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Abstract

The importance of detection and treatments of infectious diseases has been stressed to the world by the ongoing COVID-19
pandemic. As a substitution of an external light source, self-luminescent therapeutics featuring in situ light emission aims to
address the lack of tissue penetration in conventional photodynamic therapy (PDT). Luminol-based self-luminescent systems
are successfully incorporated in PDT and detection of pathogens in infectious diseases. In these systems, luminol/hydrogen
peroxide is served as luminescence source which can be activated by horseradish peroxidase (HRP). As a supplement strategy
to the HRP-based bioluminescence, electrochemiluminescence (ECL) provided an electric-driven therapeutic solution and
demonstrated potential capabilities of wearable healthcare devices with properly constructed transparent flexible hydrogels.
Besides the diagnosis of infection and detection of bacteria, fungi and virus in solution or powder samples have been achieved
by ATP-derived self-luminescence as the light source. In this inspirational note, we provide an overview on latest progress

in the PDT and microbial detection by self-luminescent systems with an emphasis on the bioluminescence and ECL.
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Background

In 2020, the COVID-19 pandemic caused by infection of
the deadly virus SARS-CoV-2 has tremendously threatened
global healthcare with high pathogenicity and infectiousness.
To combat the outbreak of infectious diseases, it is imperative
to develop rapid and effective therapeutics, particularly before
specific drugs and vaccines become available. Recently, pho-
todynamic therapy (PDT) as a promising alternative interven-
tion has been employed for lung cancer, esophagus cancer, and
non-melanoma skin cancer [1]. Three essential components are
typically involved in PDT process: (1) a non-toxic photosen-
sitizer, (2) light irradiation at wavelengths the photosensitizer
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can absorb, and (3) surrounding molecular oxygen to provide
the source for cytotoxic reactive oxygen species (ROS) [2].
However, molecular photosensitizers are usually excited by
UV or visible light with limited tissue penetration (<1 cm)
[3]. Although some reported photosensitizers can be activated
by the near-infrared light or via two-photon absorption, the
penetration only extends to 2-3 cm [4]. To overcome these
difficulties, the external light source needs to be replaced by
an internal component capable of generating in situ self-lumi-
nescence. Such self-luminescent systems based on biolumines-
cence and electrochemiluminescence (ECL) have emerged as
alternative approaches for treating infectious diseases.

Bioluminescent PDT systems

Commonly applied in forensic detections, the luminol-based
chemiluminescence provided a well-understood example of
chemical transformation that results in light emission. Under
basic conditions, the deprotonated luminol di-anion inter-
mediate can be oxidized by O, to yield the excited state of
3-aminophthalate, which emits striking blue chemilumines-
cence upon decay to ground state. Various iron-complexes
can catalyze the reaction, and the resulting chemilumines-
cence can be utilized as an internal light source.
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Based on this principle of self-luminescence, Wang and
co-workers [5] pioneered a “light-free” bioluminescence
resonance energy transfer (BRET) system for photodynamic
antimicrobial applications (Fig. 1), demonstrating the strong
capability of the luminol/HRP/H,0,/OPV system for clinical
analysis and detection. In this system, catalytic oxidation of
luminol occurred with the addition of H,O, and HRP, and the
resulting luminescence near 425 nm was well-overlapped with
the broad absorption of the photosensitizer oligo(phenylene-
vinylene) (OPV). Electrostatic attraction between the anionic
3-aminophthalate and cationic OPV ensured efficient BRET
and excitation of OPV, thus generating abundant cytotoxic
ROS. While the individual biocompatible components would
not elicit high toxicity, their combination in a BRET system
achieved an antifungal efficiency of 98%.

Subsequently, Wang and co-workers [6] further con-
structed an organic-inorganic assembled network for dis-
infection of both bacteria and fungi based on the glucose-
powered bioluminescence. To circumvent the cytotoxic side
effects caused by H,0,, a cascade catalytic system was built
with two enzymes, glucose oxidase (GOx) and HRP, which
were co-immobilized in situ by 5’-adenosine monophosphate
(5'-AMP) and Gd** ions. In the presence of GOx and glu-
cose, oxygen can be reduced to H,O, that triggers the BRET-
based PDT system. The hybrid assemble network achieved
high inhibition efficiency of 80% against E. coli and 70%
against C. albicans. In spite of the broad spectrum antimi-
crobial activity, efficiency of energy transfer was compro-
mised due to the mismatching between the CL emission of
luminol and the absorption of photosensitizer. Then, Huang
group [7] fabricated the chemiluminescent nanoparticle con-
sisted of luminol/HRP/PLGA/DSPE-mPEG2000 as a nano-
photosensitizer to activate PDT, thus circumventing the issue
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Fig.1 BRET-based antimicrobial system using a combination of luminol/
HRP/H,0,/0PV
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of energy transfer efficiency. Under H,O,-rich conditions,
the chemiluminescent nanoparticles could directly produce
more 'O, without external photoexcitation and achieved an
antibacterial efficiency around 70%.

Self-luminescent PDT systems have also shown poten-
tials against viral infections. Since various viruses may infect
deeper tissues and organs that are optically opaque, acquisition
of photon counts becomes increasingly difficult. Furthermore,
considering the high mutant potentials of the RNA virus (e.g.,
COVID-19), some virus may attack immune cells to damage
the immune system, for which the vaccine might not be effec-
tive in the long term [8]. Ghiladi and co-workers [9] identified
DIMPy-BODIPY that showed broad-spectrum antiviral effects
in vitro at nanomolar concentrations and short illumination
times. In addition, MXenes as good candidates for virus inac-
tivitation are utilized in PDT system, as well as porphyrin,
chlorins, porphin, and phthalocyanines materials [10]. Fuller-
ene and graphene with two-dimensional carbon allotrope also
show PDT effects against various viruses, including influenza
A virus, HIV-1, HSV-1, vesicular stomatitis virus, Semliki
Forest virus, mosquito iridovirus, and phage MS2 [11]. As
an effective antiviral method, “non-specific” PDT bypassed
the hysteresis, specificity, and selectivity of drugs or vaccines
[12]. Hence, applying the self-luminescence PDT systems to
the inactivation of COVID-19-associated virus could be an
area of great interests and expectations.

ECL PDT systems

Despite the promising results, bioluminescent PDT systems suf-
fered from two major drawbacks: (1) difficulties to achieve the
temporal and spatial control of the ROS release and (2) limita-
tions of the PDT efficiency due to enzyme activity. As an alterna-
tive strategy to enzymatic catalysis, luminol oxidization and the
self-luminescent can be achieved by electrochemical methods,
thus enabling the electric-driven ECL antimicrobial systems.

In 2018, Wang and co-workers [13] constructed an ECL
PDT system that oxidized luminol intermediate on the anode
of glassy carbon electrode and reduced H,0O, to gener-
ate superoxide radical anions (O,*”) on the cathode. Then,
excited-state 3-aminophthalate anion was generated by the
reaction of O,°” and the oxidized luminol intermediate. Along
with excited aminophthalate returning to the ground state, the
blue luminescence was emitted to accomplish the energy trans-
fer to surrounding OPV (Fig. 2a). Compared to the commer-
cially available porphyrin sensitizers, OPV exhibited better
ROS generation ability because of its higher energy transfer
efficiency. Built on these principles, a transparent elastic poly-
acrylamide hydrogel loaded with luminol/H,0,/OPV was fab-
ricated into an electric-driven antimicrobial therapeutic device.
The flexible porous hydrogel was sandwiched between two
thin sheets of copper electrode to apply direct current (Fig. 2b).
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The device was remarkable in that merely 5-s charging pro-
vided an immediate luminescence that lasted for more than
10 min. (Fig. 2¢). The characteristics of long afterglow lifetime
and flexibility endowed the device with promising potential in
developing wearable device or implanted-platform into organs.

Self-luminescent sensors for pathogen
detection

Once the pandemic has been gradually brought under con-
trol, the priority may shift from treating numerous patients to
detecting sporadic emerging cases and preventing recurrence
of widespread infection. Early diagnosis provides valuable
guidance for subsequent medical treatments, especially when
the pathogen concentration is relatively low and difficult to
detect. High sensitivity, specificity, and speed are all urgently
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needed from the detection method. However, current patho-
genic detection technologies heavily relied on trained profes-
sionals and sophisticated diagnostic instruments, which placed
severe restrictions on the therapeutic efficiency. Studies have
demonstrated the detection of pathogens by ATP-derived
self-luminescence in drinking water [14], beach water [15],
and food specimens [16]. Researchers have also developed a
screening method for the detection of viable spores in powder
samples by ATP bioluminescence combined with a heat shock
[17]. The method featured a rapid procedure within 5 min and
a high sensitivity with detection limit of less than 100 spores.
In order to enhance the limit of bioluminescence detection, a
novel mutant enzyme Photinus pyralis luciferase with high
luminescence intensity [18] was investigated and utilized in
detecting E. coli and B. subtilis. Moreover, multi-enzyme
bioluminescent systems [19] were also designed and con-
structed for amplifying bioluminescence signal by employing
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regenerating ATP strategy. Adenylate kinase could catalyze
the reaction of converting AMP + ATP to two molecules of
ADP, which then was catalyzed by polyphosphate kinase
(PPK) for ATP amplification. In addition to enhancing the
bioluminescence signals, detection efficiency can be improved
by rapid and efficient separation of pathogens. Immunomag-
netic beads coated with the targeted bacterial cell antibody
were designed and synthesized [20]. The beads that captured
the targeted bacteria were subjected to an external magnetic
field, and the interferent bacteria in supernatant were removed
by centrifuging. Then, the detection was achieved by biolumi-
nescent reaction of firefly luciferin and ATP.

Combined with a highly sensitive CCD camera, in vivo
detection of virus such as vaccinia, herpes simplex, hepatitis
B/C, and influenza based on bioluminescence in living animals
has been studied [21]. Schultz-Cherry and co-workers ration-
ally designed and constructed a replication-competent influenza
reporter to visualize spatiotemporal dynamics of virus infec-
tion and transmission [22]. The A/California/04/2009 virus
strain encoded with engineered NanoLuc was utilized to track
the real-time intra-host dissemination and inter-host transmis-
sion in ferret lungs. It also achieved quantification of the virus
loading in larger animal models by bioluminescence imaging.
The reporter virus was sufficiently stable and sensitive to be
implicated for responses of antiviral drug/vaccine susceptibility.
In another work, Qin and co-worker described a recombinant
reporter Japanese encephalitis virus (JEV) stably expressing
Renilla luciferase. The dissemination and transmission of JEV
were detected in both brain and abdominal organs in vivo using
bioluminescent imaging technologies.

Therefore, because of high throughput, high sensitivity, and
low background signal without external light, ECL triggered
by electron transfer between electrogenerated species could
be applied to pathogen detection [23]. Previous works have
reported bacteria and virus detection by using ECL technology
[24]. Pang and co-workers constructed sandwich-structured
immunoreactors for electroluminescent detection of 2014-2016
Ebola virus (EBOV) based on polyclonal antibody (pAb)-modi-
fied electroluminescent nanospheres (IENs). While in the pres-
ence of EBOV, a gold nanoisland film electrode magnetically
bridges the pAb-modified magnetic nanobeads, which could
capture EBOV by identification of antibody. Then, IENs could
couple with EBOV as well. Due to the steric effect between
the IENs and electrode, ECL signal was obtained. Since IENs
encapsulated plenty of quantum dots (QDs), ECL signal was
enhanced to 85-fold in comparison to normal QDs.

Conclusion
The COVID-19 outbreak has hit over 200 countries, and

the viruses of new variant continued to spread rapidly
worldwide. To address such urgent and complex challenge
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against crisis of infectious diseases, self-luminescent thera-
peutic system exhibits qualified capabilities of counteracting
the pathogens. Here, we noted bioluminescence and ECL-
involved self-luminescent PDT and detection in diseases
associated with bacterial or viral infections. As one of the
promising clinical strategies, self-luminescent systems that
can replace the external light source have been developed
in imaging, detection, and therapy for deep-tissue cancer
and infectious diseases. Since our group pioneered BRET
self-luminescent system for anticancer and antimicrobial
activities, numerous researches of self-luminescent PDT
had been studied in succession. Taking the advantages of
technological progress and drug developments, future inves-
tigations will entail outstanding self-luminescent systems for
sensitive detection of pathogens and effective treatment of
infectious diseases.
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