat generated by US. The
more the focus, the greater the heat generated. Although local
heat generated by US enhances intensity and resolution of CL
images, generation of heat beyond the endurance of cells and can
lead to tissue damage. According to a review of previous literature
by Yarmolenko et al. (2011), the threshold damage temperature
is 42◦C, and cumulative equivalent minutes at 43◦C (CEM43)
of more than 1 usually causes damage to tissues. To avoid the
risks of overheating the tissues under consideration, the exposure
duration should be optimized. For example, in a research by Pei
et al. (2014), a short HIFU exposure of 0.3 s or 300 ms limited the
temperature to below 43◦C. According to their calculations, the
CEM43 was 0.0013 (Pei et al., 2014). Since primary cells in tissues
are vulnerable to heat, and focused UECL is limited in its ability
to control local heat, there needs to be detailed investigation into
methods to overcome this limitation of FUS so that it can be used
broadly without tissue damage.

With the emerging interest in FUS studies and the
development of sophisticated technology, UECL is expected
to play a greater role in tissue and molecular imaging in
the coming years. In the future, we can expect to see more
sophisticate formulations involving drug-loaded microbubbles
tagged with CL probes, for theranostic applications. The
microbubbles can be used not only for imaging but also for
delivering therapeutics for treatment. This would mean that
under stimulation of US, laser light can be modulated to
penetrate deeper into tissues while microbubbles will deliver
the therapeutics in response to the US stimuli. In return,
the chemiluminescent images may give in situ feedback about
the delivery process. The electroluminescence upconversion
particles, which are already gaining significant attention in
recent years, can also be combined with ultrasound to further
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TABLE 2 | Summary of ex vivo and in vivo applications of UECL.

Ultrasound type Power CL probe Increased signalξ (folds) Tested environment Depthξ Spatial
resolutionλ

Reference

FUS 2 MHz Nd:YVO4 (Neodymium-doped
yttrium orthovanadate) laser with
1064 nm wavelength; Embedding
aluminum foil as target

10 less signal-to-noise Agarose phantom from 20%
w/v intralipid. Scattering
coefficient 1–4 cm−1

5 mm 3 mm Zhu et al., 2018

FUS 3.5 MHz; 1 MPa 640 nm emitting CL probe ∼7-folds Agar phantom from agar and
polystyrene microspheres.
Scattering coefficient 80 cm−1

∼20 mm 2 mm Ahmad et al., 2017

FUS 1 MHz; 10 MPa 18F, tracking Cerenkov photons N/A Agarose phantom containing
250 µM voxels. Scattering
coefficient 10 cm−1

5 mm 2 vs. 6 mm
without US

Klein et al., 2018

Low power FUS < 0.14 W/cm2 POCL system Agarose phantom from 10%
w/v intralipid, 20% w/v glycerol
and 2% w/v agarose;
Scattering coefficient 15 cm−1

25–30 mm 6 mm Kobayashi et al., 2016

Low power FUS <0.14 W/cm2 POCL system ∼1.5 Porcine muscle 25 mm Kobayashi et al., 2016

FUS 3.5 MHz; 1 MPa 640 nm emitting CL probe ∼9–11-folds Chicken breast ∼20 mm 10 mm Ahmad et al., 2017

FUS 3.3 MHz; 637 nm diode, 808 nm diode, and
1064 nm

∼1.35–1.45-fold in power
output;

Bovine muscles 10 mm Dawood, 2016

5 W/cm2 Nd:YAG lasers ∼7–10% decrease in
attenuation (637 and 808 nm
lasers); ∼3% decrease in
attenuation (Nd:YAG lasers)

ξ : larger is better; λ: smaller is better.
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enhance their properties for imaging. These particles possess
good biocompatibility but low toxicity, high photostability and
low photobleaching (Jin et al., 2018; Gu et al., 2019), and they
are able to convert near infra-red (NIR) at deep penetration
up to 10 mm (Yang et al., 2012; Jin et al., 2018; Gu et al.,
2019) into visible radiation. Their photostability plus penetration
ability and the aforementioned UECL ability to modulate
NIR lasers ex vivo could possibly return in synergistic effects.
Additionally, a label-free imaging technique called non-linear
optical microscopy (NLOM), has been studied for both precision
and safety advantages. The principle of label-free non-linear
optical microscopy is based on two-photon excited fluorescence
(TPEF) from cofactors nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FAD+) that provides
high-resolution cellular redox imaging (Hou et al., 2018). More
interestingly, this technique shares the same redox reactions to
CL and UECL, therefore the two techniques could possibly image
the tissues simultaneously and complement each other. Another
technique that could also complement CL and UECL for imaging
of shallow tissues is surface-enhanced Raman scattering (SERS).
It has been reported that SERS have been successfully applied
in small animal in vivo diagnostic and cancer detection (Henry
et al., 2016). When using nanotags as enhancers, SERS alone or in
combination with Spatially offset Raman Spectroscopy (SESOR),
could be used to image at different depths [∼5 mm with SERS
(Stone et al., 2010) and 45–50 mm with SESOR (Stone et al.,
2011)] on porcine tissues. This combination is therefore expected
to provide complementary information to make the imaging
more comprehensive.

High intensity focused US, or HIFU, is also attracting more
interest from researchers and we can expect to see more
research into the use of HIFU combined with CL in the

future. The development of this technology allows scientists
to have greater control on the focus and localization, besides
controlling the heat generated. Several versions of HIFU,
namely ultrasound-guided and MRI-guided HIFU, have been
tested preclinically and in pilot studies, for breast cancer,
liver cancer, pancreatic cancer (Maloney and Hwang, 2015)
and prostate cancer (van Velthoven et al., 2016). MRI-guided
HIFU is clinically approved in the European Union for
palliative treatment of bone lesions (Maloney and Hwang,
2015). The UECL technique by HIFU therefore has high
translational potential. It will significantly enhance physiological
imaging of living organisms by providing high resolution
images, which will aid in providing accurate diagnosis and
therapy in the future.

AUTHOR CONTRIBUTIONS

DL prepared the outline, wrote and edited the manuscript,
and prepared figures and tables. DD and AG wrote the
manuscript, and prepared figures and tables. JM edited and
revised the manuscript. All authors approved the manuscript
for publication.

ACKNOWLEDGMENTS

We gratefully acknowledge funding support from the Rhode
Island Institutional Development Award (IDeA) Network of
Biomedical Research Excellence from the National Institute of
General Medical Sciences of the National Institutes of Health
under grant number P20GM103430.

REFERENCES
Ahmad, J., Jayet, B., Hill, P. J., Mather, M. L., Dehghani, H., and Morgan, S. P.

(2017). “Ultrasound modulation of bioluminescence generated inside a turbid
medium,” in SPIE 10064, Photons Plus Ultrasound: Imaging and Sensing, eds
A. A. Oraevsky, and L. V. Wang, (San Francisco, CA: International Society for
Optics and Photonics), doi: 10.1117/12.2251349

Alhasan, M. K., Liu, L., Lewis, M. A., Magnusson, J., and Mason, R. P. (2012).
Comparison of optical and power doppler ultrasound imaging for non-invasive
evaluation of arsenic trioxide as a vascular disrupting agent in tumors. PLoS
One 7:e46106. doi: 10.1371/journal.pone.0046106

Alshetaiwi, H. S., Balivada, S., Shrestha, T. B., Pyle, M., Basel, M. T., Bossmann,
S. H., et al. (2013). Luminol-based bioluminescence imaging of mouse
mammary tumors. J. Photochem. Photobiol. B Biol. 127, 223–228. doi: 10.1016/
J.JPHOTOBIOL.2013.08.017

Appel, A. A., Anastasio, M. A., Larson, J. C., and Brey, E. M. (2013). Imaging
challenges in biomaterials and tissue engineering. Biomaterials 34, 6615–6630.
doi: 10.1016/j.biomaterials.2013.05.033

Aslan, K., and Geddes, C. D. (2009). Metal-enhanced chemiluminescence:
advanced chemiluminescence concepts for the 21st century. Chem. Soc. Rev.
38, 2556–2564. doi: 10.1039/b807498b

Aslan, K., Malyn, S. N., and Geddes, C. D. (2006). Multicolor microwave-triggered
metal-enhanced chemiluminescence. J. Am. Chem. Soc. 128, 13372–13373. doi:
10.1021/ja065571r

Bedouhène, S., Moulti-Mati, F., Hurtado-Nedelec, M., Dang, P. M.-C., and
El-Benna, J. (2017). Luminol-amplified chemiluminescence detects mainly
superoxide anion produced by human neutrophils. Am. J. Blood Res. 7, 41–48.

Bronsart, L. L., Stokes, C., and Contag, C. H. (2016a). Multimodality imaging of
cancer superoxide anion using the small molecule coelenterazine. Mol. Imaging
Biol. 18, 166–171. doi: 10.1007/s11307-015-0896-897

Bronsart, L., Nguyen, L., Habtezion, A., and Contag, C. (2016b). Reactive oxygen
species imaging in a mouse model of inflammatory bowel disease. Mol. Imaging
Biol. 18, 473–478. doi: 10.1007/s11307-016-0934-930

Brown, J. E., De Weer, P., and Salzberg, B. M. (2019). Optical measurement
of changes in intracellular calcium. Biophys. J. doi: 10.1016/j.bpj.2019.06.034
[Epub ahead of print].

Brown, R., Li, Z., Rutter, A., Mu, X., Weeks, O., Smith, K., et al. (2009).
Development and application of a novel acridinium ester for use as
a chemiluminescent emitter in nucleic acid hybridisation assays using
chemiluminescence quenching. Org. Biomol. Chem. 7, 386–394. doi: 10.1039/
b811947c

Cepas, J., Silva, M., and Pérez-Bendito, D. (1995). Evaluation of peroxyoxalate
chemiluminescence for the sensitive determination of hallucinogenic alkaloids.
Anal. Chim. Acta 314, 87–94. doi: 10.1016/0003-2670(95)00257-Z

Chen, C., Guo, X., Liang, H., Ning, B., Li, J., Zhong, S., et al. (2019).
Determination of parvovirus antibodies in canine serum using magnetic bead-
based chemiluminescence immunoassay. Biotechnol. Appl. Biochem. 66, 586–
590. doi: 10.1002/bab.1758

Chen, H., Gao, F., He, R., and Cui, D. (2007). Chemiluminescence of luminol
catalyzed by silver nanoparticles. J. Colloid Interface Sci. 315, 158–163. doi:
10.1016/j.jcis.2007.06.052

Chen, H., Lin, L., Li, H., and Lin, J.-M. (2014). Quantum dots-enhanced
chemiluminescence: mechanism and application. Coord. Chem. Rev. 26, 86–
100. doi: 10.1016/j.ccr.2013.07.013

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 13 February 2020 | Volume 8 | Article 25

https://doi.org/10.1117/12.2251349
https://doi.org/10.1371/journal.pone.0046106
https://doi.org/10.1016/J.JPHOTOBIOL.2013.08.017
https://doi.org/10.1016/J.JPHOTOBIOL.2013.08.017
https://doi.org/10.1016/j.biomaterials.2013.05.033
https://doi.org/10.1039/b807498b
https://doi.org/10.1021/ja065571r
https://doi.org/10.1021/ja065571r
https://doi.org/10.1007/s11307-015-0896-897
https://doi.org/10.1007/s11307-016-0934-930
https://doi.org/10.1016/j.bpj.2019.06.034
https://doi.org/10.1039/b811947c
https://doi.org/10.1039/b811947c
https://doi.org/10.1016/0003-2670(95)00257-Z
https://doi.org/10.1002/bab.1758
https://doi.org/10.1016/j.jcis.2007.06.052
https://doi.org/10.1016/j.jcis.2007.06.052
https://doi.org/10.1016/j.ccr.2013.07.013
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00025 February 5, 2020 Time: 18:8 # 14

Le et al. Ultrasound-Enhanced Chemiluminescence Imaging

Chen, W.-T., Tung, C.-H., and Weissleder, R. (2004). Imaging reactive
oxygen species in arthritis. Mol. Imaging 3:15353500200404124. doi: 10.1162/
15353500200404124

Contag, C. H., and Ross, B. D. (2002). It’s not just about anatomy: in vivo
bioluminescence imaging as an eyepiece into biology. J. Magn. Reson. Imaging
16, 378–387. doi: 10.1002/jmri.10178

Créton, R., and Jaffe, L. F. (2001). Chemiluminescence microscopy as a tool in
biomedical research. Biotechniques 31, 1098–1105. doi: 10.2144/01315rv01

Dawood, M. S. (2016). The effects of ultrasound and alternating current on the laser
penetration in the tissue. Lasers Med. Sci. 31, 955–964. doi: 10.1007/s10103-
016-1937-4

Delafresnaye, L., Bloesser, F. R., Kockler, K. B., Schmitt, C. W., Irshadeen,
I. M., and Barner-Kowollik, C. (2019). All eyes on visible light peroxyoxalate
chemiluminescence read-out systems. Chem. A Eur. J. 26, 114–127. doi: 10.
1002/chem.201904054

Diaz, J. M., Plummer, S., Tomas, C., and Alves-de-Souza, C. (2018). Production
of extracellular superoxide and hydrogen peroxide by five marine species of
harmful bloom-forming algae. J. Plankton Res. 40, 667–677. doi: 10.1093/
plankt/fby043

Dodeigne, C., Thunus, L., and Lejeune, R. (2000). Chemiluminescence as
diagnostic tool. A review. Talanta 51, 415–439. doi: 10.1016/S0039-9140(99)
00294-295

Dubuisson, M. L. N., Rees, J.-F., and Marchand-Brynaert, J. (2005). Coelenterazine
(Marine Bioluminescent Substrate): a source of inspiration for the discovery
of novel antioxidants. Drug Dev. Ind. Pharm. 31, 827–849. doi: 10.1080/
03639040500271803

Feno, S., Di Marco, G., De Mario, A., Monticelli, H., and Reane, D. V. (2019).
“High-throughput screening using photoluminescence probe to measure
intracellular calcium levels,” in Calcium Signalling: Methods and Protocols, eds
A. Raffaello, and D. Vecellio Reane, (New York, NY: Springer New York), 1–14.
doi: 10.1007/978-1-4939-9018-4_1

Gao, N., Ling, B., Gao, Z., Wang, L., and Chen, H. (2017). Near-infrared-
emitting NaYF4:Yb,Tm/Mn upconverting nanoparticle/gold nanorod
electrochemiluminescence resonance energy transfer system for sensitive
prostate-specific antigen detection. Anal. Bioanal. Chem. 409, 2675–2683.
doi: 10.1007/s00216-017-0212-212

Giussani, A., Farahani, P., Martínez-Muñoz, D., Lundberg, M., Lindh, R.,
and Roca-Sanjuán, D. (2019). Molecular basis of the chemiluminescence
mechanism of luminol. Chem. A Eur. J. 25, 5202–5213. doi: 10.1002/chem.
201805918

Greenway, G. M., Leelasattarathkul, T., Liawruangrath, S., Wheatley,
R. A., and Youngvises, N. (2006). Ultrasound-enhanced flow injection
chemiluminescence for determination of hydrogen peroxide. Analyst 131,
501–508. doi: 10.1039/B513735G

Gu, Y., Wang, J., Shi, H., Pan, M., Liu, B., Fang, G., et al. (2019).
Electrochemiluminescence sensor based on upconversion nanoparticles and
oligoaniline-crosslinked gold nanoparticles imprinting recognition sites for the
determination of dopamine. Biosens. Bioelectron. 128, 129–136. doi: 10.1016/j.
bios.2018.12.043

Haghighi, B., and Bozorgzadeh, S. (2010). Flow injection chemiluminescence
determination of isoniazid using luminol and silver nanoparticles. Microchem.
J. 95, 192–197. doi: 10.1016/j.microc.2009.11.012

He, Y., Xing, D., Tan, S., Tang, Y., and Ueda, K. (2002a). In vivo sonoluminescence
imaging with the assistance of FCLA. Phys. Med. Biol. 47, 1535–1541. doi:
10.1088/0031-9155/47/9/308

He, Y., Xing, D., Yan, G., and Ueda, K. (2002b). FCLA chemiluminescence from
sonodynamic action in vitro and in vivo. Cancer Lett. 182, 141–145. doi: 10.
1016/S0304-3835(02)00070-78

Henry, A.-I., Sharma, B., Cardinal, M. F., Kurouski, D., and Van Duyne, R. P.
(2016). Surface-enhanced Raman spectroscopy biosensing: in vivo diagnostics
and multimodal imaging. Anal. Chem. 88, 6638–6647. doi: 10.1021/acs.
analchem.6b01597

Hou, J., Williams, J., Botvinick, E. L., Potma, E. O., and Tromberg, B. J. (2018).
Visualization of breast cancer metabolism using multimodal nonlinear optical
microscopy of cellular lipids and redox state. Cancer Res. 78, 2503–2512. doi:
10.1158/0008-5472.CAN-17-2618

Huertas-Pérez, J. F., Moreno-González, D., Airado-Rodríguez, D., Lara, F. J.,
and García-Campaña, A. M. (2016). Advances in the application of

chemiluminescence detection in liquid chromatography. TrAC Trends Anal.
Chem. 75, 35–48. doi: 10.1016/j.trac.2015.07.004

Huynh, N. T., Hayes-Gill, B. R., Zhang, F., and Morgan, S. P. (2013). Ultrasound
modulated imaging of luminescence generated within a scattering medium.
J. Biomed. Opt. 18, 20505. doi: 10.1117/1.Jbo.18.2.020505

Jancinová, V., Nosal, R., Payer, J., and Killinger, Z. (2017). Increased intracellular
and extracellular oxidant production in phagocytes of rheumatic patients
treated with biological therapy - Whole blood quantification. Interdiscip.
Toxicol. 10, 52–55. doi: 10.1515/intox-2017-2018

Jarrett, C. W. W., Caskey, C. F. F., and Gore, J. C. C. (2014). Detection of a
novel mechanism of acousto-optic modulation of incoherent light. PLoS One
9:e104268. doi: 10.1371/journal.pone.0104268

Jin, X., Fang, G., Pan, M., Yang, Y., Bai, X., and Wang, S. (2018). A molecularly
imprinted electrochemiluminescence sensor based on upconversion
nanoparticles enhanced by electrodeposited rGO for selective and
ultrasensitive detection of clenbuterol. Biosens. Bioelectron. 102, 357–364.
doi: 10.1016/J.BIOS.2017.11.016

Julian, J. (2016). “7 - lasers in implant dentistry,” in Principles and Practice of Laser
Dentistryed, eds R. A. Convissar, (St. Louis: Mosby), 107–130. doi: 10.1016/
B978-0-323-29762-2.00007-3

Jung, E., Noh, J., Kang, C., Yoo, D., Song, C., and Lee, D. (2018). Ultrasound
imaging and on-demand therapy of peripheral arterial diseases using
H2O2-Activated bubble generating anti-inflammatory polymer particles.
Biomaterials 179, 175–185. doi: 10.1016/J.BIOMATERIALS.2018.
07.003

Kempe, M., Larionov, M., Zaslavsky, D., and Genack, A. Z. (1997). Acousto-
optic tomography with multiply scattered light. J. Opt. Soc. Am. A 14:1151.
doi: 10.1364/JOSAA.14.001151

Khan, P., Idrees, D., Moxley, M. A., Corbett, J. A., Ahmad, F., von Figura, G.,
et al. (2014). Luminol-based chemiluminescent signals: clinical and non-clinical
application and future uses. Appl. Biochem. Biotechnol. 173, 333–355. doi: 10.
1007/s12010-014-0850-851

Kim, J. E., Kalimuthu, S., and Ahn, B.-C. (2015). In vivo cell tracking with
bioluminescence imaging. Nucl. Med. Mol. Imaging 49, 3–10. doi: 10.1007/
s13139-014-0309-x

Klein, J. S., Mitchell, G. S., Stephens, D. N., and Cherry, S. R. (2018). Theoretical
investigation of ultrasound-modulated Cerenkov luminescence imaging for
higher-resolution imaging in turbid media. Opt. Lett. 43:3509. doi: 10.1364/OL.
43.003509

Kobayashi, M., and Iwasa, T. (2018). Ultrasound-tagged chemiluminescence
tomography in Turbid media. in cleo pacific rim conference 2018 osa technical
digest. (Hong Kong: Optical Society of America). W2K 4:45. doi: 10.1364/
CLEOPR.2018.W2K.4

Kobayashi, M., Kikuchi, N., and Sato, A. (2015). Optical tomography of
fluorophores in dense scattering media based on ultrasound-enhanced
chemiluminescence. Appl. Phys. Lett. 106:21103. doi: 10.1063/1.4905660

Kobayashi, M., Kikuchi, N., and Sato, A. (2016). Ultrasound-enhanced
chemiluminescence tomography in biological tissue. Ultrason. Sonochem. 31,
1–6. doi: 10.1016/J.ULTSONCH.2015.11.027

Komori, M., Komiya, K., Shirakawa, T., Morikawa, T. J., and Yoshimura, T.
(2019). Measurement of microRNA with isothermal DNA amplification on
fully automated immunoassay analyzers. Anal. Bioanal. Chem. 411, 3789–3800.
doi: 10.1007/s00216-019-01878-z

Kugimiya, A., and Fukada, R. (2015). Chemiluminescence detection of
Serine, Proline, Glycine, Asparagine, Leucine, and Histidine by using
corresponding Aminoacyl-tRNA synthetases as recognition elements. Appl.
Biochem. Biotechnol. 176, 1195–1202. doi: 10.1007/s12010-015-1639-1636

Kwon, M., Jang, G., Bilby, D., Milián-Medina, B., Gierschner, J., Lee, T., et al.
(2014). Design principles of Chemiluminescence (CL) chemodosimeter for self-
signaling detection: luminol protective approach. RSC Adv. 4, 46488–46493.
doi: 10.1039/C4RA08182J

Lee, D., Khaja, S., Velasquez-Castano, J. C., Dasari, M., Sun, C., Petros, J.,
et al. (2007). In vivo imaging of hydrogen peroxide with chemiluminescent
nanoparticles. Nat. Mater. 6:765. doi: 10.1038/nmat1983

Lee, J.-J., White, A. G., Rice, D. R., and Smith, B. D. (2013). In vivo imaging
using polymeric nanoparticles stained with near-infrared chemiluminescent
and fluorescent squaraine catenane endoperoxide. Chem. Commun. 49, 3016–
3018. doi: 10.1039/C3CC40630J

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 14 February 2020 | Volume 8 | Article 25

https://doi.org/10.1162/15353500200404124
https://doi.org/10.1162/15353500200404124
https://doi.org/10.1002/jmri.10178
https://doi.org/10.2144/01315rv01
https://doi.org/10.1007/s10103-016-1937-4
https://doi.org/10.1007/s10103-016-1937-4
https://doi.org/10.1002/chem.201904054
https://doi.org/10.1002/chem.201904054
https://doi.org/10.1093/plankt/fby043
https://doi.org/10.1093/plankt/fby043
https://doi.org/10.1016/S0039-9140(99)00294-295
https://doi.org/10.1016/S0039-9140(99)00294-295
https://doi.org/10.1080/03639040500271803
https://doi.org/10.1080/03639040500271803
https://doi.org/10.1007/978-1-4939-9018-4_1
https://doi.org/10.1007/s00216-017-0212-212
https://doi.org/10.1002/chem.201805918
https://doi.org/10.1002/chem.201805918
https://doi.org/10.1039/B513735G
https://doi.org/10.1016/j.bios.2018.12.043
https://doi.org/10.1016/j.bios.2018.12.043
https://doi.org/10.1016/j.microc.2009.11.012
https://doi.org/10.1088/0031-9155/47/9/308
https://doi.org/10.1088/0031-9155/47/9/308
https://doi.org/10.1016/S0304-3835(02)00070-78
https://doi.org/10.1016/S0304-3835(02)00070-78
https://doi.org/10.1021/acs.analchem.6b01597
https://doi.org/10.1021/acs.analchem.6b01597
https://doi.org/10.1158/0008-5472.CAN-17-2618
https://doi.org/10.1158/0008-5472.CAN-17-2618
https://doi.org/10.1016/j.trac.2015.07.004
https://doi.org/10.1117/1.Jbo.18.2.020505
https://doi.org/10.1515/intox-2017-2018
https://doi.org/10.1371/journal.pone.0104268
https://doi.org/10.1016/J.BIOS.2017.11.016
https://doi.org/10.1016/B978-0-323-29762-2.00007-3
https://doi.org/10.1016/B978-0-323-29762-2.00007-3
https://doi.org/10.1016/J.BIOMATERIALS.2018.07.003
https://doi.org/10.1016/J.BIOMATERIALS.2018.07.003
https://doi.org/10.1364/JOSAA.14.001151
https://doi.org/10.1007/s12010-014-0850-851
https://doi.org/10.1007/s12010-014-0850-851
https://doi.org/10.1007/s13139-014-0309-x
https://doi.org/10.1007/s13139-014-0309-x
https://doi.org/10.1364/OL.43.003509
https://doi.org/10.1364/OL.43.003509
https://doi.org/10.1364/CLEOPR.2018.W2K.4
https://doi.org/10.1364/CLEOPR.2018.W2K.4
https://doi.org/10.1063/1.4905660
https://doi.org/10.1016/J.ULTSONCH.2015.11.027
https://doi.org/10.1007/s00216-019-01878-z
https://doi.org/10.1007/s12010-015-1639-1636
https://doi.org/10.1039/C4RA08182J
https://doi.org/10.1038/nmat1983
https://doi.org/10.1039/C3CC40630J
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00025 February 5, 2020 Time: 18:8 # 15

Le et al. Ultrasound-Enhanced Chemiluminescence Imaging

Li, J., and Wang, L. V. (2004). Ultrasound-modulated optical computed
tomography of biological tissues. Appl. Phys. Lett. 84, 1597–1599. doi: 10.1063/
1.1651330

Li, S., Li, X., Xu, J., and Wei, X. (2008). Flow-injection chemiluminescence
determination of polyphenols using luminol–NaIO4–gold nanoparticles
system. Talanta 75, 32–37. doi: 10.1016/j.talanta.2007.10.001

Li, W., Zhang, Q., Zhou, H., Chen, J., Li, Y., Zhang, C., et al. (2015).
Chemiluminescence detection of a protein through the aptamer-controlled
catalysis of a porphyrin probe. Anal. Chem. 87, 8336–8341. doi: 10.1021/acs.
analchem.5b01511

Li, X., Yang, X., Yuwen, L., Yang, W., Weng, L., Teng, Z., et al. (2016).
Evaluation of toxic effects of CdTe quantum dots on the reproductive system
in adult male mice. Biomaterials 96, 24–32. doi: 10.1016/j.biomaterials.2016.
04.014

Li, Z., Zhu, B., Duan, X., and Tang, W. (2019). The imaging of local glucose
levels in tumor periphery via peroxyoxalate chemiluminescent nanoparticle–
glucose oxidase–doped alginate hydrogel. Anal. Methods 11, 2763–2768. doi:
10.1039/c9ay00625g

Ling, K., Jiang, H., Huang, X., Li, Y., Lin, J., and Li, F.-R. (2018). Direct
chemiluminescence detection of circulating microRNAs in serum samples using
a single-strand specific nuclease-distinguishing nucleic acid hybrid system.
Chem. Commun. 54, 1909–1912. doi: 10.1039/c7cc09087k

Lippert, R. A. (2017). Unlocking the Potential of Chemiluminescence Imaging.ACS
Cent. Sci. 3, 269–271. doi: 10.1021/acscentsci.7b00107

Liu, M., Ye, Y., Yao, C., Zhao, W., and Huang, X. (2014). Mn2+-doped
NaYF4:Yb/Er upconversion nanoparticles with amplified electrogenerated
chemiluminescence for tumor biomarker detection. J. Mater. Chem. B 2, 6626–
6633. doi: 10.1039/C4TB00717D

Liu, R., Tang, J., Xu, Y., and Dai, Z. (2019). Bioluminescence Imaging of
Inflammation in Vivo Based on Bioluminescence and Fluorescence Resonance
Energy Transfer Using Nanobubble Ultrasound Contrast Agent. ACS Nano 13,
5124–5132. doi: 10.1021/acsnano.8b08359

Ma, T., Zhang, M., Wan, Y., Cui, Y., and Ma, L. (2017). Preparation of
an Acridinium Ester-Labeled antibody and its application in GoldMag
nanoparticle-based, ultrasensitive Chemiluminescence immunoassay for the
detection of human Epididymis Protein 4. Micromachines 8:149. doi: 10.3390/
mi8050149

Maloney, E., and Hwang, J. H. (2015). Emerging HIFU applications in cancer
therapy. Int. J. Hyperth. 31, 302–309. doi: 10.3109/02656736.2014.969789

Mao, Y., Wang, N., Yu, F., Yu, S., Liu, L., Tian, Y., et al. (2019). Simultaneous
detection of carcinoembryonic antigen and neuron specific enolase in human
serum based on time-resolved chemiluminescence immunoassay. Analyst 144,
4813–4819. doi: 10.1039/c9an00910h

Marques, S. M., and Esteves da Silva, J. C. G. (2009). Firefly bioluminescence: a
mechanistic approach of luciferase catalyzed reactions. IUBMB Life 61, 6–17.
doi: 10.1002/iub.134

Maynard, R. L. (1997). The Merck Index: 12th edition 1996. Occup. Environ. Med.
54:288. doi: 10.1136/oem.54.4.288

McCapra, F. (1990). Chemiluminescence and bioluminescence. J. Photochem.
Photobiol. A Chem. 51, 21–28. doi: 10.1016/1010-6030(90)87037-C

McMurray, H. N., and Wilson, B. P. (1999). Mechanistic and spatial study of
ultrasonically induced luminol chemiluminescence. J. Phys. Chem. A 103,
3955–3962. doi: 10.1021/jp984503r

Min, X., Fu, D., Zhang, J., Zeng, J., Weng, Z., Chen, W., et al. (2018).
An automated microfluidic chemiluminescence immunoassay platform for
quantitative detection of biomarkers. Biomed. Microdevices 20:91. doi: 10.1007/
s10544-018-0331-3

Miwa, S., and Otsuka, T. (2017). Practical use of imaging technique for
management of bone and soft tissue tumors. J. Orthop. Sci. 22, 391–400. doi:
10.1016/j.jos.2017.01.006

Miyoshi, N., Hatanaka, S., Yasui, K., Mitome, H., and Fukuda, M. (2001). Effects of
pH and surfactant on the ultrasound-induced chemiluminescence of luminol.
Jpn. J. Appl. Phys. 40, 4097–4100. doi: 10.1143/jjap.40.4097

Mu, X. (2005). Synthesis of Novel Chemiluminescent Compounds. Wales: Swansea
University.

Murray, T. W., Sui, L., Maguluri, G., Roy, R. A., Nieva, A., Blonigen, F., et al.
(2004). Detection of ultrasound-modulated photons in diffuse media using the
photorefractive effect. Opt. Lett. 29, 2509–2511. doi: 10.1364/OL.29.002509

Nakazono, M., Nanbu, S., Akita, T., and Hamase, K. (2019). Synthesis,
chemiluminescence, and application of 2,4-disubstituted phenyl 10-methyl-
10λ4-acridine-9-carboxylates. Dye. Pigment. 170:107628. doi: 10.1016/j.dyepig.
2019.107628

Nam, S. Y., Ricles, L. M., Suggs, L. J., and Emelianov, S. Y. (2014). Imaging
strategies for tissue engineering applications. Tissue Eng. Part B Rev. 21, 88–102.
doi: 10.1089/ten.TEB.2014.0180

Natrajan, A., Sharpe, D., Costello, J., and Jiang, Q. (2010). Enhanced immunoassay
sensitivity using chemiluminescent acridinium esters with increased light
output. Anal. Biochem. 406, 204–213. doi: 10.1016/j.ab.2010.07.025

Nguyen, H. T. H., Bouteau, F., Mazars, C., Kuse, M., and Kawano, T. (2018). The
involvement of calmodulin and protein kinases in the upstream of cytosolic and
nucleic calcium signaling induced by hypoosmotic shock in tobacco cells. Plant
Signal. Behav. 13:e1494467. doi: 10.1080/15592324.2018.1494467

Nishihara, R., Hoshino, E., Kakudate, Y., Kishigami, S., Iwasawa, N., Sasaki, S., et al.
(2018). Azide- and dye-conjugated coelenterazine analogues for a multiplex
molecular imaging platform. Bioconjug. Chem. 29, 1922–1931. doi: 10.1021/acs.
bioconjchem.8b00188

Niu, W., Feng, N., Nie, F., and Lu, J. (2006). Investigating the post-
chemiluminescence behavior of phenothiazine medications in the luminol–
potassium ferricyanide system: molecular imprinting–post-chemiluminescence
method for the determination of chlorpromazine hydrochloride. Anal. Bioanal.
Chem. 385, 153–160. doi: 10.1007/s00216-006-0365-x

Nomura, N., Nishihara, R., Nakajima, T., Bae Kim, S., Iwasawa, N., Hiruta, Y.,
et al. (2019). Biothiol-activatable bioluminescent coelenterazine derivative for
molecular imaging in vitro and in vivo. Anal. Chem. 91, 9546–9553. doi: 10.
1021/acs.analchem.9b00694

Nozaki, O., and Kawamoto, H. (2003). Reactivation of inactivated horseradish
peroxidase with ethyleneurea and allantoin for determination of
hydrogen peroxide by micro-flow injection horseradish peroxidase-
catalyzed chemiluminescence. Anal. Chim. Acta 495, 233–238. doi:
10.1016/S0003-2670(03)00899-897

Pei, Y., and Wei, M.-Y. (2019). Newly-engineered materials for bio-imaging
technology: a focus on the hybrid system of ultrasound and fluorescence. Front.
Bioeng. Biotechnol. 7:88. doi: 10.3389/fbioe.2019.00088

Pei, Y., Wei, M.-Y., Cheng, B., Liu, Y., Xie, Z., Nguyen, K., et al. (2014).
High resolution imaging beyond the acoustic diffraction limit in deep tissue
via ultrasound-switchable NIR fluorescence. Sci. Rep. 4:4690. doi: 10.1038/
srep04690

Pysz, M. A., Gambhir, S. S., and Willmann, J. K. (2010). Molecular imaging: current
status and emerging strategies. Clin. Radiol. 65, 500–516. doi: 10.1016/j.crad.
2010.03.011

Qi, Y., Xiu, F., and Weng, Q. (2018). A novel and convenient chemiluminescence
sensing of DNA: nanometer interface effect and DNA action mechanism.
Sensors Actuators B Chem. 260, 303–310. doi: 10.1016/j.snb.2018.
01.014

Qin, Y., Xing, D., Luo, S., Zhou, J., Zhong, X., and Chen, Q. (2005). Feasibility of
using Fluoresceinyl Cypridina luciferin analog in a novel chemiluminescence
method for real-time photodynamic therapy dosimetry. Photochem. Photobiol.
81, 1534–1538. doi: 10.1562/2005-05-20-RA-536

Roda, A., Guardigli, M., Michelini, E., Mirasoli, M., and Pasini, P. (2003a). Peer
reviewed: analytical bioluminescence and chemiluminescence. Anal. Chem. 75,
462A–470A.

Roda, A., Guardigli, M., Pasini, P., and Mirasoli, M. (2003b). Bioluminescence
and chemiluminescence in drug screening. Anal. Bioanal. Chem. 377, 826–833.
doi: 10.1007/s00216-003-2096-6

Roda, A., Musiani, M., Pasini, P., Baraldini, M., and Crabtree, J. E. (2000a).
In situ hybridization and immunohistochemistry with enzyme-triggered
chemiluminescent probes. Methods Enzymol. 305, 577–590. doi: 10.1016/
s0076-6879(00)05514-2

Roda, A., Pasini, P., Musiani, M., and Baraldini, M. (2000b). Chemiluminescence
imaging systems for the analysis of macrosamples: Microtiter format, blot
membrane, and whole organs. Methods Enzymol. 305, 120–132. doi: 10.1016/
s0076-6879(00)05482-3

Roda, A., Pasini, P., Musiani, M., Girotti, S., Baraldini, M., Carrea, G., et al.
(1996). Chemiluminescent low-light imaging of biospecific reactions on macro-
and microsamples using a videocamera-based luminograph. Anal. Chem. 68,
1073–1080. doi: 10.1021/ac951062o

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 15 February 2020 | Volume 8 | Article 25

https://doi.org/10.1063/1.1651330
https://doi.org/10.1063/1.1651330
https://doi.org/10.1016/j.talanta.2007.10.001
https://doi.org/10.1021/acs.analchem.5b01511
https://doi.org/10.1021/acs.analchem.5b01511
https://doi.org/10.1016/j.biomaterials.2016.04.014
https://doi.org/10.1016/j.biomaterials.2016.04.014
https://doi.org/10.1039/c9ay00625g
https://doi.org/10.1039/c9ay00625g
https://doi.org/10.1039/c7cc09087k
https://doi.org/10.1021/acscentsci.7b00107
https://doi.org/10.1039/C4TB00717D
https://doi.org/10.1021/acsnano.8b08359
https://doi.org/10.3390/mi8050149
https://doi.org/10.3390/mi8050149
https://doi.org/10.3109/02656736.2014.969789
https://doi.org/10.1039/c9an00910h
https://doi.org/10.1002/iub.134
https://doi.org/10.1136/oem.54.4.288
https://doi.org/10.1016/1010-6030(90)87037-C
https://doi.org/10.1021/jp984503r
https://doi.org/10.1007/s10544-018-0331-3
https://doi.org/10.1007/s10544-018-0331-3
https://doi.org/10.1016/j.jos.2017.01.006
https://doi.org/10.1016/j.jos.2017.01.006
https://doi.org/10.1143/jjap.40.4097
https://doi.org/10.1364/OL.29.002509
https://doi.org/10.1016/j.dyepig.2019.107628
https://doi.org/10.1016/j.dyepig.2019.107628
https://doi.org/10.1089/ten.TEB.2014.0180
https://doi.org/10.1016/j.ab.2010.07.025
https://doi.org/10.1080/15592324.2018.1494467
https://doi.org/10.1021/acs.bioconjchem.8b00188
https://doi.org/10.1021/acs.bioconjchem.8b00188
https://doi.org/10.1007/s00216-006-0365-x
https://doi.org/10.1021/acs.analchem.9b00694
https://doi.org/10.1021/acs.analchem.9b00694
https://doi.org/10.1016/S0003-2670(03)00899-897
https://doi.org/10.1016/S0003-2670(03)00899-897
https://doi.org/10.3389/fbioe.2019.00088
https://doi.org/10.1038/srep04690
https://doi.org/10.1038/srep04690
https://doi.org/10.1016/j.crad.2010.03.011
https://doi.org/10.1016/j.crad.2010.03.011
https://doi.org/10.1016/j.snb.2018.01.014
https://doi.org/10.1016/j.snb.2018.01.014
https://doi.org/10.1562/2005-05-20-RA-536
https://doi.org/10.1007/s00216-003-2096-6
https://doi.org/10.1016/s0076-6879(00)05514-2
https://doi.org/10.1016/s0076-6879(00)05514-2
https://doi.org/10.1016/s0076-6879(00)05482-3
https://doi.org/10.1016/s0076-6879(00)05482-3
https://doi.org/10.1021/ac951062o
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00025 February 5, 2020 Time: 18:8 # 16

Le et al. Ultrasound-Enhanced Chemiluminescence Imaging

Romanyuk, A. V., Grozdova, I. D., Ezhov, A. A., and Melik-Nubarov, N. S.
(2017). Peroxyoxalate chemiluminescent reaction as a tool for elimination of
tumour cells Under Oxidative stress. Sci. Rep. 7:3410. doi: 10.1038/s41598-017-
03527-w

Ron, H. (2006). A toxicologic review of quantum dots: toxicity depends on
physicochemical and environmental factors. Environ. Health Perspect. 114,
165–172. doi: 10.1289/ehp.8284

Sala-Newby, G. B., Badminton, M. N., Evans, W. H., George, C. H., Jones, H. E.,
Kendall, J. M., et al. (2000). Targeted bioluminescent indicators in living cells.
Methods Enzymol. 305, 479–498.

Salerno, D., and Daban, J.-R. (2003). Comparative study of different fluorescent
dyes for the detection of proteins on membranes using the peroxyoxalate
chemiluminescent reaction. J. Chromatogr. B 793, 75–81. doi: 10.1016/S1570-
0232(03)00365-369

Silva, R., Agustini, B., da Silva, A. L., and Frigeri, H. (2012). Luminol in the forensic
science. J. Biotechnol. Biodivers. 3, 172–177. doi: 10.20873/jbb.uft.cemaf.v3n4.
rogiskisilva

Smellie, I. A., Aldred, J. K. D., Bower, B., Cochrane, A., Macfarlane, L., McCarron,
H. B., et al. (2017). Alternative hydrogen peroxide sources for peroxyoxalate
“glowstick” chemiluminescence demonstrations. J. Chem. Educ. 94, 112–114.
doi: 10.1021/acs.jchemed.6b00536

Song, H., Su, Y., Zhang, L., and Lv, Y. (2019). Quantum dots-based
chemiluminescence probes: an overview. Luminescence 34, 530–543. doi: 10.
1002/bio.3633

Stoica, B. A., Bunescu, S., Neamtu, A., Bulgaru-Iliescu, D., Foia, L., and Botnariu,
E. G. (2016). Improving luminol blood detection in forensics. J. Forensic Sci. 61,
1331–1336. doi: 10.1111/1556-4029.13141

Stone, N., Faulds, K., Graham, D., and Matousek, P. (2010). Prospects of deep
raman spectroscopy for noninvasive detection of conjugated surface enhanced
resonance raman scattering nanoparticles buried within 25 mm of mammalian
tissue. Anal. Chem. 82, 3969–3973. doi: 10.1021/ac100039c

Stone, N., Kerssens, M., Lloyd, G. R., Faulds, K., Graham, D., and Matousek,
P. (2011). Surface enhanced spatially offset Raman spectroscopic (SESORS)
imaging – the next dimension. Chem. Sci. 2, 776–780. doi: 10.1039/
C0SC00570C

Tseng, J.-C., and Kung, A. L. (2013). In vivo imaging method to distinguish acute
and chronic inflammation. J Vis Exp. 78:e50690. doi: 10.3791/50690

van Velthoven, R., Aoun, F., Marcelis, Q., Albisinni, S., Zanaty, M., Lemort, M.,
et al. (2016). A prospective clinical trial of HIFU hemiablation for clinically
localized prostate cancer. Prostate Cancer Prostatic Dis. 19, 79–83. doi: 10.1038/
pcan.2015.55

Viviani, V. R. (2002). The origin, diversity, and structure function relationships
of insect luciferases. Cell. Mol. Life Sci. C. 59, 1833–1850. doi: 10.1007/pl00
012509

Wang, D. M., Lin, K. L., and Huang, C. Z. (2019). Carbon dots-involved
chemiluminescence: recent advances and developments. Luminescence 34,
4–22. doi: 10.1002/bio.3570

Wang, J., Xing, D., He, Y., and Hu, X. (2002). Experimental study on photodynamic
diagnosis of cancer mediated by chemiluminescence probe. FEBS Lett. 523,
128–132. doi: 10.1016/S0014-5793(02)02961-2967

Wang, J., Xu, M., Chen, M., Jiang, Z., and Chen, G. (2012). Study on
sonodynamic activity of metallophthalocyanine sonosensitizers based on the
sonochemiluminescence of MCLA. Ultrason. Sonochem. 19, 237–242. doi: 10.
1016/j.ultsonch.2011.06.021

Wang, L., Jacques, S. L., and Zheng, L. (1995). MCML—Monte Carlo modeling of
light transport in multi-layered tissues. Comput. Methods Programs Biomed. 47,
131–146. doi: 10.1016/0169-2607(95)01640-F

Wang, L., Yao, M., Fang, X., and Yao, X. (2019). Novel competitive
chemiluminescence DNA assay based on Fe3O4@SiO2@Au-functionalized
magnetic nanoparticles for sensitive detection of p53 Tumor suppressor gene.
Appl. Biochem. Biotechnol. 187, 152–162. doi: 10.1007/s12010-018-2808-2801

Wang, Y., Yu, Y., Shabahang, S., Wang, G., and Szalay, A. (2002). Renilla luciferase-
Aequorea GFP (Ruc-GFP) fusion protein, a novel dual reporter for real-time
imaging of gene expression in cell cultures and in live animals. Mol. Genet.
Genomics 268, 160–168. doi: 10.1007/s00438-002-0751-759

Wang, Z. G., Zhou, R., Jiang, D., Song, J. E., Xu, Q., Si, J., et al. (2015). Toxicity of
graphene quantum dots in zebrafish embryo. Biomed. Environ. Sci. 28, 341–351.
doi: 10.3967/bes2015.048

Weeks, I., Beheshti, I., McCapra, F., Campbell, A. K., and Woodhead, J. S. (1983).
Acridinium esters as high-specific-activity labels in immunoassay. Clin. Chem.
29, 1474–1479. doi: 10.1093/clinchem/29.8.1474

Wei, Y., Lu, C., Chen, Q., and Xing, D. (2016). DNA duplex-based photodynamic
molecular Beacon for targeted killing of retinoblastoma cell. Invest. Ophthalmol.
Vis. Sci. 57, 6011–6019. doi: 10.1167/iovs.15-18723

Wei, Y., Song, J., and Chen, Q. (2011). In vivo detection of chemiluminescence
to monitor photodynamic threshold dose for tumor treatment. Photochem.
Photobiol. Sci. 10, 1066–1071. doi: 10.1039/c0pp00346h

Weissleder, R., and Pittet, M. J. (2008). Imaging in the era of molecular oncology.
Nature 452:580. doi: 10.1038/nature06917

White, E. H., McCapra, F., Field, G. F., and McElroy, W. D. (1961). The structure
and synthesis of firefly luciferin. J. Am. Chem. Soc. 83, 2402–2403. doi: 10.1021/
ja01471a051

Xia, J., Yao, J., and Wang, L. V. (2014). Photoacoustic tomography:
principles and advances. Electromagn. Waves 147, 1. doi: 10.2528/pier14
032303

Xu, S.-L., and Cui, H. (2007). Luminol chemiluminescence catalysed by colloidal
platinum nanoparticles. Luminescence 22, 77–87. doi: 10.1002/bio.929

Xu, X., An, H., Zhang, D., Tao, H., Dou, Y., Li, X., et al. (2019). A self-
illuminating nanoparticle for inflammation imaging and cancer therapy. Sci.
Adv. 5, eaat2953. doi: 10.1126/sciadv.aat2953

Yagur-Kroll, S., Bilic, B., and Belkin, S. (2010). Strategies for enhancing
bioluminescent bacterial sensor performance by promoter region
manipulation. Microb. Biotechnol. 3, 300–310. doi: 10.1111/j.1751-7915.
2009.00149.x

Yan, Y., Shi, P., Song, W., and Bi, S. (2019). Chemiluminescence and
bioluminescence imaging for biosensing and therapy: in vitro and in vivo
perspectives. Theranostics 9, 4047–4065. doi: 10.7150/thno.33228

Yang, N., Huang, Y., Ding, G., and Fan, A. (2019). In situ generation of
prussian blue with potassium ferrocyanide to improve the sensitivity of
chemiluminescence immunoassay using magnetic nanoparticles as label. Anal.
Chem. 91, 4906–4912. doi: 10.1021/acs.analchem.9b01091

Yang, Y., Shao, Q., Deng, R., Wang, C., Teng, X., Cheng, K., et al. (2012). In vitro
and in vivo uncaging and bioluminescence imaging by using photocaged
upconversion nanoparticles. Angew. Chemie Int. Ed. 51, 3125–3129. doi: 10.
1002/anie.201107919

Yao, J., Li, L., Li, P., and Yang, M. (2017). Quantum dots: from fluorescence
to chemiluminescence, bioluminescence, electrochemiluminescence, and
electrochemistry. Nanoscale 9, 13364–13383. doi: 10.1039/C7NR05233B

Yarmolenko, P. S., Moon, E. J., Landon, C., Manzoor, A., Hochman, D. W.,
Viglianti, B. L., et al. (2011). Thresholds for thermal damage to normal tissues:
an update. Int. J. Hyperthermia 27, 320–343. doi: 10.3109/02656736.2010.
534527

Zhai, Q., Li, J., and Wang, E. (2017). Recent advances based on nanomaterials
as electrochemiluminescence probes for the fabrication of sensors.
ChemElectroChem 4, 1639–1650. doi: 10.1002/celc.201600898

Zhang, H. F., Maslov, K., Stoica, G., and Wang, L. V. (2006). Functional
photoacoustic microscopy for high-resolution and noninvasive in vivo imaging.
Nat. Biotechnol. 24:848. doi: 10.1038/nbt1220

Zhang, W., Yang, L., Kuang, H., Yang, P., Aguilar, Z. P., Wang, A., et al. (2016).
Acute toxicity of quantum dots on late pregnancy mice: effects of nanoscale size
and surface coating. J. Hazard. Mater. 318, 61–69. doi: 10.1016/j.jhazmat.2016.
06.048

Zhu, K., Lu, Y., Zhang, S., Ruan, H., Usuki, S., and Tan, Y. (2018). Ultrasound
modulated laser confocal feedback imaging inside turbid media. Opt. Lett.
43:1207. doi: 10.1364/OL.43.001207

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Le, Dhamecha, Gonsalves and Menon. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 16 February 2020 | Volume 8 | Article 25

https://doi.org/10.1038/s41598-017-03527-w
https://doi.org/10.1038/s41598-017-03527-w
https://doi.org/10.1289/ehp.8284
https://doi.org/10.1016/S1570-0232(03)00365-369
https://doi.org/10.1016/S1570-0232(03)00365-369
https://doi.org/10.20873/jbb.uft.cemaf.v3n4.rogiskisilva
https://doi.org/10.20873/jbb.uft.cemaf.v3n4.rogiskisilva
https://doi.org/10.1021/acs.jchemed.6b00536
https://doi.org/10.1002/bio.3633
https://doi.org/10.1002/bio.3633
https://doi.org/10.1111/1556-4029.13141
https://doi.org/10.1021/ac100039c
https://doi.org/10.1039/C0SC00570C
https://doi.org/10.1039/C0SC00570C
https://doi.org/10.3791/50690
https://doi.org/10.1038/pcan.2015.55
https://doi.org/10.1038/pcan.2015.55
https://doi.org/10.1007/pl00012509
https://doi.org/10.1007/pl00012509
https://doi.org/10.1002/bio.3570
https://doi.org/10.1016/S0014-5793(02)02961-2967
https://doi.org/10.1016/j.ultsonch.2011.06.021
https://doi.org/10.1016/j.ultsonch.2011.06.021
https://doi.org/10.1016/0169-2607(95)01640-F
https://doi.org/10.1007/s12010-018-2808-2801
https://doi.org/10.1007/s00438-002-0751-759
https://doi.org/10.3967/bes2015.048
https://doi.org/10.1093/clinchem/29.8.1474
https://doi.org/10.1167/iovs.15-18723
https://doi.org/10.1039/c0pp00346h
https://doi.org/10.1038/nature06917
https://doi.org/10.1021/ja01471a051
https://doi.org/10.1021/ja01471a051
https://doi.org/10.2528/pier14032303
https://doi.org/10.2528/pier14032303
https://doi.org/10.1002/bio.929
https://doi.org/10.1126/sciadv.aat2953
https://doi.org/10.1111/j.1751-7915.2009.00149.x
https://doi.org/10.1111/j.1751-7915.2009.00149.x
https://doi.org/10.7150/thno.33228
https://doi.org/10.1021/acs.analchem.9b01091
https://doi.org/10.1002/anie.201107919
https://doi.org/10.1002/anie.201107919
https://doi.org/10.1039/C7NR05233B
https://doi.org/10.3109/02656736.2010.534527
https://doi.org/10.3109/02656736.2010.534527
https://doi.org/10.1002/celc.201600898
https://doi.org/10.1038/nbt1220
https://doi.org/10.1016/j.jhazmat.2016.06.048
https://doi.org/10.1016/j.jhazmat.2016.06.048
https://doi.org/10.1364/OL.43.001207
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Ultrasound-Enhanced Chemiluminescence for Bioimaging
	Ultrasound-Enhanced Chemiluminescence for Bioimaging
	Introduction
	First Generation of Chemiluminescence and Bioluminescence
	Chemiluminescent Materials
	Luminol
	Coelenterazine
	Peroxyoxalic Acid and Their Derivatives
	Acridinium Esters
	FCLA (3,7-Dihydro-6-[4-[2-[N0 -(5-Fluoresceinyl)thioureido]-Ethoxy]phenyl]- 2-Methylimidazo[1,2-a]pyrazin-3-One Sodium Salt)

	Second Generation of Chemiluminescence: Ultrasound-Enhanced Chemiluminescence
	Combination of US and CL for Dual Imaging
	Mechanism of UECL
	Effects of Ultrasound on Chemiluminescent Signals
	FUS-CL in Turbid Microenvironments
	FUS-CL in ex vivo Studies

	Conclusion and Future Outlook
	Author Contributions
	Acknowledgments
	References


