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Towards an In Vitro 3D Model for Photosynthetic Cancer Treatment: A Study of Microalgae and
Tumor Cell Interactions
Reprinted from: Int. J. Mol. Sci. 2022, 23, 13550, doi:10.3390/ijms232113550 . . . . . . . . . . . . . 80

Miryam Chiara Malacarne, Marzia Bruna Gariboldi and Enrico Caruso
BODIPYs in PDT: A Journey through the Most Interesting Molecules Produced in the Last 10
Years
Reprinted from: Int. J. Mol. Sci. 2022, 23, 10198, doi:10.3390/ijms231710198 . . . . . . . . . . . . . 101

Chiara Maria Antonietta Gangemi, Tania Maria Grazia Salerno, Anna Barattucci, Fabio
Cucinotta, Paola Bonaccorsi and Giovanna Calabrese et al.
A Curcumin-BODIPY Dyad and Its Silica Hybrid as NIR Bioimaging Probes
Reprinted from: Int. J. Mol. Sci. 2022, 23, 9542, doi:10.3390/ijms23179542 . . . . . . . . . . . . . . 128

Farzad Salehpour, Mahsa Khademi, Denis E. Bragin and Joseph O. DiDuro
Photobiomodulation Therapy and the Glymphatic System: Promising Applications for
Augmenting the Brain Lymphatic Drainage System
Reprinted from: Int. J. Mol. Sci. 2022, 23, 2975, doi:10.3390/ijms23062975 . . . . . . . . . . . . . . 141

Zunaira Munir, Giuliana Banche, Lorenza Cavallo, Narcisa Mandras, Janira Roana and
Raffaele Pertusio et al.
Exploitation of the Antibacterial Properties of Photoactivated Curcumin as ‘Green’ Tool for
Food Preservation
Reprinted from: Int. J. Mol. Sci. 2022, 23, 2600, doi:10.3390/ijms23052600 . . . . . . . . . . . . . . 159

v



Rafał Wiench, Joanna Nowicka, Magdalena Pajaczkowska, Piotr Kuropka, Dariusz Skaba
and Anna Kruczek-Kazibudzka et al.
Influence of Incubation Time on Ortho-Toluidine Blue Mediated Antimicrobial Photodynamic
Therapy Directed against Selected Candida Strains—An In Vitro Study
Reprinted from: Int. J. Mol. Sci. 2021, 22, 10971, doi:10.3390/ijms222010971 . . . . . . . . . . . . . 174

Wen-Shuo Kuo, Ping-Ching Wu, Chi-Yao Hung, Chia-Yuan Chang, Jiu-Yao Wang and Pei-Chi
Chen et al.
Nitrogen Functionalities of Amino-Functionalized Nitrogen-Doped Graphene Quantum Dots
for Highly Efficient Enhancement of Antimicrobial Therapy to Eliminate Methicillin-Resistant
Staphylococcus aureus and Utilization as a Contrast Agent
Reprinted from: Int. J. Mol. Sci. 2021, 22, 9695, doi:10.3390/ijms22189695 . . . . . . . . . . . . . . 191

Naoya Higuchi, Jun-ichiro Hayashi, Masanori Fujita, Yuki Iwamura, Yasuyuki Sasaki and
Ryoma Goto et al.
Photodynamic Inactivation of an Endodontic Bacteria Using Diode Laser and Indocyanine
Green-Loaded Nanosphere
Reprinted from: Int. J. Mol. Sci. 2021, 22, 8384, doi:10.3390/ijms22168384 . . . . . . . . . . . . . . 207

Andrea Amaroli, Praveen Arany, Claudio Pasquale, Stefano Benedicenti, Alessandro Bosco
and Silvia Ravera
Improving Consistency of Photobiomodulation Therapy: A Novel Flat-Top Beam Hand-Piece
versus Standard Gaussian Probes on Mitochondrial Activity
Reprinted from: Int. J. Mol. Sci. 2021, 22, 7788, doi:10.3390/ijms22157788 . . . . . . . . . . . . . . 223

Viviana Teresa Orlandi, Eleonora Martegani, Fabrizio Bolognese, Nicola Trivellin, Francesco
Garzotto and Enrico Caruso
Photoinactivation of Pseudomonas aeruginosa Biofilm by Dicationic Diaryl-Porphyrin
Reprinted from: Int. J. Mol. Sci. 2021, 22, 6808, doi:10.3390/ijms22136808 . . . . . . . . . . . . . . 233

Jaecheol Kim, Suna Kim, Kiuk Lee, Ryun Hee Kim and Keum Taek Hwang
Antibacterial Photodynamic Inactivation of Fagopyrin F from Tartary Buckwheat (Fagopyrum
tataricum) Flower against Streptococcus mutans and Its Biofilm
Reprinted from: Int. J. Mol. Sci. 2021, 22, 6205, doi:10.3390/ijms22126205 . . . . . . . . . . . . . . 250
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Photobiology is a challenging research area that aims to explore the interactions be-
tween light and living organisms and their biological consequences, with applications in
the fields of photomedicine, photo(nano)technology, photosynthesis, and photosensory
biology [1]. Nowadays, there is great interest in designing advanced materials with pecu-
liar physicochemical properties and photoresponsive features that, through interactions
with light, produce a response which can be exploited for diagnosis and/or therapy [2].
Therefore, the interaction of light with molecules, nanomaterials, cells, and tissues and
the subsequent responses elicited represents a multidisciplinary field of research bringing
together chemists, physicists, biologists, biochemists, medical specialists, and many others.

In this Special Issue, articles and reviews addressing the latest advances in the use of
light-responsive materials for photobiology have been selected for publication, including
phototherapeutic biomaterials proposed for light-induced therapies in cancer, microbial
infections, atherosclerosis, aesthetic dentistry treatments (e.g., dental bleaching), and pho-
tobiomodulation (PBM) for neurological and neuropsychiatric disorder treatment.

In the design of advanced materials aiming to improve photoactivity efficiency, Lu et al.
proposed a dual-activated nanoprodrug for combined chemo-photodynamic therapy of
breast cancer based on a glutathione (GSH)-responsive BODIPY photosensitizer and a
reactive oxygen species (ROS)-responsive thioketal linker connecting BODIPY and the
chemotherapeutic agent camptothecin (CPT). After entering the tumor through passive
targeting, the prodrug encapsulated with the amphiphilic polymer DSPE-mPEG2000, is
activated by the high tumoral concentration of GSH. Light-triggered ROS from activated
BODIPY not only induced apoptosis/necrosis of the tumor cells but also cleaved the
thioketal linker to release on-demand CPT, achieving combined photodynamic therapy
(PDT) and chemotherapy in mouse mammary carcinoma 4T1, human breast cancer MCF-7
cell lines, and also in 4T1 tumor-bearing mice. The IC50 values were 0.50 µM for the 4T1
cells and 0.63 µM for the MCF-7 cells, attesting for the strong photocytotoxicity exhibited
against the tumor cells. Moreover, efficient tumor-targeting and tumor-suppressive effects
were observed in 4T1 tumor-bearing mice, without toxicity and side effects, which is of
great significance for cancer treatment.

With the aim of promoting breast tumor cell death in situ by photosensitization,
Díaz et al. proposed FLTX2, a Tamoxifen derivative endowed with antiestrogenic, fluores-
cent, and photosensitizer properties, as a selective modulator of estrogen receptors (SERM)
for the treatment of estrogen receptor (ER)-positive breast cancer. FLTX2, obtained through
the covalent binding of tamoxifen as the ER binding core, 7-nitrobenzofurazan (NBD) as
the florescent dye, and Rose Bengal (RB) as a source of ROS, showed a strong absorption in
the blue spectral range, associated with the NBD moiety, which efficiently transferred the
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excitation energy to RB through an intramolecular FRET mechanism, generating superoxide
anions that induced concentration- and time-dependent MCF7 apoptotic cell death.

Gangemi et al. proposed the synthesis of a novel bichromophoric system consisting of
one subunit of curcumin (donor) and one of BODIPY (acceptor) able to emit in the far-red
region, offering a large Stokes shift, capable of limiting light scattering processes. The dyad
was encapsulated in small-sized mesoporous silica nanoparticles of MCM-41 (50–80 nm)
and tested in human fetal osteoblastic cells (hFOB 1.19) and human bone osteosarcoma
epithelial cells (U-2 OS), as models of normal and cancer bone cells, respectively. The
bichromophoric system maintained a very efficient photoinduced intercomponent energy
transfer even within the hybrid silica system, being located within the cytoplasm without
losing brightness, confirming their applicability in bioimaging.

The phototoxicity of psoralen with light of different wavelengths (UVC: λ = 254 nm;
UVA: λ = 366 nm) as well as the effect of ionizing radiation (radioisotope Re-188), the
emitted beta radiation of which generates Cherenkov light with a yield of 35 photons
per decay, was studied by Hübinger et al. Psoralen itself did not show toxic effects on
the plasmid DNA or FaDu human cancer cells. After additional treatment with light, a
concentration-dependent increase in single strand breaks (SSBs) was visible due to the
photochemical activation of psoralen. Conversely, no additional significant Cherenkov-
induced phototoxicity was observed when Re-188 was combined with psoralen.

Won Ahn et al. prepared photoactivatable nanocomplexes for treating atherogenic
foam cells by encapsulating hydrophobic chlorin e6 (Ce6) within the triple helix structure of
β-glucan (Glu) in aqueous solution, with the aim of overcoming the main limitations of the
use of Ce6 as a photosensitizer, i.e., its insolubility in water and low selectivity to target cells
or tissues. The Glu/Ce6 nanocomplexes were efficiently internalized into foam cells (due
to the specific targeting of the dectin-1 receptor) as compared to normal macrophages and
they delivered Ce6 into the cytoplasm. The intracellular uptake increased up to 2.6-fold,
compared to free Ce6, leading to enhanced PDT effects. In fact, upon NIR laser irradiation,
they generated singlet oxygen, inducing significant in vitro photodynamic effects with
membrane damage and cell apoptosis.

A comprehensive summary of the contributions of BODIPY to PDT was provided
by Malacarne et al. Despite the few molecules approved for PDT in the clinical setting
belonging almost exclusively to the porphyrin family [3], the scientific interest towards
other photosensitizers, including BODIPY, is exhibiting tremendous growth. This review
focused on a series of structural changes made to BODIPY to favor intersystem crossing
and further increase 1O2 production with the final aim of improving cell targeting and/or
photoactivity efficiency, pointing out that the absorption and emission features of BODIPY
can be modulated by adding suitable substituents to the main chemical structure (e.g.,
the introduction of heavy atoms, such as bromine and iodine, in the beta positions of the
pyrrole ring).

PDT has been shown to be a useful approach not only for cancer treatment but also
for treating microbial infection induced by Gram-positive and Gram-negative bacteria,
including antibiotic-resistant strains. When the cells being destroyed are microorganisms,
this form of therapy is called antimicrobial photodynamic therapy (aPDT) and it shares
with “classical” PDT the cooperation of three elements, such as a photosensitizer, light, and
oxygen. Interestingly, these components are harmless by themselves but when combined
they can lead to the selective destruction of pathogenic cells [4].

The photoinactivation of Pseudomonas aeruginosa biofilm by dicationic diaryl-porphyrin
was proposed by Orlandi et al. The high binding yield of cationic diaryl-porphyrins
(80–100%) could be ascribable to the electrostatic force displayed between negatively
charged lipopolysaccharides on the outer layer of the outer membrane and positively
charged photosensitizers. Since a mild effect on the formed biofilm was obtained, the
results could pave the way for the development of combined strategies to eradicate P.
aeruginosa biofilms based on dicationic diaryl-porphyrin-mediated aPDT in addition to
other antimicrobial approaches.
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Higuchi et al. investigated the bactericidal effect of indocyanine green (ICG)-loaded
nanospheres coated with chitosan and a diode laser for photodynamic inactivation of a
biofilm of Enterococcus faecalis, a pathogen of refractory apical periodontitis, an inflam-
matory lesion causing bone resorption around the apex of teeth. In vitro results showed
that antimicrobial photodynamic therapy/photodynamic antimicrobial chemotherapy
(aPDT/PACT) can suppress E. faecalis in infected root canals with high efficiency (the viable
cell counts were reduced by more than 98%) maintaining a temperature rise in the root
within a safe range. Morphological observations with SEM confirmed a clear reduction in
the biofilm on the dentin block, but the removal was not complete. The authors proposed
for future clinical applications, the bactericidal effect should be investigated under chang-
ing conditions, such as a smaller interval for the irradiation time and multiple injections of
photosensitizer to improve the bactericidal activity.

The influence of incubation time on ortho-toluidine blue (TBO)-mediated aPDT was
investigated in vitro against selected Candida strains (C. albicans, C. glabrata, C. krusei,
C. parapsilosis) by Wiench et al. An appropriate incubation time in the aPDT protocol seems
to have a great impact on its efficacy, particularly in relation to Candida, due to the size
of these cells and the presence of their cell wall. The study pointed out that the most
efficient period needed for the uptake of TBO by almost all Candida strains was 7–10 min,
as confirmed by direct observation by optical microscopy and by evaluation of the efficacy
of TBO-mediated aPDT on planktonic cells of these strains.

Amino-functionalized nitrogen-doped graphene quantum dots (amino-N-GQDs) were
proposed for aPDT by Kuo et al. as photosensitizers able to generate more ROS than con-
ventional GQDs under 60 s of low-energy (fixed output power: 0.07 W·cm−2) excitation
exerted by a 670 nm continuous-wave laser. The generated ROS were used to eradicate a
multidrug-resistant strain of methicillin-resistant Staphylococcus aureus (MRSA), at low en-
ergy levels within an extremely short photoexcitation period. Compared with conventional
GQDs, the amino-N-GQDs displayed superior optical properties, including stronger ab-
sorption and luminescence, a higher quantum yield (0.34), and high stability, contributing
to their suitability as contrast probes for biomedical imaging, in addition to their bacteria
tracking and localization abilities.

The combination of the use of natural substances with antimicrobial properties and
light irradiation at proper light waves, called photodynamic inactivation (PDI), is based on
the ability of some natural substances to act as photosensitizers producing bioactive effects
under irradiation [5]. Kim et al. demonstrated that fagopyrin F-rich fraction (FFF) separated
from Tartary buckwheat flower extract when exposed to blue light (BL, 450 nm) produced
ROS able to elicit antibacterial photodynamic inactivation (PDI) against Streptococcus mutans
and its biofilm, which was visually confirmed by confocal laser scanning microscopy
(CLSM) and field emission scanning electron microscope (FE-SEM). Interestingly, the PDI
effect of FFF against S. mutans was similar to curcumin and hypericin and was stronger
than riboflavin, although the PDI treatment of FFF was conducted at lower energy fluences
of BL and lower concentrations than other photosensitizers.

Some practical applications of PDI are related to food preservation from bacterial
contaminants [6]. The development of innovative systems based on natural products and
physical methods, such as PDI producing bioactive effects under irradiation, is an emerging
and promising research area well reviewed by Munir et al. They explored the antibacterial
properties of photoactivated curcumin as a green tool for the preservation of food from bac-
terial contaminants, since curcumin is a natural antibacterial and effective photosensitizer
able to induce photodynamic activation in the visible light range, specifically for blue light.

The great therapeutic potential of photobiomodulation (PBM) therapy in different
branches of medicine has been reviewed by Salehpour et al. PBM therapy, namely the
application of visible and near-infrared (NIR) light to stimulate cellular processes by
changing the biochemical activities of mitochondrial components, is currently applied as a
cutting-edge technology in several areas of medicine (i.e., wound healing, dentistry, muscle
and tendon repair, dermatology, and neurology). Specifically, this review demonstrated
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that PBM therapy can serve as a non-invasive neuroprotective strategy for maintaining
and optimizing effective brain waste clearance, exerting a neurotherapeutic benefit on
glymphatic drainage. The glymphatic drainage system is a waste clearance pathway in the
central nervous system devoted to removing toxins and waste metabolites from the brain
(i.e., soluble proteins such as amyloid-beta) and its impairment can increase the incidence
of neurovascular, neuroinflammatory, and neurodegenerative diseases.

Kim et al. demonstrated that PBM is a promising treatment for neurological and
neuropsychiatric disorders, such as autism spectrum disorder (ASD). They used mice
exposed to valproic acid (VPA) as a model of ASD to investigate whether PBM treatment
during fetal development could attenuate the symptoms of ASD. Their results suggest that
the pathological behavioral and histological changes induced by VPA were attenuated by
PBM treatment with an 830 nm laser.

One of the molecular mechanisms for the PBM treatment implicates the mitochondrial
enzyme, cytochrome C oxidase [7]. With the aim of improving PBM devices and delivery
approaches, Amaroli et al. designed a novel handpiece with a flat-top beam profile of irra-
diation and they compared the beam profile versus a standard handpiece and a fiber probe
on mitochondrial activity. They utilized isolated mitochondria and performed treatments
at various spots within the beam, namely, the center and left and right edge. The mito-
chondrial activity was examined by assessing ATP synthesis with the luciferin/luciferase
chemiluminescent method as a primary endpoint, while mitochondrial damage was as-
sessed as the secondary endpoint. Their results demonstrated that the novel flat-top beam
handpiece enhanced the uniformity of the PBM treatments and can improve the rigor and
reproducibility of PBM clinical outcomes.

Since several experimental parameters and factors influence the lifetime of specific
fluorophores, different values of fluorescent lifetimes are sometimes found in the literature
for the same fluorophore depending on which detection and excitation scheme is used. To
clarify this controversy, Kellerer et al. reported a comprehensive and rigorous investiga-
tion of parameters influencing fluorescence lifetime imaging microscopy in the frequency
domain (FD) and time domain (TD), illustrated by phasor plot analysis. These two most
common techniques were implemented in one single microscopy setup and applied to a
variety of fluorophores under different conditions of pH, temperature, concentration, and
solvent polarity. All the studied parameters fall within two categories (setup-dependent
and sample-dependent) and both FD and TD techniques produce reliable and consistent
data revealing which of the tested parameters has the strongest influence on the fluores-
cence lifetime. In addition, their results suggested which technique is most suitable for
which research task and how to perform the experiment properly to obtain consistent
fluorescence lifetimes.

An in vitro 3D tumor model composed of human melanoma cells and the microalgae
Chlamydomonas reinhardtii, both seeded into a collagen scaffold, was presented by Holmes
et al. as a representative and reproducible model for studying photosynthetic tumor
oxygenation. Their results, surprisingly, demonstrated that, although the investigated
conditions significantly differ from the optimal microalgae culture settings in key aspects
such as temperature, medium composition, and the presence of tumor cells, these conditions
do not seem to inhibit the intrinsic ability of the microalgae to provide significant amounts
of oxygen in the presence of light. This reproducible and easy-to-use model can be used
as a platform for studying the role of other key cell types in the tumor microenvironment
and also for studying the antitumoral effects of ROS-dependent photodynamic, chemo-,
immuno-, and radiotherapy.

De Plano et al. evaluated the role of capsid rearrangement in engineered phages of
M13 in protecting viral DNA and peptide bonds from damage induced by UV-C radiation.
The study was performed on two M13 engineered phage clones (P9b and 12III1 phages
expressing 9 or 12 additional amino acids in N-terminal end of pVIII capsid protein) and
their resistance to environmental stresses, such as UV-C radiation and hydrogen peroxide,
was compared to M13 wild-type vector (pC89). Only P9b displayed an increase in resistance
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against H2O2, whereas both clones acquired UV-C resistance due to a reorganization of
interactions in the capsid for an increase in H-bond and steric interactions, which in turn
depended on the presence of the foreign peptide sequence. These results could help us
to understand the molecular mechanisms involved in the stability of new virus variants,
useful for developing effective protocols for virus inactivation.

Thacker et al. evaluated the efficacy and cytotoxicity of a dental bleaching gel com-
posed of calcium peroxide (CaO2) as an active ingredient, visible-light-activating nitrogen-
doped titanium dioxide as a photocatalyst, and methylcellulose as the thickener. The study
was performed in vitro on bovine teeth stained with coffee and black tea stain solution
that were subjected to one minute of visible light irradiation during each bleaching time.
The gel demonstrated at neutral pH an efficient bleaching effect with a gradual increase
in brightness (∆L) and color difference (∆E), without cytotoxicity upon exposure to 3T3
cells. Moreover, the proposed gel allowed for the avoidance of potential side effects usually
caused by a highly concentrated hydrogen peroxide-based dental bleaching procedure.

The nineteen articles published in our Special Issue demonstrate the growing interest
in the use of light-responsive materials for applications in the field of photobiology and in
related biomedical areas in recent years. Materials for photobiology not only were realized
by the utilization of novel molecular components for light-responsive processes in living
organisms, but also comprised living matter itself in which light-induced processes occur.
We hope to supply our readers with some representative and useful snapshots of actual
research, perhaps providing the inspiration to push developments in this field a step further.
We acknowledge all the contributors of the Special Issue and the Editorial Board of Int. J.
Mol. Sci. for their support.
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9. Wiench, R.; Nowicka, J.; Pajączkowska, M.; Kuropka, P.; Skaba, D.; Kruczek-Kazibudzka,
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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by
social communication and interaction disorders, as well as repetitive and restrictive behaviors. To
date, no effective treatment strategies have been identified. However, photobiomodulation (PBM)
is emerging as a promising treatment for neurological and neuropsychiatric disorders. We used
mice exposed to valproic acid (VPA) as a model of ASD and found that pathological behavioral
and histological changes that may have been induced by VPA were attenuated by PBM treatment.
Pregnant mice that had been exposed to VPA were treated with PBM three times. Thereafter,
we evaluated the offspring for developmental disorders, motor function, hyperactivity, repetitive
behaviors, and cognitive impairment. PBM attenuated many of the pathological behaviors observed
in the VPA-induced ASD mouse model. In addition, pathophysiological analyses confirmed that the
increase in activated microglia and astrocytes observed in the VPA-induced ASD mouse model was
attenuated by PBM treatment. This suggests that PBM can counteract the behavioral changes caused
by neuroinflammation in ASD. Therefore, our data show that PBM has therapeutic potential and may
reduce the prevalence of neurodevelopmental disorders such as ASD.

Keywords: autism spectrum disorder; neuroinflammation; photobiomodulation; valproic acid;
cognitive function

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by
impaired social communication, as well as restrictive and repetitive behaviors [1]. ASD is
also closely linked with neurodegenerative diseases such as schizophrenia, Alzheimer’s
disease, Parkinson’s disease, and dementia [2,3]. A report in 2020 from the Centers for
Disease Control and Prevention estimated that 1 in 44 children had been diagnosed with
ASD. Approximately four times as many males as females are diagnosed with ASD [4].
The cause of autism is not clear, but the most widely accepted explanation is that it is
a complex neural developmental disorder characterized by abnormalities in the brain
network [5]. According to recent studies, one of the most common risk factors for ASD is
ongoing neuroinflammation in various brain regions [6,7]. Recent studies have implicated
non-genetic factors in the development of ASD, including exposure to antiepileptic drugs,
viral infections, autoimmune diseases, pathogenic substances, and valproic acid (VPA)
during pregnancy [8].

VPA is an antiepileptic drug also used to treat bipolar disorder [9]. However, VPA is as-
sociated with side effects when administered during pregnancy, including an increased risk
of congenital malformation and delayed cognitive development of offspring. Some studies
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have also suggested that treatment with VPA during pregnancy is associated with an increased
risk of ASD, attention deficit disorders, hyperactivity, and fetal valproate syndrome [10].

Photobiomodulation (PBM) uses lasers or light-emitting diodes to apply red or near-
infrared light to the brain, thereby improving the metabolic capacity of neurons and
stimulating anti-inflammatory responses, antioxidants, neurogenesis, and synaptogene-
sis [11–14]. Unlike drug treatments, PBM is noninvasive and has few side effects [15].
PBM improved cognitive rigidity, behavior, attention span, and sleep quality in children
with ASD [5]. Recent studies have shown that 635 nm wavelength reduces ASD-related
hypersensitivity, among other symptoms [16]. However, the therapeutic mechanism by
which PBM influences ASD remains unclear.

We investigated the potential neuroprotective and developmental effects of 830 nm
wavelength laser in an ASD model. We identified behavioral changes in the ASD model,
which differed according to PBM treatment. We investigated the importance of the devel-
opmental stage and performed behavioral tests to assess social interactions, motor function,
repetitive behavior, and cognitive function. The neuroinflammatory response occurs due
to activated microglia and astrocytes in neurological diseases [17]. According to previous
studies, activated microglia and astrocytes are increased in ASD [7,18,19]. PBM is attract-
ing attention as an effective treatment method for neuroinflammation [20]. Therefore, it
suggests that PBM can effectively control the neuroinflammation that occurs in ASD. To
understand the underlying causes of the changes in behavior, we studied brain samples and
found that histological changes in the brain, the neuroinflammatory response, correlated
with the pathological findings of behavioral tests.

2. Results
2.1. Effect of Laser Treatment on VPA-Induced Developmental Abnormalities

Prenatal VPA exposure caused developmental abnormalities in the pups. We found
that 830 nm laser treatment attenuated the developmental abnormalities observed in mice
exposed to VPA. The effect of 830 nm laser treatment on developmental abnormalities
was assessed using body weight measurements, eye opening, and the righting reflex
test. Figure 1 (panel 1a,b) shows that VPA decreases body size and weight. Figure 1d
shows late eye-opening scores for the VPA group compared to the vehicle group, and
improved eye-opening scores for the VPA + 830 nm laser group compared to the VPA
group. The total number of live births did not differ significantly between mice exposed
to VPA and the vehicle (Figure 1c). The VPA group exhibited late eye-opening, and the
differences in eye-opening scores between the vehicle and VPA groups were significant at
P14–P17. Eye-opening scores in the VPA + 830 nm laser group improved, with significant
differences seen at P14, P16, and P17 (Figure 1d). These data indicate that VPA induced a
significant developmental delay in mice, and that the 830 nm laser treatment attenuated
this developmental delay. The difference in righting reflex times between the vehicle and
VPA groups also highlights the developmental delay in the VPA group, with significant
differences seen at P10 and 11. The righting reflex time for the VPA + 830 nm laser group
improved, and was significantly different at P11 (Figure 1e). Therefore, VPA induced a
significant developmental delay in mice, which the 830 nm laser treatment attenuated.

2.2. Laser Treatment Improved Motor Function in Mice Exposed to VPA

Prenatal VPA exposure impaired motor function. We found that 830 nm laser treatment
improved motor function in mice exposed to VPA. The effect of 830 nm laser treatment
on motor function was assessed using a negative geotaxis test (Figure 2a) and a hanging
wire test (Figure 2b). The negative geotaxis test revealed a significant delay for the VPA
group compared with the vehicle group. However, there was a significant improvement in
the VPA + 830 nm laser group compared with the VPA group. These data show that VPA
significantly impairs motor function in pups, and that the 830 nm laser treatment improved
motor function. The hanging wire test revealed a nonsignificant delay for the VPA group
compared with the vehicle group. There was also an improvement in the VPA + 830 nm
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laser group. Therefore, VPA impaired motor function in the pups, but the 830 nm laser
treatment improved motor function.
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Figure 1. Mice exposed to valproic acid (VPA) in utero exhibited delayed development. (a) A pup
exposed to VPA was compared to one exposed to the vehicle (postnatal day 9). Scale bar: 1 cm.
(b) Body weight of mice exposed to VPA (in utero). (c) The number of live pups from each pregnancy
on postnatal day 10. (d) Developmental delays were assessed based on the eye-opening test and
(e) righting reflex. Eye opening was scored from postnatal days 14 to 18 (score: 0 = closed eyes,
1 = one eye open, 2 = both eyes open). The righting reflex was measured every day from P10 to 13.
Data are means ± standard error of the mean (SEM) (vehicle: n = 14,830 nm laser: n = 15, VPA: n = 8,
VPA + 830 nm laser: n = 11). * p < 0.05 and *** p < 0.001 compared to the vehicle group. * p < 0.05 and
*** p < 0.001 compared to the VPA group.

2.3. Laser Treatment Attenuated Social Cognitive Dysfunction in Mice Exposed to VPA

Impairment of social interaction is one of the core symptoms of ASD, and the three-
chamber test is frequently used to investigate social interactions. Mice exposed to VPA
exhibited reduced social interaction, i.e., spent little time in the stranger chamber. The
830 nm laser treatment improved social interaction in mice exposed to VPA. The effect of
830 nm laser treatment on social interaction was assessed using the three-chamber test
(Figure 3a–c). Mice exposed to VPA exhibited defects in social interaction, spending less
time in the stranger than empty chambers compared to vehicle group mice. However, mice
in the VPA + 830 nm laser group spent more time in the stranger chamber than mice in the
VPA group, indicating improved social interaction.
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Figure 2. Effect of laser treatment on the motor function of mice exposed to VPA in utero. (a) The
effect of 830 nm laser treatment on mice exposed to VPA (in utero) was assessed using the negative
geotaxis test and (b) hanging wire test. Mice were placed on the slope with their heads facing
downward. The righting reflex was measured as the time taken for mice to reach the top of the
slope. In the hanging wire test, the time elapsed between the holding of the wire with both forelimbs
and climbing with the hind limbs was measured. Data are means ± SEM (vehicle: n = 14,830 nm
laser: n = 15, VPA: n = 8, VPA + 830 nm laser: n = 11). ** p < 0.01 compared to the group exposed to VPA.
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Figure 3. Effect of laser treatment on the social interactions of mice exposed to VPA in utero. (a) The
effect of 830 nm laser treatment on mice exposed to VPA (in utero) was assessed using the three-
chamber test. (b) Social preference index (%) = time spent in the stranger chamber divided by the
total time spent in all chambers. (c) The bar graph indicates that mice spent time in each room,
empty, center, and room with a stranger. Data are means ± SEM (vehicle: n = 9, 830 nm laser: n = 9,
VPA: n = 6, VPA + 830 nm laser: n = 7). ** p < 0.01 compared to the vehicle group. **** p < 0.0001
compared to the group exposed to VPA.
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2.4. Laser Treatment Attenuated Impairment in Repetitive Behavior of Mice Exposed to VPA

As with social cognitive dysfunction, impairment in repetitive behavior is one of the
core symptoms of ASD. Therefore, we assessed the effect of 830 nm laser treatment on
repetitive behavior using the Y-maze (Figure 4a,b) and cylinder test (Figure 4c). The number
of forelimb contacts as each mouse reared against the wall of the cylinder was quantified,
and there was no significant difference between the VPA and vehicle groups. Although
there was an improvement in the VPA + 830 nm laser group, the difference between the
VPA + 830 nm laser and VPA groups was not significant. Mice exposed to VPA exhibited
impairment in repetitive behavior, and showed a decrease in spontaneous alternation
compared to vehicle group mice. Mice in the VPA + 830 nm laser group showed an increase
in spontaneous alternation compared to the VPA group mice. These data suggest that the
laser treatment attenuated impairment in repetitive behavior of mice exposed to VPA.
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Figure 4. Effect of laser treatment on the repetitive behavior of mice exposed to VPA in utero. The
effect of 830 nm laser treatment on mice exposed to VPA (in utero) was assessed using (a,b) the
Y-maze and (c) the cylinder rearing test. Spontaneous alternation (%) = total alternations/(total
arm entries—2) × 100. Data are means ± SEM (vehicle: n = 14,830 nm laser: n = 15, VPA: n = 8,
VPA + 830 nm laser: n = 11). * p < 0.05 compared to the vehicle group. * p < 0.05 and ** p < 0.01
compared to the group exposed to VPA.
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2.5. Laser Treatment Attenuated Hyperactivity in Mice Exposed to VPA

Attention deficit disorder and hyperactivity are common manifestations of ASD [21].
Mice exposed to VPA exhibit hyperactivity. The effect of 830 nm laser treatment on hy-
peractivity was assessed using the open field test (Figure 5a–d). Compared to mice in the
vehicle group, mice exposed to VPA exhibited hyperactivity, reflected in the total distance
traveled, number of crossings, and time spent in motion. Mice in the VPA + 830 nm laser
group exhibited decreased hyperactivity compared to those in the VPA group.
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Figure 5. Effect of laser treatment on the hyperactivity of mice exposed to VPA in utero. The effect of
830 nm laser treatment on mice exposed to VPA (in utero) was assessed using (a–d) the open field test.
Data are means ± SEM (vehicle: n = 14,830 nm laser: n = 15, VPA: n = 8, VPA + 830 nm laser: n = 11).
* p < 0.05 compared to the vehicle group. * p < 0.05 compared to the group exposed to VPA.

2.6. Laser Treatment Improved Cognitive Function in Mice Exposed to VPA

VPA impairs the spatial memory of adults and children. The mice exposed to VPA
in this study exhibited decreased cognitive function. The effect of 830 nm laser treatment
on cognitive function was assessed using the novel object recognition test (Figure 6a,b)
and Morris water maze (Figure 6c,d). Mice exposed to VPA exhibited cognitive function
deficits, spending less time with novel objects compared to the vehicle group mice. Mice in
the VPA + 830 nm laser group exhibited improved cognitive function, spending more time
with novel objects compared to VPA group mice. In the Morris water maze, mice exposed
to VPA exhibited defective cognitive function, taking longer to reach the platform than
vehicle group mice. Mice in the VPA + 830 nm laser group exhibited improved cognitive
function, taking less time to reach the platform than VPA group mice.
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Figure 6. Effect of laser treatment on the cognitive function of mice exposed to VPA in utero. The
effect of 830 nm laser treatment on cognitive dysfunction in mice exposed to VPA (in utero) was
assessed using (a,b) the novel object recognition test and (c,d) Morris water maze. Discrimination
index (%) = time spent on the novel object divided by the total time spent exploring both objects.
(b) The data show significant differences compared to the group exposed to VPA (vehicle: n = 9,
830 nm laser: n = 9, VPA: n = 6, VPA + 830 nm laser: n = 7). *** p < 0.001 compared to the vehicle
group. * p < 0.05 compared to the VPA+ 830 nm laser group. (d) The data show significant differences
compared to the group exposed to VPA (vehicle: n = 9, 830 nm laser: n = 9, VPA: n = 6, VPA + 830 nm
laser: n = 7). * p < 0.05 and ** p < 0.01 compared to the vehicle on day 1. # p < 0.05 compared to the
830 nm laser group on day 1. †† p < 0.01 compared to the VPA + 830 nm laser group on day 1.

2.7. Laser Treatment Decreased GFAP Expression in the PFC and Hippocampus of Mice Exposed to VPA

The hippocampus plays an important role in cognitive function [22]. The prelimbic
area of the medial PFC (mPFC) is involved in decision-making, cognitive function, at-
tention, and motor activities [23,24]. Because astrocytes are involved in learning and the
regulation of long-term memory [25], we performed immunohistochemical analyses of the
hippocampus (Figure 7a) and mPFC (Figure 8a) using an antibody for GFAP. Quantitative
analyses revealed significant statistical differences in the number of GFAP+ astrocytes in
the hippocampus and PFC, not only for the vehicle group, but also the VPA + 830 nm laser
group compared with the VPA group. The number of GFAP+ astrocytes in the CA1, CA3,
and hilus regions of the hippocampus was significantly decreased in the VPA + 830 nm
laser group compared with the VPA group (Figure 7b–d). The number of GFAP+ astrocytes
in the mPFC also significantly decreased in the VPA + 830 nm laser group compared with
the VPA group (Figure 8b). Western blotting was used to quantify the expression of GFAP
(Figures 7e,f and 8c,d). The full-length blots are presented in Figures S1 and S2.
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Figure 7. Immunohistochemistry and Western blotting analyses of glial fibrillary acidic protein
(GFAP) expression in the hippocampus. (a) Image showing GFAP-positive cells (red) in the CA1,
CA3, and hilus regions of the hippocampus. (b–d) Quantification of GFAP-positive cells in the CA1,
CA3, and hilus regions of the hippocampus. (e) Image of a Western blot. Full-length blots/gels
are presented in Figure S1. (f) Average relative intensity values for the Western blots. The bar
graph summarizes changes in the GFAP-positive cells. Nuclei were stained using 4′,6-diamidino-2-
phenylindole (DAPI). Scale bar: 100 µm. Data are means ± SEM. (vehicle: n = 3, 830 nm laser: n = 3,
VPA: n = 3, VPA + 830 nm laser: n = 3). ** p < 0.01 compared to the vehicle group. *** p < 0.001 and
**** p < 0.0001 compared to the group exposed to VPA.

2.8. Laser Treatment Decreased Iba1 Expression in the Hippocampus of Mice Exposed to VPA

Microglia are macrophages activated when the central nervous system is damaged
by infection or disease [26]. Increasing evidence indicates that microglial cell activation
and dysfunction can have a profound effect on neurodevelopment, leading to neurodevel-
opmental disorders including autism [27]. In a previous study, RNA sequencing revealed
a close association between genes involved in ASD and glial cell activation, and genes
involved in immune and inflammatory responses [28]. Because microglial activation is
involved in developmental disorders [29], we performed immunohistochemical analyses of
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the hippocampus (Figure 9a) and mPFC using an antibody for Iba1. Quantitative analyses
revealed significant differences in the number of Iba1+ microglia cells in the hippocampus,
not only for the vehicle group, but also for the VPA + 830 nm laser group compared with
the VPA group. The number of Iba1+ microglia in the CA1, CA3, and hilus regions of the
hippocampus (but not the mPFC) was also significantly decreased in the VPA + 830 nm
laser group compared with the VPA group (Figure 9b–d). Western blotting was used to
quantify the expression of Iba1 (Figures 9e,f and S1).
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Figure 8. Immunohistochemistry and Western blotting analyses of GFAP expression in the medial
prefrontal cortex (mPFC). (a) Image showing GFAP-positive cells (red) in the mPFC. (b) Quantification
of GFAP-positive cells in the mPFC. (c) Image of a Western blot. Full-length blots/gels are presented
in Figure S2. (d) Average relative intensity values for the Western blots. The bar graph summarizes
changes in the GFAP-positive cells. Scale bars: 100 and 50 µm. Data are means ± SEM (vehicle: n = 3,
830 nm laser: n = 3, VPA: n = 3, VPA + 830 nm laser: n = 3). ** p < 0.01 compared to the vehicle group.
**** p < 0.0001 compared to the group exposed to VPA.
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3. Discussion 

Prenatal exposure of mice to VPA can be used to mimic the pathogenesis of ASD and 

provide important insight into the morphological and behavioral characteristics of the 

disease [30]. However, the mechanism by which VPA generates the ASD phenotype re-
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mental stage [31], and exposure to VPA disrupts normal neurogenesis [32]. Intrauterine 

exposure to VPA may cause ASD symptoms such as developmental abnormalities, social 

Figure 9. Immunohistochemistry and Western blotting analyses of ionized calcium-binding adapter
molecule 1 (Iba1) expression in the hippocampus. (a) Image showing Iba1-positive cells (green) in the
CA1, CA3, and hilus regions of the hippocampus. (b–d) Quantification of Iba1-positive cells in the
CA1, CA3, and hilus regions of the hippocampus. (e) Image of a Western blot. Full-length blots/gels
are presented in Figure S1. (f) Average relative intensity values for the Western blots. The bar graph
summarizes changes in the Iba1-positive cells. Nuclei were stained using DAPI. Scale bar: 100 µm.
Data are means ± SEM. (vehicle: n = 3, 830 nm laser: n = 3, VPA: n = 3, VPA + 830 nm laser: n = 3).
** p < 0.01 compared to the vehicle group. *** p < 0.001 and **** p < 0.0001 compared to the group
exposed to VPA.

3. Discussion

Prenatal exposure of mice to VPA can be used to mimic the pathogenesis of ASD
and provide important insight into the morphological and behavioral characteristics of
the disease [30]. However, the mechanism by which VPA generates the ASD phenotype
remains unclear. In mice, neurogenesis occurs from E12 until the late embryonic develop-
mental stage [31], and exposure to VPA disrupts normal neurogenesis [32]. Intrauterine
exposure to VPA may cause ASD symptoms such as developmental abnormalities, social
and communication disorders, and restrictive behaviors [33–35]. Especially, it was reported
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that the intraperitoneal injection to maternal of VPA 400-600mg/kg on 12 embryonic days
could have a symptom related to autism such as social impairments, cognitive rigidity,
and repetitive behaviors [36]. We generated an ASD model by exposing mice to VPA at
E12 and confirmed the symptoms of ASD using behavioral tests. The battery of behavior
tests was performed in the least stressing and challenging order to avoid potential training
and learning effects [37]. Our data suggest that VPA exposure inhibits neurogenesis and
triggers the onset of ASD and behavioral disorders.

In this study, we investigated whether PBM treatment during fetal development could
attenuate the symptoms of ASD in a mouse model. PBM treatment with an 830 nm laser
attenuated the developmental and behavioral abnormalities observed in a VPA-induced
ASD mouse model.

PBM has been confirmed to improve memory decline, amyloid plaques, tau hyper-
phosphorylation, neurodegeneration, spinal damage, and synapse loss due to the neuro-
protective effect of 808nm PBM in Alzheimer’s disease, which shows cognitive deficits
among various neurological diseases [38]. In addition to this, NIR shows several neu-
roprotective effects in animal models with various neurological diseases such as brain
stroke and Parkinson’s disease [39,40]. Dysregulation of Neurogenesis is caused by the
neuroinflammatory response [41], and PBM can promote neurogenesis by stimulating
neural progenitor cells [42,43]. Because 830 nm PBM has the lowest absorption rate of
water and hemoglobin in tissue, it has better tissue penetration in the deeper range and
can reduce nerve damage [44–46]. This was expected to reduce neuroinflammation due to
VPA using the 830 nm wavelength. Our results confirmed through GFAP and Iba1 that 830
nm laser-activated astrocytes and microglia were reduced. Therefore, PBM may counteract
intrauterine exposure to VPA at E12.5 and prevent the inhibition of neurogenesis.

As well as developmental abnormalities, we also observed various behavioral changes
in our VPA-induced ASD mouse model. Reduced motor function is often characteristic
of ASD [37]. Using the wire maneuver and negative geotaxis tests, we confirmed that the
VPA-induced ASD mouse model exhibited a decrease in motor function that was relieved
by PBM. However, we did not observe corresponding neuronal changes in the motor cortex,
which is responsible for motor function.

The three-chamber and Y-maze test results demonstrated deficiencies in social inter-
action, as well as repetitive and restrictive behaviors, in our VPA-induced ASD mouse
model, which are all symptoms of ASD. In addition, these symptoms were attenuated by
PBM treatment. Our histological studies also revealed corresponding neurological changes
in the mPFC region of the brain, which is particularly important for social cognition
and behavior [47].

Children with autism often exhibit cognitive deficiencies [48]. Our VPA-induced
ASD mouse model exhibited cognitive deficiencies that were attenuated by PBM. Our
histological studies also revealed corresponding changes in the hippocampus, which may
affect cognitive function [22]. Previous studies have shown that exposure to VPA can
alter oxidation status and the expression of proinflammatory genes [49]. Microglia and
astrocytes are frequently activated in neurodegenerative diseases [50,51], and have also
been found in postmortem brain tissue from patients diagnosed with ASD [7,18,19].

Glial fibrillary acidic protein (GFAP) is a structural marker protein of astrocytes, and
ionized calcium-binding adapter molecule 1 (Iba1) is mainly used as an activation marker
of microglia [52,53]. In response to CNS damage, the increase in activated glial cells
causes cytokine activation, resulting in a gliosis reaction affecting nerve cells, resulting in
a neuroinflammatory response [54]. Therefore, we confirmed the activation of astrocytes
and microglia through the expression of GFAP and Iba1 in the ASD group exposed to VPA,
and demonstrated that neuroinflammation was reduced through the 830 nm laser reducing
their expression.

In summary, PBM may decrease neuroinflammation and improve cognitive function
in mice exposed to VPA by deactivating microglia and astrocytes. Our results suggest
that deficiencies in cognitive function associated with ASD are attenuated when PBM
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reduces the activity of microglia and astrocytes in the hippocampus. Therefore, this
study demon-strates that PBM treatment may benefit patients with ASD and related
neurodegenerative diseases.

4. Methods and Materials
4.1. Animals

C57/BL6 mice were purchased from Daehan Biolink Co., Ltd. (Samseong-myeon,
Republic of Korea) and maintained in the Dankook University Laser Research Center
(Yongin, Republic of Korea) under a 12 h light/dark cycle on an autonomic nervous system
diet. All experiments were conducted in compliance with the NIH Guidelines for the Care
and Use of Laboratory Animals and approved by the Institutional Animal Care and Use
Committee (IACUC; DKU-20-036) of Dankook University. Both sexes were assayed.

4.2. Prenatal VPA Mouse Model for ASD

Experiments were performed on 8-week-old adult male and female mice. C57/BL6
mice were housed together overnight to obtain pregnant mice for the prenatal model.
After overnight mating, a vaginal plug was applied to pregnant female mice on embryonic
day 0 (E0) [55]. On embryonic day 12 (E12), pregnant mice received a single intraperitoneal
injection of 600 mg/kg VPA (P4543; Sigma-Aldrich, St. Louis, MO, USA) dissolved in saline.
Control female mice were treated with the vehicle (i.e., saline solution) only. Then, prenatal
PBM mice were placed in a decapicone (MDC200; Braintree Scientific, Inc., Braintree, MA,
USA) and treated three times with a laser (830 nm, 70 mW/cm2, 10 min, Figure 10a–c,
Table 1) The laser setup was based on previous work [56]. After weaning (P21), the male and
female mice in each group were kept in different cages. The number of pups in each group
at P10 was as follows: vehicle, n = 14; 830 nm laser, n = 15; VPA, n = 8; and VPA + 830 nm
laser, n = 11. Both males and females were used in behavioral experiments, but females
were not included in the data because they did not show behavioral changes (Figure S3).
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Figure 10. The diode laser. (a) Timetable. (b) Laser spectrum at a wavelength of 830 nm. (c) Schematic
diagram showing laser irradiation of the abdomen (diameter: 7.07 cm2).

4.3. Behavioral Tests

The expression of the ASD-like phenotype and effects of PBM treatment were evalu-
ated by behavioral tests performed during the period P8–54 (Figure 10), between 10:00 am
and 6:00 pm on the test days. Developmental disorder, SHIRPA, hyperactivity, social
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interaction, and cognitive behavior tests were completed. Mice were transferred from the
housing cage to the experimental chamber 30 min before each test, to habituate to the
test environment.

Table 1. Specifications for laser parameters.

Parameter Value

Wavelength 830 nm
Operating mode Continuous

Distance 5 cm
Beam shape Circular

Spot size Diameter = 7.07 cm2

Power density (mW/cm2) 70 mW/cm2

Exposure duration (min) 10 min
Energy density (J/cm2) 42 J/cm2

Application technique Without skin contact on the abdomen
Number and frequency of treatment sessions 3 sessions, once for 2 days

4.3.1. Eye Opening Test

Eye opening was observed once daily from P14 to P18 and scored as follows: 0 = both
eyes closed, 1 = one eye open, and 2 = both eyes open [37].

4.3.2. Righting Reflex Test

The righting reflex test measured the pup’s ability to regain its footing from the supine
position [57]. At P10–13, the pups were placed on their backs on a flat surface and held
in that position for 5 s. The time it took for each pup to return to the prone position after
being released was recorded.

4.3.3. Bodyweight

Weight was measured on P10, P17, and P24.

4.3.4. Negative Geotaxis

Negative geotaxis was measured by placing each pup face down along a 45◦ incline.
The time taken to climb after turning 180◦ was recorded [58]. If the mouse did not climb
within 30 s, the maximum time was recorded.

4.3.5. Wire Maneuver Test

A wire maneuver test was used to assess whole-body force [59]. A metal wire was
maintained horizontally 20 cm above a thick layer of soft bedding. Each mouse was allowed
to grasp the wire by its forepaws. The time taken for each mouse to climb onto the wire
was recorded. If the mouse did not raise its hind paws within 3 min, the maximum time
was recorded.

4.3.6. Three-Chamber Test

The sociability test involved a rectangular box (60 cm × 40 cm × 20 cm) divided into
three chambers with holes that allowed movement between the chambers. Each test was
started after 10 min habituation and lasted for 10 min. During the test, a new “stranger”
mouse was placed in the holding cage of one chamber. The time spent in each chamber
with/without the stranger mouse was measured. All recorded videos were analyzed using
EthoVision XT software (version 15.0; Noldus, Wageningen, The Netherlands). The social
preference index was calculated as follows: Social preference index (%) = Time in stranger
chamber/(Time in empty chambers + Time in stranger chamber) × 100 [60].
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4.3.7. Y-Maze

The Y-maze spontaneous alternation test is used to assess repetitive behavior and
spatial working memory [61]. All mice were placed in the same arm of the maze and
allowed to explore it for 5 min. The maze was cleaned with 70% ethanol after each animal
was tested. All recorded videos were analyzed by Ethovision XT software (version 15.0;
Noldus, Wageningen, The Netherlands) in terms of the number of alternating entries.
Spontaneous alternation was calculated as follows: Spontaneous alternation (%) = Total
alternations/(Total arm entries—2) × 100 [33].

4.3.8. Cylinder Test

The cylinder test involved placing each mouse in a transparent cylindrical chamber
for 3 min. This test evaluates locomotor asymmetry by measuring the number of forelimb
contacts as the mouse rears against the wall of the cylinder [62].

4.3.9. Open Field Test

The open field test was performed as described previously [63] to assess hyperactivity
at P35. Test mice were placed in the center of a cube-shaped open field arena (50 cm
each side) and allowed to explore freely for 5 min. The arena was cleaned with 70%
ethanol after each animal was tested. All recorded videos were analyzed by Ethovision
XT software (version 15.0; Noldus, Wageningen, The Netherlands) in terms of the total
distance covered and the number of times a line was crossed, as well as the total time spent
in motion/stationary.

4.3.10. Novel Object Recognition Test

The novel object recognition test used the same apparatus as the open field test [64].
The test consisted of three phases: habituation, training, and testing. The habituation phase
lasted for 5 min; the animals were exposed to the arena and then returned to the home
cage while the arena was cleaned. During the training phase, each animal was placed in
the arena with two identical objects located in opposite corners. The animal was returned
to the home cage for 10 min to ensure that its memory was being tested. During the
test phase, a familiar object and unfamiliar object were placed in the arena. Exploratory
activity was monitored for 10 min in each test. Preference for the novel object was defined
as the ratio of time spent with the novel object compared to that spent with the familiar
object. All recorded videos were analyzed by Ethovision XT software (version 15.0; Noldus,
Wageningen, The Netherlands) and the time spent sniffing each object was measured. The
discrimination index was calculated as follows: Discrimination index (%) = Time spent on
novel object/Total time spent exploring both objects [65].

4.3.11. Morris Water Maze

The Morris water maze apparatus was a circular metal box (diameter: 100 cm) with
distinct visual cues placed at the quadrant points [66]. White nontoxic paint was applied
to hide the platform below the water. The water was maintained at 20–25 ◦C. Each test
lasted 180 s, or until the mouse found the platform. A sequence of five trials was performed
over 5 days. All recorded videos were analyzed by Ethovision XT software (version 15.0;
Noldus, Wageningen, The Netherlands).

4.4. Immunohistochemistry

Mouse brains were fixed in 4% paraformaldehyde overnight at 4 ◦C, and then de-
hydrated overnight at 4 ◦C by incubation in a series of sucrose solutions (10%, 20%, and
30%). Whole brains were then embedded in optimal cutting temperature compound and
cryosectioned into 18 mm slices using a cryostat (Leica, Wetzlar, Germany). For immuno-
histochemical analyses, frozen sections were washed with 0.1 M phosphate-buffered saline
(PBS) before permeabilization with 0.5% Triton X-100 for 5 min at room temperature. Sec-
tions were blocked with 5% bovine serum albumin (BSA) in 0.3% Triton X-100 in 1× PBS
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for 1 h 30 min at room temperature. Next, sections were incubated overnight with pri-
mary antibodies against the following in 1% BSA and 0.3% Triton X-100: glial fibrillary
acidic protein (GFAP; mouse, 1:500; MAB360; Sigma-Aldrich, Burlington, MA, USA) or
ionized calcium-binding adapter molecule 1 (Iba1; rabbit, 1:250; PA5-27436; Thermo Fisher,
Waltham, MA, USA). Finally, sections were incubated with secondary antibody (Alexa
Fluor 488- or 555-conjugated antibody) for 1 h at room temperature before being washed
with 1× PBS and mounted in a solution containing 4′,6-diamidino-2-phenylindole (DAPI).

4.5. Western Blot Analysis

The hippocampus and prefrontal cortex (PFC) were dissected from male pups in all
groups (P56). Tissue was homogenized in ice-cold radio-immune precipitation assay buffer
with protease inhibitor, followed by protein isolation and quantification in a detergent-
compatible assay. Equal concentrations of protein (30 µg) were loaded onto 15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels and then transferred to polyvinyli-
dene difluoride membranes. The membranes were blocked with 5% BSA for 1 h and then
incubated overnight at 4 ◦C with the following primary antibodies: anti-GFAP (1:1000;
MAB360; Sigma-Aldrich, Burlington, MA, USA), anti-Iba1 (1:500; PA5-27436; Thermo
Fisher, Waltham, MA, USA), or anti-β-actin (1:5000). Then, the membranes were washed
with 1× Tris buffered saline with Tween-20 (TBST) buffer (5 min, three times) and incubated
with horseradish peroxidase-bound secondary antibody for 1 h. After washing with TBST,
Western blot images were acquired using a Chemi Doc system (Bio-Rad, Hercules, CA,
USA). Images were analyzed using ImageJ software (version 1.5; National Institutes of
Health, Bethesda, MD, USA).

4.6. Statistics

Data are reported as means ± standard error of the mean (SEM) and analyses were
performed using GraphPad Prism software (ver. 7.0; GraphPad Software, Inc., San Diego,
CA, USA). Data were analyzed using one-way analysis of variance (ANOVA) or two-way
ANOVA followed by the Bonferroni test. A p-value < 0.05 was considered statistically significant.
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Abstract: Having access to fluorescence lifetime, researchers can reveal in-depth details about
the microenvironment as well as the physico-chemical state of the molecule under investigation.
However, the high number of influencing factors might be an explanation for the strongly deviating
values of fluorescent lifetimes for the same fluorophore reported in the literature. This could be the
reason for the impression that inconsistent results are obtained depending on which detection and
excitation scheme is used. To clarify this controversy, the two most common techniques for measuring
fluorescence lifetimes in the time-domain and in the frequency-domain were implemented in one
single microscopy setup and applied to a variety of fluorophores under different environmental
conditions such as pH-value, temperature, solvent polarity, etc., along with distinct state forms that
depend, for example, on the concentration. From a vast amount of measurement results, both setup-
and sample-dependent parameters were extracted and represented using a single display form, the
phasor-plot. The measurements showed consistent results between the two techniques and revealed
which of the tested parameters has the strongest influence on the fluorescence lifetime. In addition,
quantitative guidance as to which technique is most suitable for which research task and how to
perform the experiment properly to obtain consistent fluorescence lifetimes is discussed.

Keywords: fluorescence lifetime imaging microscopy; FLIM; fluorescence microscopy; two-photon
microscopy; phasor-plot; image analysis; time-domain; frequency-domain; bioimaging

1. Introduction

Modern microscopy excels at uncovering the morphology of living samples [1]. Today,
advanced techniques, such as stimulated Raman scattering (SRS) [2], fluorescence corre-
lation spectroscopy (FCS) [3,4] and fluorescence lifetime imaging microscopy (FLIM) [5],
give additional access to photo-physical, chemical and biological information, to mention
just three types [6]. Furthermore, this information can be quantified, e.g., by measuring the
local concentration of a molecular species in an area as small as one femtoliter [7]. Unfortu-
nately, the majority of microscopy methods rely on signal intensities, which are dependent
on the experimental setup, such as the excitation/detection efficiencies, or susceptible to
unwanted phenomena, such as photo-bleaching of the markers used [8]. Therefore, only
relative changes are commonly quantified. FLIM is an exception here because the measured
lifetime is not dependent on the kind of excitation, e.g., via one-photon (1P) or two-photon
(2P) absorption or on matching the laser wavelength to the excitation profile of the sample.
Furthermore, different kinds of detection, e.g., single photon counting with a point-detector
or a camera-based widefield approach, deliver the same results. This paper refers to this
desirable feature as the FLIM-advantage. Why then is the lifetime of a specific fluorophore
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not the same under all circumstances? Consulting the literature, one finds differing values
that lead to the impression that FLIM may not be a reliable method. As a benchmark,
two examples are represented: the reported lifetime of rhodamine B ranges from 1.74 to
3.13 ns [9–12], or the lifetime of rose bengal ranges from 0.095 to 2.4 ns [13–16]. Despite
these huge differences, there is no evidence that the authors of the published data made any
mistake in their measurements or conclusions. Therefore, the aim of this paper is to clarify
how these discrepancies arise and what circumstances lead to differing lifetime values. On
the other hand, it will be shown that time domain (TD) and frequency domain (FD) FLIM
lead to the same results although they employ the different setup parameters mentioned
above. Unfortunately, they are not directly comparable because the corresponding data
analysis is different. Therefore, the data of both methods are transformed to retrieve a so-
called phasor plot, which makes the comparison an easy task. The reason for the superficial
discrepancy in lifetimes is due to certain parameters that influence the sample directly,
such as concentration, pH-value, solvent polarity, and temperature, etc. This fact will be
demonstrated in our comprehensive investigation. On the other hand, if these parameters
are under the control of the researcher, they can use this to their advantage and utilize the
fluorophore as the smallest possible reporter inside a living cell.

2. Results

All parameters that were studied in this rigorous investigation fall within two
categories—setup-dependent and sample-dependent. The former determines the accuracy
and range in which the lifetime can be obtained. The latter includes all parameters related
to the microenvironment and the photo-physical properties of the fluorophore that affect
its lifetime.

2.1. Setup Dependent Parameters

Starting with the different measurement setups, interdependent advantages and dis-
advantages of each were worked out. While the TD setup stands out with its diffraction-
limited resolution, deep tissue penetration and optical sectioning possibilities, the needed
detection time must be long enough to gather sufficient photon statistics. If a high res-
olution is not needed, the fast image acquisition of the FD setups provides the greatest
advantage.

2.1.1. Wavelength

An often-formulated question is whether the kind of absorption process, e.g., 1P- or
2P-absorption, or the excitation wavelength, affect the fluorescence lifetime [12]. Therefore,
the setups chosen in this series differ in the way the excitation takes place. For the TD setup,
two ultrashort pulsed lasers with center wavelengths at 780 and 1034 nm were utilized,
whereas the FD setup employed two wavelengths at 405 and 445 nm. To compare the
lifetimes resulting from two-photon (TD FLIM) and one-photon (FD FLIM) absorption, a
single dye with suitable spectral properties was used (Figure 1A). Rose bengal dissolved in
ethanol at a concentration of 10−2 M met this requirement. The lifetimes determined using
all four wavelengths, as well as one-photon and two-photon absorption, gave consistent
results of around 0.85 ns (Figure 1B). A p-value test yielded a result of 0.046, which met the
requirement for the measurement to be considered statistically significant. To also show the
mono-exponential behavior within the FD, a p-value between the phase and demodulation
lifetime was determined (Table 1). The mono-exponential behavior in the TD was verified
by the residuals of the single exponential fit.
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Spectrum Wavelength

Frequency Integration

A B

C D

Figure 1. In (A), the absorption and emission spectrum of rose bengal and the individual excitation
wavelengths are shown. The blue (405 nm) and cyan line (445 nm) represent the FD Wavelengths.
For TD FLIM, the two-photon excitation wavelengths are shown in pink (two-photon excitation at
390 nm) and red (two-photon excitation at 515 nm). Although the laser lines are only slightly within the
absorption spectrum, a sufficiently high fluorescence can be generated. In (B), the obtained fluorescence
lifetimes for the wavelength dependency measurements were presented. In blue (phase lifetime) and cyan
(demodulation lifetime), the results for the FD are shown, and in red the results for the TD are shown.
In section (C), the influence of the repetition rate (TD) and the modulation frequency (FD) are shown.
For the FD, the tangential relationship leads to inaccurate results for small modulation frequencies for
lifetimes in the range of 1–10 ns. As the last parameter, the time constant for the different measurement
methods is illustrated in (D). For the FD FLIM, high exposure times lead to pixel saturation and therefore
creates bigger standard deviations. For the TD, the correlation is inverse. For longer integration times, a
smaller error bar is detected due to the larger number of photons that form the decay statistic.

2.1.2. Modulation Frequency

The modulation frequency, with which the sample is excited, plays an important role;
hence, it defines in which range the fluorescence lifetime can be detected. For the TD, the
limiting factor is the repetition rate of the laser source. All photons detected during an
excitation cycle can be accurately assigned to a specific excitation-pulse and thus counted
for the statistics. If the time between pulses increases (i.e., the repetition rate decreases),
longer lifetimes can be measured and vice versa.

Because of the tangent function in Equation (17), it can be derived that a smaller
modulation frequency must be selected for longer lifetimes. If this criterion is not met, the
measurement results are more scattered. The reason for this could be explained easily by
the phase lifetime. While the frequency increases, the working line becomes steeper due
to the stretched tangent function. The phase determination is, therefore, less accurate and
results in scattered lifetimes with bigger errors, as can be seen in Figure 1C and Table 1.
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Table 1. Single and overall p-values for each frequency for the phase- and demodulation-lifetime of
the FD technique, when measuring rose bengal.

Modulation Frequency

1 MHz 10 MHz 20 MHz 30 MHz 40 MHz Overall
p-Value

τP [ns] 0.468 0.599 0.613 0.628 0.645 0.048
σP [ns] 1.387 0.056 0.053 0.04 0.052
τM [ns] 0.501 0.589 0.602 0.631 0.645 0.046
σM [ns] 1.499 0.055 0.055 0.072 0.071

Single
p-Values 0.063 0.034 0.021 0.027 0

For statistical evaluation, the p-value analysis for all phase- and demodulation-lifetimes
was performed. The overall p-value (Table 1, last column) is the statistical proof that, for the
different frequencies, the same lifetime is detected, while the single p-value (Table 1 bottom
row) represents the consistent results between the phase- and demodulation-lifetimes. Due
to the obviously too-large standard deviation for the frequency of 1 MHz, the correspond-
ing raw data were left out for the calculation. This resulted in an overall p-value of 0.048
for the phase lifetime and 0.046 for the demodulation lifetime in a frequency range of 10 to
40 MHz. For the TD, a fluorescence lifetime of 0.633 ns was obtained for a frequency of
80 MHz. This value coincides with those from the FD.

The experimental results imply that the lifetime is not dependent on the modulation
frequency as long as the repetition rate of the pulsed laser in TD or the modulation frequency
of the laser in FD are adequately chosen.

2.1.3. Integration Time

The time period for how long the fluorescence signal is collected is given by the
exposure time of the camera, whereas in TD, it is the time interval over which the laser
focus remains at each sample point to gather sufficient events for building the histogram.
For short integration times down to 0.3 s, only FD measurements are presented, whereas
for longer times, TD measurements only up to 30 s are shown. Here, the expectation would
be that the longer the integration time, the more accurate the determination of the lifetime
due to increased statistics. This is confirmed for TD but not in the same manner for FD, as
can be clearly seen in Figure 1D, with increasing error bars for FD measurements. Here, a
saturation effect caused by the limited dynamic range of the camera plays an important
role, which will be discussed later in detail.

Again, the p-value is used to make statistical statements. Here, the raw data at 300 ms
exposure time in the FD were not taken into account due to the high standard deviation
caused by pixel saturation. For the other measurements, the overall p-value was 0.010
(phase lifetime) and 0.038 (modulation lifetime). The p-value of the TD analysis was 0.024
and thus statistically significant. The comparison of the FD measurement series and their
individual lifetime components (single p-values) can be seen in Table 2.

On the one hand, the longer the integration time in TD, the more events are collected,
resulting in more accurate lifetimes due to better statistics. On the other hand, for the
camera-based lifetime measurement, the exposure time can not be extended to arbitrary
values because pixel saturation counteracts the improvement in accuracy due to the limited
dynamic range of 14 bit in our case. If the exposure time is too long, the saturation distorts
the measurement and causes larger error bars. To circumvent the saturation effect, several
camera images with shorter integration times should be accumulated to improve the
accuracy more effectively.
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Table 2. Single and overall p-values for each exposure time for the phase- and demodulation-lifetime
of the FD setup, as well as the exposure time of the TD setup for measurements on rose bengal.

Integration Time (TD)

5 s 10 s 20 s 30 s Overall
p-Value

τ [ns] 0.842 0.859 0.875 0.856 0.024
σ [ns] 0.020 0.015 0.013 0.011

Exposure Time (FD)

5 ms 10 ms 50 ms 100 ms 200 ms 300 ms Overall
p-Value

τP [ns] 0.852 0.897 0.852 0.847 0.832 0.495 0.010
σP [ns] 0.181 0.166 0.180 0.348 0.368 1.636
τM [ns] 0.832 0.895 0.842 0.877 0.904 0.595 0.038
σM [ns] 0.190 0.169 0.200 0.377 0.480 1.712

Single
p-Values 0.001 0.001 0.020 0.042 0.049 0.053

2.2. Sample Dependent Parameter

Because the setup-dependent parameters have shown consistent results for TD and FD,
the parameters regarding the fluorophore itself and its microenvironment were investigated
with the following setup parameters fixed: FD excitation of 405 nm and 40 MHz, while for
TD, the excitation wavelength was set to 780 nm (2P excitation at 390 nm) and 80 MHz.
The values for the exposure or integration time are set individually depending on the
fluorescence intensity. For all coming figures, only the phase lifetime is presented because
up to this point, the consistency of phase- and demodulation-lifetimes is convincingly
demonstrated. In addition to the p-values for the fluorophore-dependent parameters,
t-tests were carried out to check if linear correlations are statistically significant [17].

2.2.1. Concentration

Although fluorescence is an intra-molecule relaxation process, some research groups
were able to experimentally demonstrate a dependency on the molecular concentration,
which suggests an inter-molecular influence. From moderate to high concentrations, an
increase in the lifetime [12] was noticeable, while for even higher concentrations, drastic
lifetime reductions occurred [6]. Inter-molecular interactions may cause these effects,
which are, for example, re-absorption, self-quenching or other energy transfer mechanisms.
The spectral overlap between the absorption and emission spectrum determines how
strongly these mechanisms have an impact on the measured lifetime.

For the investigation of these effects, two dyes were chosen, which were measured
in a concentration range starting from 10−1 M down to 10−5 M in the TD and the FD.
The first used dye is lucifer yellow dissolved in ethanol, which has a small spectral overlap
of its excitation and emission spectra. Fluorescein (dissolved in water) is used as the
counterpart, which has a very large spectral overlap and should show a strong lifetime
change in concentration-dependent measurements (Figure 2A).

As can be derived from Table 3, the series of measurements for lucifer yellow exhibits
an approximately constant lifetime of around (10.289 ± 0.371) ns for the FD over the
concentration range of 10−5 to 10−4 M. The TD shows an increase from 8.837 to 11.476 ns
presumably due to a re-absorption process. For high concentrations beginning from 10−3 M,
a slight decrease in TD and FD lifetime measurements can be detected that may result
from energy transfer mechanisms. For a concentration of 10−1 M, the FD-results showed
an average lifetime of 9.685 ns. The small effects of re-absorption and energy transfer for
lucifer yellow can be seen in its spectrum in Figure 2B. Within the limits of the measurement
accuracy, an agreement of the TD with the FD method could be shown. Furthermore,
the p-values (Table 3) imply congruous experimental data. The phasor plot illustrates the
consistent lifetime, which is characterized by the point cloud along the semicircle (Figure 2).

30



Int. J. Mol. Sci. 2022, 23, 15885

Table 3. TD and FD fluorescence lifetimes and p-values obtained for the concentration series for
lucifer yellow and fluorescein.

Lucifer Yellow

Concentration 0.00001 M 0.0001 M 0.001 M 0.01 M 0.1 M
τTD [ns] 8.837 11.476 11.087 10.265 9.907
σTD [ns] 1.027 0.565 0.221 0.053 0.049
τFD [ns] 10.532 10.646 10.294 10.288 9.685
σFD [ns] 1.020 0.647 0.506 0.267 0.298

Single p-Value 0.052 0.499 0.045 0.042 0.049

Fluorescein

Concentration 0.00001 M 0.0001 M 0.001 M 0.01 M 0.1 M
τTD [ns] 4.015 4.049 4.212 3.176 0.209
σTD [ns] 0.064 0.025 0.018 0.028 0.002
τFD [ns] 3.356 3.623 4.336 3.520 0.380
σFD [ns] 0.203 0.115 0.075 0.045 0.106

Single p-Value 0.062 0.051 0.034 0.021 0.039

The second investigated fluorophore is fluorescein, whose spectral overlap between
the absorption and emission spectra is large compared to lucifer yellow, as can be seen
in Figure 2B. The TD-derived lifetimes show an increase in concentrations of 10−5 M
to 10−3 M, mainly through the re-absorption process (Table 3). If the concentration is
increased further (up to 10−1 M), a strong reduction in the lifetime to a value of 0.209 ns can
be detected caused by self-quenching effects [18]. Compared to FD, the rise of the lifetime
for concentrations of 10−5 M to 10−3 M is larger and possible due to the different absorption
processes. The self-quenching caused a reduction to a value of 0.380 ns for 10−1 M, which
is illustrated in Figure 2B.

The visual representation of the lifetimes by the phasor plot illustrates the self-
quenching effect, which is characterized by an elongated point cloud distribution along the
universal circle. By comparing the phasor plot of the TD and the FD, a slightly different
distribution can be observed, which is also obvious by looking at the p-values in Table 3.

Figure 2. In this figure, the spectral properties of the two fluorophores used, fluorescein and lucifer
yellow, are shown in (A) to check if the concentration could lead to an influencing parameter while
measuring lifetime values, the spectral overlap must be observed. Fluorescein shows a relatively big
spectral overlap compared to lucifer yellow. With the graphs in (B), the lifetimes of the TD are shown
in red and the ones of the FD are in blue. For fluorescein, the lifetime change for high concentrations
can be seen clearly, whereas the results of lucifer yellow stay nearly the same. The last column
presents this relation in the phasor plot for the TD, as well as for the FD data.
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2.2.2. Solvent Polarity

The fluorescence lifetime of a fluorophore changes based on the surrounding medium
due to induced conformational changes [19]. For a variety of applications, these media
must be chosen accordingly.

The extent of the solvent influence was measured by using both FLIM setups on rose
bengal. Figure 3A visualizes the results for the fluorescence lifetimes in relation to the
used media. The main influencing factor of the solvent is its polarity, therefore, a direct
correlation can be seen (Figure 3B). An increase in the polarity results in a reduction in the
lifetime and vice versa.

The graphical presentation (Figure 3C) of the lifetimes measured by TD as well as FD
shows consistent results within the standard deviation. The lifetimes with the respective
p-values for each solvent are given in Table 4.

Table 4. Calculated p-values, detected lifetimes and relative polarity values for different solvents.

Figure Declaration Solvent Relative Polarity τTD [ns] σTD [ns] τFD [ns] σFD [ns] Single p-Value
a Water 1 0.127 0.014 0.093 0.052 0.050
b Methanol 0.762 0.645 0.012 0.605 0.052 0.045
c Ethanol 0.654 0.852 0.011 0.883 0.062 0.039
d Aceton 0.355 2.725 0.014 2.819 0.214 0.021

The phasor plot shows the individual point clouds of the different measurements for
the corresponding media. Due to the linear relationship between the lifetime and the polar-
ity change in the solvent, it can be stated that the polarity increases along the semicircle.
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Figure 3. In section (A), the relative polarity of each individual solvent is illustrated. Compared to
the obtained lifetimes in (B), an indirectly proportional behavior to the polarity is noticeable. Section
(C) represents the overlayed phasor plots of the TD and FD data.

2.2.3. Temperature

Although there are well-known temperature influences on the fluorescence lifetime,
which are treated later in the discussion section, this investigation uses fluorescein as an
example to show the opposite. Measuring fluorescein (10−3 M in ethanol), the lifetime
curve for different temperatures in the range of 21–42 ◦C is shown in Figure 4A and all
individual lifetimes in Table 5. Using linear regression, a slope of 0.0021 ns/◦C in the TD
and a slope of 0.0015 ns/◦C for the FD technique can be obtained. For most FLIM setups,
accuracy in the two- to three-digit picosecond range is possible. The fluorescence lifetime
change resulting from the temperature variation for fluorescein can thus be neglected.
Furthermore, the standard deviation of each measurement showed no strong variation.

A t-test was used to check the consistency of the slopes determined and their intercept
for TD and FD. A significance value of TSlope = 0.00313 was determined for the slope and
TAxis = 0.00689 for the axis intercept. Both values are thus below the significance level of
0.05 and are consistent.

The phasor plot analysis illustrates the mono-exponential behavior of the temperature
dependency measurement due to the point cloud on the semicircle (Figure 4A). Since the
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values change only by a few picoseconds per measurement, all measurements together
result in a uniform distribution.

Table 5. P-values and obtained lifetimes for the temperature series of fluorescein.

Fluorescein

Temperature [ ◦C] 23 25 27 29 31 33 35 37 39
τTD [ns] 3.857 3.813 3.830 3.769 3.789 3.783 3.781 3.796 3.763
σTD [ns] 0.110 0.107 0.113 0.112 0.115 0.112 0.111 0.111 0.0122
τFD [ns] 3.859 3.833 3.834 3.832 3.828 3.823 3.815 3.816 3.816
σFD [ns] 0.110 0.110 0.120 0.130 0.130 0.120 0.110 0.120 0.120

Single p-Values 0.016 0.038 0.018 0.041 0.038 0.038 0.034 0.021 0.040

2.2.4. pH-Value

The pH-value of a fluorophore solution is of central importance during a fluorescence
lifetime measurement. Based on the chemical composition of the dye, different spectral
property changes can be obtained related to the pH-value. Therefore, a pH series of a 10−4 M
concentration of fluorescein in water was measured in the TD and FD. The adjusted pH-
values cover a range from 3 to 12. The detected lifetimes show a plateau for strongly acidic
and alkaline pH-ranges, whereas the transition between them shows an approximately
linear dependence. The resulting sigmoid function showed an overall lifetime change of ca.
1.5 ns for the adjusted pH range (Figure 4B and Table 6). The linear section from pH 6 to
9 was fitted and a t-test was performed. The slope of the TD was (0.336± 0.022) ns and for
the FD (0.348± 0.028) ns. The t-test for the slope has a value of TSlope = 0.039 and for the
axis intercept TAxis = 0.021.

Table 6. Measured lifetimes for the pH-series in the TD and FD for fluorescein.

Fluorescein

pH-Value 3 4.5 7.5 7.8 8 8.2 9.3 11.2 12
τTD [ns] 3.107 3.330 3.944 3.945 4.144 4.154 4.345 4.424 4.514
σTD [ns] 0.084 0.084 0.076 0.053 0.038 0.038 0.038 0.039 0.042

pH-Value 3 4.5 6.5 7 7.5 8 8.5 10.5 12
τFD [ns] 3.104 3.303 3.565 3.832 3.885 3.985 4.327 4.445 4.615
σFD [ns] 0.108 0.127 0.146 0.189 0.134 0.162 0.226 0.168 0.155

Furthermore, for the pH dependence, comparable results within the respective stan-
dard deviations could be retrieved for TD and FD. With the aid of the phasor plot, the
lifetime change can be easily tracked and, with the appropriate calibration, also mapped to
the corresponding pH level of the microenvironment (Figure 4B).

2.2.5. Quencher

Similar to the fluorescence lifetime dependency on the microenvironment (solvent
polarity, temperature, pH), there are also other possibilities to intentionally quench a dye
and thus obtain a shortening of the lifetime. For example, this can be utilized to mimic
pathologically relevant coenzymes such as nicotinamide adenine dinucleotide (NADH) or
flavin adenine dinucleotide (FAD) in optical phantoms used for clinical studies [20]. Here,
coumarin 1 and coumarin 6 have similar spectra to the coenzymes but different lifetimes.
To fix this issue and to fine-tune the desired lifetime of the phantom, quenching materials
such as 4-hydroxy TEMPO are applied.

For the demonstration of the artificial quenching effect, this system is used as well.
The starting solution was a coumarin 1 and a coumarin 6 mixture in ethanol with a
concentration of 2 · 10−4 M. The initial measurements showed a consistent lifetime for
coumarin 1 of τTD = (3.239± 0.017) ns in TD and τFD = (3.268± 0.097) ns in FD (Figure 5A),
and for coumarin 6 of τTD = (2.663± 0.013) ns and τFD = (2.615± 0.118) ns, respectively
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(Figure 5B). Shortened lifetimes could be produced by adding different concentrations of
4-hydroxy TEMPO, which are shown in Figure 5.
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Figure 4. (A) shows the obtained results for the temperature dependency between 22–39 ◦C and the
slope of the fitted linear regression for fluorescein in ethanol. The overall lifetimes for the TD and FD
are also represented in the phasor plot where a single point cloud indicates no significant lifetime
change. In (B) the pH dependency for values between 3 and 12 are shown, which follow a sigmoid
function.

Figure 5. Results of the fluorescence lifetimes and phasor plot for the quenching series of coumarine 1
are illustrated in (A,B) for coumarine 6. With the help of 4-hydroxy TEMPO, it is possible to decrease
the fluorescence lifetime to a specific value.
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The phasor plot illustrates the shortening of the lifetime. The obtained values together
with the p-values are listed in Table 7.

Table 7. Results for the quenching experiments for coumarine 1 and coumarine 6.

Coumarine 1 Coumarine 6

4-hydroxy TEMPO 0 M 0.00855 M 0.234 M 0 M 0.0013 M 0.713 M
τTD [ns] 3.239 2.745 0.569 2.663 2.617 0.209
σTD [ns] 0.017 0.016 0.011 0.013 0.014 0.002
τFD [ns] 3.268 2.689 0.492 2.615 2.599 0.25
σFD [ns] 0.097 0.086 0.063 0.118 0.060 0.082

Single p-Value 0.031 0.041 0.050 0.022 0.044 0.061

3. Discussion

By comparing TD- with FD-FLIM data of various fluorophores in different microen-
vironmental conditions and measured with different excitation and detection schemes,
a statistical proof could be given that both techniques deliver equal lifetime values and
become visible when using the phasor plot evaluation.

3.1. Setup Dependent Parameter

Specifically, experiments were performed by changing system parameters such as one-
and two-photon excitation at various wavelengths, detection of many photons with a cam-
era or single photons with a point detector, and using different modulation frequencies and
exposure times (FD-FLIM) or repetition rates and acquisition times (TD-FLIM), respectively.
All results retrieved with either technique were consistent, as demonstrated by statistical
analysis. This remarkable outcome is based on the FLIM-advantage, which is extensively
discussed in Section 4.1 of this manuscript.

3.1.1. Wavelength

The results showed that the lifetime data are independent with respect to the wave-
length and to the kind of absorption process (1P- or 2P-excitation). The Einstein model
for a two-level system gives an accurate explanation for both observations. Here, the
fluorescence intensity resembles the population in the excited state, whereas the lifetime
corresponds to the inverse radiative transition rate described by the so-called Einstein coef-
ficient [21]. In this picture, the absorption process leading to the population in the excited
state depends not only on the transition rate but also on the intensity of the excitation light
source and how well it matches the photo-physical properties of the molecule. This is
worth considering because, for excitation with two photons, one would expect to double
the wavelength of the laser to reach the same excitation state as with one photon. However,
it was demonstrated already in 1995 by Watt W. Webb and Chris Xu that 2P absorption
spectra are most likely blue shifted to the 1P spectra because the cross sections of excited
singlet states are not the same for 1P and 2P excitation [22]. This leads to different excitation
probabilities for the various wavelengths and, thus, different fluorescence intensities. Inter-
estingly, the radiative transition to the ground state seems to always start from the same
excited singlet state. Therefore, the transition rate responsible for the lifetime is not affected
by the kind of excitation process giving rise to the FLIM-advantage (see Section 4.1).

3.1.2. Modulation Frequency

For both techniques, the modulation frequency defines the range in which the fluo-
rescence lifetime can be measured. While the FD laser can be modulated internally, the
TD laser is limited by its repetition rate. Therefore, only the FD-FLIM setup was tested for
different modulation frequencies showing a consistent lifetime in the range of 10–40 MHz.
While the modulation frequency decreases, a slightly larger standard deviation can be
noticed that results from the tangent function in Equation (10).
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3.1.3. Integration Time

For different integration times in both techniques, an overall consistent lifetime for
rose bengal in ethanol could be achieved (Figure 1D and Table 2). Whereas the TD-FLIM
setup benefits from a longer integration time and statistics, the FD-FLIM setup suffers from
overexposure and pixel saturation. This context can also be seen in the standard deviations
listed in Table 2.

3.2. Sample Dependent Parameter

More interestingly are the sample-dependent parameters because they are responsible
for differing lifetimes if comparing experiments performed under circumstances that are
not always openly reported. One important goal of this extensive investigation was to
demonstrate as many influencing parameters as possible to raise awareness among FLIM
microscopists for taking full control over their experiment.

3.2.1. Concentration

The fact that the fluorescence lifetime is subject to a statistically independent process
leads to the assumption that the concentration of a dye has no influence on this parameter.
Even the fluorescence of only a small number of fluorophores is sufficient to record a decay
curve if the integration/exposure time is set accordingly long.

Here, several effects cause variations in lifetime, as can be seen in Table 3 and Figure 2.
For example, the apparently longer lifetimes can be explained by the effect of re-absorption:
one molecule relaxes back to the ground state emitting a photon that is subsequently
re-absorbed by another molecule lifting it to the excited state [23]. In contrast to the true
lifetime τ, which is not affected, the detected lifetime τDet is prolonged because many
photons may reach the detector only after this secondary step. Parameters that influence
this process are the quantum yield Φ, as well as the concentration-dependent spectral
overlap J(λ,C) of the fluorophore (Equation (1)).

τDet =
τ

1− J(λ, C) ·Φ (1)

The difference in the 1P- to 2P-absorption spectra, absorption cross section and, further,
the quantum yield suggest different τDet for 1P- and 2P-absorptions. This translates in this
experiment to FD for 1P- and to TD for 2P-absorption.

Further, energy transfer mechanisms such as the self-quench effect or the Förster
Resonance Energy Transfer (FRET) are responsible for the lifetime decrease in highly
concentrated samples [6,24]. Here, a more efficient energy transfer occurs, where, for
example, an excited molecule partially transfers its energy to a molecule in the ground
state. This leads to the fact that only very fast transitions can undergo the radiative
relaxation path of emission, which leads to a shortened detectable lifetime [25]. Again, the
probability of these effects is based on several spectral and geometrical properties of the
sample. The most important factor is the spectral overlap J(λ, C) between the absorption
E(λ) and the emission F(λ) spectrum (Equation (2)). This context determines whether a
concentration-dependent lifetime change can be detected experimentally or not. The higher
the overlap, the larger the possible self-quench effect.

J(λ, C) =
∫

E(λ) · F(λ) · λ4 dλ (2)

Fortunately, consistent lifetimes are most likely for the widely used working dilutions
of around 10−6 M. However, for time-resolved measurements with high or changing
concentrations, these effects have to be kept in mind.

3.2.2. Solvent Polarity

In Section 2.2.2, the fluorescent lifetimes of rose bengal were related to the solvent
used. The graphic representation in Figure 3A showed that the increasing lifetime could
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be correlated to a decrease in the solvent polarity (Figure 3B). The decisive parameter
for this behavior will probably be the so-called solvatochromism [26]. It describes the
spectral changes of a fluorophore while interacting with solvent molecules. A decreasing
solvent polarity is understood as a negative solvatochromism, which is expressed by a
higher energy difference between the ground and excited state. This change causes a
hypsochromic shift, thus the blue shift of the absorption spectrum. The contrary case is
a bathochromic shift and, therefore, has a lower energy difference. In addition to these
spectral properties, parameters such as dipole moment, dielectric constant, refractive index
and others are also changed, which are related to the observed fluorescence lifetime [27,28].
Again, time-resolved microscopy can be used to determine the environment more precisely
and, in this case, to make statements about the polarity of a solvent [29].

3.2.3. Temperature

When changing the temperature, the non-radiative rate kNR, also known as the quench-
ing rate, is affected. With the help of the Stokes–Einstein–Debye relationship, the quenching
rate can be expressed with a dependence on the temperature and the viscosity [6,30]. Look-
ing at Equation (3), it is obvious that an increase in the temperature T is related to a decrease
in the detected fluorescence lifetime τDet:

τDet =
1

1
τ + kBT

4πr3η

(3)

In Equation (3), next to the Boltzmann constant kB, the radius r and the viscosity η are
also included. How strongly the temperature affects the detected lifetime τDet depends
on the structure of the fluorophore. While some of them only show a small change, such
as fluorescein in this case, other specially designed dyes show a strong and well-defined
lifetime change that is used as temperature sensors [31,32].

3.2.4. pH-Value

The pH-induced fluorescence lifetime change was also demonstrated by the group of
Seungrag Lee, showing its importance in cancer research in modern days [33]. A chemical
restructuring due to the additional uptake of H+ ions with increasing pH-value results in
altered photo-physical properties. In addition to this, there are also specially designed dyes
that use the FRET mechanism to detect pH level changes by time-resolved methods [34].

3.2.5. Quencher

With quenching reagents such as 4-hydroxy TEMPO, it is possible to actively shorten
the fluorescence lifetime due to a quenching process. The two most common quenching
mechanisms are the following: The first one is the so-called static quenching process.
In this situation, the quenching molecule, together with the fluorophore, creates a non-
fluorescent complex. The outcome is a reduced concentration of fluorescent molecules
leading to a weaker intensity. The radiative transition rate remains the same, and therefore,
no fluorescence lifetime change can be noticed [35]. The second mechanism is the dynamic
quenching effect. In this situation, a collision between the quenching molecule and the
excited fluorophore takes place. Due to this collision, the fluorophore converts to the ground
state without emitting a photon and therefore shortening the fluorescence lifetime [35].
The concentration of the quencher determines the extent to which the lifetime is shortened.
This makes it possible to set almost any time constant desired. For different tasks, it is
therefore possible to mimic defined biological components, for example, NADH and FAD
by coumarine 1 and coumarine 6 [20]. With the help of the Stern-Volmer representation, it
is possible to distinguish wherever a dynamic or static quenching process takes place [35].
For the sake of completeness, it has to be mentioned that next to the two above-mentioned
quenching mechanisms, the FRET process [36] and proton/electron transfer reactions could
possibly create a shortened lifetime as well [37].
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3.3. Technique Comparison

Nevertheless, there are some differences between both techniques that are necessary
to mention here. First, the image acquisition is either serial in TD or parallel in FD. In TD,
the laser is focused and scanned over the sample. This takes more time than imaging the
entire field of view at once with a camera, such as in FD. Therefore, the FD approach is
faster compared to TD. On the other hand, two-photon excitation is only possible with
focused light because of the high intensities needed for the nonlinear optical process to
occur. The associated longer wavelengths lie in the near infrared, which is related to an
optical window for biological tissue [38]. This enables deeper optical penetration depths by
the excitation laser light in highly scattering media. Another advantage of two-photon over
one-photon excitation is the optical sectioning capability, i.e., the sample can be virtually
sliced like in confocal microscopy [7,39]. In conclusion, the TD technique plays out its
potential the most in multiphoton microscopy, where an expensive ultrashort pulsed laser is
required. On the other hand, if acquisition speed is of utmost importance, the FD technique
clearly wins the race.

In addition to the acquisition, the data post processing and representation is comple-
mentary. While for the TD, no prior knowledge of the detected lifetime is needed, for the
FD, more accurate values can be achieved if the modulation frequency of the excitation
light is adjusted accordingly. Further, the extraction of the lifetime in the TD is complicated
by the fact that dependent on the sample system, a mono- or multi-exponential fit has to be
calculated. However, the interpretation is relatively easy, while for each exponential fit, a
single lifetime and amplitude are calculated. In the FD, the raw data result in two lifetime
components that are difficult to understand and illustrate in a concordant form.

With the help of the phasor plot, a graphical representation can be created that over-
comes the above-mentioned problems. While the fit algorithm in the TD is omitted, the
two components in the FD are compressed to a single vector. The phasor plot also helps
to understand the lifetime distribution in an intuitive way. By comparing these graphs in
biological contexts, changes in fluorophore ratios, quenching effects or other events can be
easily observed and interpreted [40,41].

4. Materials and Methods
4.1. Theoretical Background

In order to understand the FLIM-advantage, the underlying quantum process is
described briefly. The excitation photon elevates the sample molecules to an excited
electronic state where they remain for a stochastic time period before they return to the
electronic ground state either by radiative relaxation (kR) under emission of one photon per
molecule or by non-radiative relaxation (kNR) through one or more so-called dark channels.
The overall decay rate k is given by Equation (4):

k = kR + kNR (4)

Using this definition, the decay of the population N of the excited state is governed by
the following differential equation:

dN
dt

= −k · N (5)

The solution to this is a single-exponential function:

N(t) = N0 · exp(−k · t) (6)

The initial population N0 is dependent on the excitation and, therefore, susceptible to
the kind of excitation (1P or 2P) and the efficiency thereof, which is, besides other influences,
defined by the excitation wavelength. The signal intensity corresponds to the number of
emitted photons and is thus the negative rate described in Equation (5), that is k · N(t).
The product reflects not only the decay rate k but also the amount of excited molecules
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N—the better the excitation, the stronger the signal. However, if bleaching occurs, the
initial population N0 diminishes, and the signal drops accordingly.

On the other hand, FLIM only determines the decay rate k defined in Equation (4)
and does not share this flaw of intensity measurements. However, it should be noted
here that, though FLIM detects photons associated with the radiative channel kR, it also
reflects the non-radiative channels kNR and, therefore, the overall rate k. Therefore, one
must distinguish the detected lifetime τDet = 1

k from the so-called true lifetime τ = 1
kR

.
This is the reason for the differing lifetimes reported in the literature: experiments per-
formed under different circumstances incorporate different dark channels that lead to the
above-mentioned discrepancies in τDet. What makes it even more complicated is the fact
that for a variety of experimental scenarios, Equation (6) may be written as a series of
exponential functions accounting for several fluorescent components present in the sample.
For convenience, this series shall be written in terms of the signal intensity I(t) instead of
the population N(t):

I(t) =
N

∑
n=1

In · exp
(
− t

τn

)
(7)

4.1.1. Time-Domain (TD)

In TD-FLIM, a time-correlated single photon counting (TCSPC) device measures
the stochastic time period between excitation and emission of the fluorescent molecule,
which determines the arrival time of each measured photon. Although advanced versions
such as rapidFLIM [42] increased the detection rate considerably, the latter is still limited
because the detection of single photons is a prerequisite of this technique. For data analysis,
sufficient events are required for making the subsequent histogram of the arrival times
statistically significant. Furthermore, the origin of each photon is localized by scanning
the sample point-wise in a serial fashion. Therefore, statistics based on single-photon
detection combined with serial point-scanning of the sample make the acquisition time
long compared to frequency domain FLIM.

In this experiment, all samples were made with dye solutions containing neither
structures nor different components to increase the validity of the results. Therefore, the
measured histograms were fitted with a single-exponential reconvolution fit (Equation (8)),
where the instrument response function (IRF) is convolved (⊗) with the intensity decay
curve including a background B.

FIT(t) = IRF⊗ I0 · exp
(
− t

τ

)
+ B (8)

The samples were scanned over a range of 200 times 200 pixels to average over the
many molecules of the solutions. As expected, the recorded lifetimes of all pixels showed a
statistically normal distribution. For calculating the expectation value and the standard
deviation of the measurements, a Gaussian fit function was used.

4.1.2. Frequency Domain (FD)

In FD-FLIM, consecutive widefield images are taken in a rapid sequence with a
camera to extract the lifetime for each pixel in parallel. Using specially developed sensors,
these sequences can be recorded very fast and efficiently in a homodyne or heterodyne
fashion [11]. Compared to conventional image sensors, each pixel of this sensor has two
charge collection sites, including a switch that enables fast recording of two consecutive
images. The switch is synchronized to the modulation of the excitation laser so that each image
corresponds to half a period of the modulation. Please see [43,44] for a detailed description.

The excitation E(t) of the sample is performed using a sinusoidal modulated light
source and can be expressed as follows:

E(t) = AExc + BExc · sin(2π · fMod · t + φExc) (9)
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The parameter AExc describes the offset, BExc the amplitude and φExc the phase of the
excitation. With previous knowledge of the lifetime range τ to be measured, one can choose
the optimal modulation frequency fMod in the experiment according to Equation (10):

fMod =
1

2π · τ (10)

In analogy to a forced oscillation, the generated fluorescence F(t) is delayed, as well as
demodulated (Equation (11)):

F(t) = CEm + DEm · sin(2π · fMod · t + φEm) (11)

The modulation depths M of the excitation E(t), as well as of the fluorescence emission
F(t), are defined in Equations (12) and (13):

MExc =
BExc
AExc

(12)

MEm =
DEm
CEm

(13)

The transfer function between excitation E(t) and fluorescence F(t) shows a demodu-
lation (Equation (14)) and a phase shift (Equation (15)), which are directly related to the
photo-physical properties of the sample.

M =
MEm
MExc

(14)

φ = φEm − φExc (15)

Finally, with definitions made in Equations (14) and (15), two lifetimes τM and τP can
be derived in the FD approach:

τM =

√
1−M2

2π · fMod ·M
(16)

τP =
tan(φ)

2π · fMod
(17)

For single-exponential systems, both lifetimes τM and τP are the same. However, if the
sample contains several fluorescent components with lifetimes lying in the range between
τ1 and τ2, the demodulation lifetime τM differs from the phase lifetime τP [45]. Here, no
direct assignment to the individual lifetimes of the components can be made. In this case,
the single lifetime τ in Equation (10) should be substituted with the expression

√
τ1 · τ2 for

choosing the best possible modulation frequency when performing the experiment.
The FD camera (pco.FLIM, pco AG, Germany) used in the experiments detects the two

components τM and τP with a homodyne detection scheme [43,46]. In contrast to TD-FLIM, an
intensity-modulated diode laser was used for widefield illumination that excited the samples
via one-photon absorption. Analogous to the TD evaluation, all detected pixel lifetimes are
collected in a histogram and evaluated using a normal distribution fit (Figure 6B).

4.1.3. Phasor Plot Approach

Assuming that the emitted fluorescence of a fluorophore has a linear time-invariant
behavior, it is possible to measure the lifetime in the TD as well as in the FD [46] without
loss of information. For both approaches, however, the lifetime is not measured directly but
has to be extracted from the data by subsequent analysis. Especially in the TD, this often
leads to erroneous results depending on the selected fit function. Using the FD technique
instead, the statistical fit is omitted, but the fact that two lifetimes are calculated complicates
the interpretation of the results if the sample contains not just one but several components.
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The strength of the phasor plot lies in the consistent representation of lifetimes mea-
sured with either technique. Furthermore, the fit algorithm needed in TD becomes obsolete,
and the ambiguity present in FD is avoided [47,48]. For this expedient representation,
the respective pixel information is transformed into a vector with a defined magnitude
and angle. Because the pixel information differs in FD- and TD-FLIM, the two vector
components G and S are calculated in different ways. In the FD, the transformation is based
on the demodulation Mx,y and the phase shift φx,y for each pixel (x, y):

GFD(x, y) = Mx,y · cos(φx,y) (18)

SFD(x, y) = Mx,y · sin(φx,y) (19)

For data collected in the TD, the decay curve I(t) for each pixel (x, y) must be Fourier-
transformed and normalized, as described by Equations (20) and (21):

GTD(x, y) =

∫ T
0 Ix,y(t) · cos(2π · fRep · t) · dt

∫ T
0 Ix,y(t) · dt

(20)

STD(x, y) =

∫ T
0 Ix,y(t) · sin(2π · fRep · t) · dt

∫ T
0 Ix,y(t) · dt

(21)

The tips of the vectors, when plotted, are located within a semicircle, also called the
universal circle. This graphical representation allows a quick and detailed overview of
the lifetime distribution. If the vector point ends on the universal circle, it represents a
single-exponential lifetime. However, if the vector points are inside the circle, this indicates
that multiple fluorescent components have been detected (Figure 6C). Using this plot, it is
possible to graphically represent the correspondence of TD to FD data. When plotting the
vectors of all pixels in a single phasor plot, one can check the accuracy of the measurement
by comparing the sizes and densities of the respective clouds. With this representation,
further analysis methods such as image segmentation can be used, where only a defined
portion of the phasor plot is reproduced in the intensity image [49]. This eliminates the need
for shape-based segmentations for some applications and could be a way to label images
for artificial-intelligence-based algorithms [50]. Furthermore, an innovative approach to
metabolic imaging could be achieved with the help of the phasor plot [51]. For example, in
the field of bacteria research, different metabolic states induced by their environment could
be differentiated by applying segmentation to the phasor plot representation [52].

For comparing the obtained results of lifetime data and their different influence factors,
a self-made Matlab (R2020a, MathWorks, USA) program calculates the phasor plot from the
raw data detected either by the TCSPC device or the FD camera. The phasor plot depiction
is then represented according to an additive color overlay. For the FD- and TD-results,
a separate color map was created, which generates a corresponding blended color when
superimposed (here pink to white).
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Figure 6. This figure shows both methods of obtaining the fluorescence lifetime in the (A) time-
domain as well as in the frequency-domain (B). In the time-domain (A), a TCSPC device acts as a
stopwatch and registers the time differences between the excitation (top row) and the arrival of the
emitted fluorescence photon detected by a single photon detector (middle row). In the frequency-
domain (B), the lifetime information is calculated by comparing the phase and amplitude between
the modulated excitation (top row) and the modulated fluorescence of the sample (middle row).
The obtained values in TD- and FD-FLIM (bottom row) are correlated by the Fourier transformation.
(C) shows a way to represent both measurement results in a single plot, the so-called phasor plot. Each
lifetime of a pixel is represented by a vector with the components G and S. Single exponential decays are
located on the semicircle while multi-exponential decays are located within the semicircle. The position
of the point cloud along the connection line between the two dyes indicates the concentration ratio c
between them.

4.2. Experimental Setup

In order to obtain fluorescence lifetime data of different fluorophores, a custom-built
two-photon excited fluorescence microscope (TPEFM) was used. The optical setup is built
around a Nikon Eclipse Ti2 body, which was modified with various 3D-printed parts to
make it suitable for a broad variety of multiphoton microscopy techniques as well as for
the combination of TD- and FD-FLIM (Figure 7).
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Figure 7. Schematic drawing of the optical setup. The excitation beam path for the TD setup is
indicated in red. The fluorescence (green) for each pixel is detected with a single photon detector by
switching the selection mirror SM to the right position. The widefield excitation beam path for the
FD setup is shown in blue. Because one-photon excitation is used in FD and two-photon excitation is
used in TD, the dichroic mirror D1 differs from D2, thus excluding a simultaneous measurement.
Instead, individual filter cubes, one containing the excitation filter Ex1 and dichroic mirror D1 and
the other containing D2, are placed in the beam path depending on the measurement. L: lens, WF:
widefield lens, Ex: excitation filter, D: dichroic mirror, S: sample, PS: piezo stage, Em: emission filter,
SM: selection mirror, 1P: one-photon excitation, 2P: two-photon excitation, O: objective lens.

4.2.1. Time-Domain Experiment

Optical Setup: For the TD measurements, a sample scanning approach was realized
(Figure 7). An ultrashort pulsed fiber laser (FemtoFiber Dichro Design, TOPTICA Photonics
AG, Gräfelfing, Germany)—referred to as TD Laser—emitting pulses of 95 fs duration at
two wavelengths of λ1 = 780 nm and λ2 = 1034 nm was used for excitation. Both pulse
trains with a repetition rate of 80 MHz have a maximum laser power of 100 mW each.
Next, a Kepler-telescope consisting of two lenses L1 ( f1 = 20 mm) and L2 ( f2 = 100 mm)
with a 5× magnification was integrated. It was used to overfill the back aperture of the
objective, thus focusing the light to the diffraction limit. The beam enters the microscope
body through the rear input port and is reflected by a dichroic mirror D1 (F38-749, AHF
Analysentechnik, Tübingen, Germany) towards the objective. This optical component is
located in a filter cube. The water immersion objective (CFI Apo MRD77200, Nikon, Japan)
has a 20× magnification and a numerical aperture of 0.95. A piezo stage PS (Nano-LPS,
Mad City Labs, Madison, WI, USA) moves the sample S along a defined path while the laser
focus stays fixed. The generated fluorescence is then collected through the same objective
and passes the dichroic mirror. A selection mirror SM reflects the fluorescence light either
to the TD Detector or the FD Camera. For TD measurements, the fluorescence is filtered by
a bandpass filter Em1 (F39-653, AHF Analysentechnik, Germany) at (550± 25) nm before a
lens L3 ( f = 7.5 mm) focuses it onto a single photon detector (MPD-APD 50, Micro Photon
Devices Srl, Bolzano, Italy).

Electronic Signal Path: A TCSPC card (Multiharp 150, PicoQuant, Berlin, Germany)
was used to detect the laser reference signal, as well as the signal of the single photon
detector to measure the time difference between them. Care was taken that each detected
photon was assigned correctly to the corresponding excitation laser pulse, which is recorded
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by a photodiode. For this purpose, the photodiode signal is fed into an electronic pulse
delay device (Picosecond Delayer, Micro Photon Devices Srl, Italy). This can shift the
electrical signal with picosecond accuracy to compensate for time delays caused by the
optical and electronic setup when recording the signals. The frame- and line-trigger
required for image acquisition are generated by the control unit of the piezo stage.

Control Software: Two control programs were used for image acquisition. The Sym-
photime software (SymPhoTime64 Version: v2.6.5544, PicoQuant, Germany) manages data
acquisition and raw data fitting. A self-made program (LabView Version: 17.0, National
Instruments, Austin, TX, USA) is used to control the piezostage for sample scanning and
generates the required line-start, line-end and frame trigger signals.

4.2.2. Frequency-Domain Setup

Optical Setup: For lifetime detection in the FD, a widefield approach is required
(Figure 7). Thus, the moving piezostage PS with which the sample is moved in the TD
was omitted. Two separate laser diodes (LuxX Series, Omicron, Germany) were used,
offering an internal modulation capability to generate sinusoidal radiation at wavelengths
of 405 and 445 nm with 100 mW laser power for each FD Laser. A liquid light guide
directs the light to a widefield coupling located at the rear of the microscope containing
appropriate lenses to collimate (WF1 ) and to focus (WF2) the emerging light into the back
focal plane of the objective. A clean-up filter Ex1 (405 nm: F49-406; 445 nm: F39-448, AHF
Analysentechnik, Germany) in the beam path blocks all other wavelength components
but the laser wavelength itself. To image the sample, the TD Objective O was reused.
The laser light was separated by a dichroic mirror D2 (405 nm: F48-425; 445 nm: F38-470,
AHF Analysentechnik, Germany). For the elimination of any laser radiation or ambient
light, an appropriate fluorescence filter Em2 (405 nm: F47-424; 445 nm: F76-460, AHF
Analysentechnik, Germany) was used. The selection mirror SM was aligned in order to
focus the fluorescence signal via a lens L4 onto an FD FLIM camera (pco.FLIM, pco AG,
Kelheim, Germany).

Signal Path: The signal path includes two BNC cables between the camera and the
laser. These cables were used to synchronize the homodyne detection method within
the camera and the modulation signal of the laser. The data transfer between the control
computer and the pco.FLIM camera was done via a USB 3.0 interface.

Control Software: The NIS Elements software (V5.0, Nikon, Japan) serves as control
software. In addition to all control parameters for the lifetime detection, it is also used for
analyzing the raw data. For calibration, a reference measurement with a sample of known
lifetime (Starna Green, Starna Scientific Limited, Ilford, UK) has to be performed at the
start of each measurement campaign.

4.3. Sample Preparation

To cover a wide range of dyes, a sample selection was made on the basis of spectral
data to be measurable both with the TD and the FD systems. Among common fluorophores,
those were selected with regard to their chemical properties to react, for example, strongly
to a pH change such as fluorescein [53]. All sample fluorophores are listed in Table 8.
For microscopic examination, a volume of 30 µL was placed in a sterile ibidi µ-Slide VI0.4
(80606, ibidi GmbH, Gräfelfing, Germany) and subsequently measured.

Table 8. Sample fluorophores with the respective concentration.

Number Fluorophore Distributor Article No. Molar Weight (g/mol) Concentration (M)

1 Rose Bengal Sigma Aldrich 330000 1017.64 10−1, 10−2, 10−3, 10−4

2 Lucifer Yellow Sigma Aldrich LO144 521.57 10−1, 10−2, 10−3, 10−4, 8·10−5

3 Fluorescein Sigma Aldrich 46955 332.31 10−1, 10−2, 10−3, 10−4

4 Coumarin 1 Sigma Aldrich D87759 231.29 10−1, 10−2, 10−3, 10−4

5 Coumarin 6 Sigma Aldrich 546283 350.43 10−1, 10−2, 10−3, 10−4
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Concentration: All sample fluorophores here were in salt form. Using the substance-
specific property of the molar weight M and the desired amount of salt for a specific
concentration c, the final volume V was calculated according to Equation (22). For concen-
tration series, a stock solution of V = 1.5 µL with a concentration of c = 0.1 mol/L was
produced that was afterward diluted to the desired concentration value.

mFluorophore = V · c ·M (22)

Solvent Polarity: To investigate whether the polarity has an influence on the fluores-
cence lifetime, the dyes were dissolved in different solvents (Table 9).

Table 9. Solvent used for the different types of fluorophores.

Solvent Distributor Article No. Fluorophores

Water Merck 1.15333 1, 2, 3
Methanol Merck 1.06002 1, 2, 3, 4, 5
Ethanol Merck 1.0098 1, 2
Aceton Sigma Aldrich 270725-1L 1, 2

Microenvironment: As variable environmental parameters, the pH level and the
temperature of the solvent were varied. The pH level adjustments were carried out on a
dye solution of 20 ml that was diluted with HCl or NaOH, respectively, to achieve pH-
values in the range between 3 and 12. The exact pH-value was checked with a pH-meter
(CyberScan ph 100, Eutech InstrumentsPte Lte, Singapore) measuring device before and
after each lifetime measurement.

A stage top incubation system (10720, ibidi GmbH, Germany) was used for controlled
temperature changes. The temperature range to be covered was between 21 and 42 ◦C.
For temperature verification, a chamber of the µ-Slide filled with the fluorophore solution
under investigation was equipped with a temperature probe. For each measurement,
a 10 min settling period was ensured to avoid possible temperature fluctuation during
the measurement.

Quencher: Quencher experiments were made with 4-hydroxy TEMPO (176141, Sigma
Aldrich Chemie GmbH, Darmstadt, Germany) in combination with coumarine 1 and
coumarine 6 in two different concentrations. For coumarine 1, quencher concentration of
0.00855 and 0.234 M were used and for coumarine 6, quencher concentrations of 0.0013 and
0.713 M.

4.4. Statistics

To meet statistical standards, both TD and FD experiments were repeated seven
times for each measurement. To confirm the reproducibility of the series, a p-value was
calculated [54]. Therefore, a binomial distribution of τ and its error was assumed. If the
p-value lies under a threshold of 0.05, it is statistically proven that the lifetimes that are
obtained under different conditions are consistent. These conditions may be the application
of a specific setup such as TD and FD or changing specific parameters such as temperature,
pH level and so forth. For the graphical presentation of the measurement results, the mean
values and their averaged standard deviation are displayed next to the phasor plot.

5. Conclusions

In this work, several experimental parameters are demonstrated to have an influence
on the lifetime of specific fluorophores. This sensitivity can be used to the advantage of
the experimenter: monitoring the lifetime will reveal how much a parameter changes
during the measurement. On the other hand, having these findings in mind, one has to
be careful to have control over all influencing parameters to make the results comparable
and consistent with other measurements [55]. Therefore, it would be beneficial in future
publications to also name the solvent polarity, the temperature and the pH-value next to
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the fluorophore. If a large spectral overlap between the absorption and emission spectrum
of the fluorophore exists, its concentration should also be mentioned.

The statistical analysis of all measurements proved without exception that the results
of the TD setup are consistent with the ones obtained with the FD setup. Therefore, it
can be concluded that both setups produce reliable data if all influencing parameters are
under the control of the experimenter. Both techniques have the advantage in common
of not relying on the way the fluorophore is excited. Therefore, their independence from
the excitation laser wavelength or from the number of photons absorbed to transfer the
fluorophore to its excited state was demonstrated.

While the discussion section explains which fundamental process lies behind each
influencing parameter, it is possible to use this information and create fluorophores that
function as biological sensors. For example, fluorescein is used in clinical studies to image
the pH-value and infer cancer in breast tissue [33]. Further, special dyes were developed
that can monitor the intracellular viscosity through the fluorescence lifetime [56]. Other
fluorophores give the possibility to detect intracellular temperature changes [31]. Each
experiment can thus benefit from selecting the right dye for the particular parameter that
has to be determined.
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9. Boens, N.; Qin, W.; Basarić, N.; Hofkens, J.; Ameloot, M.; Pouget, J.; Lefevre, J.P.; Valeur, B.; Gratton, E.; VandeVen, M.; et al.

Fluorescence lifetime standards for time and frequency domain fluorescence spectroscopy. Anal. Chem. 2007, 79, 2137–2149.
[CrossRef]

10. Casey, K.G.; Quitevis, E.L. Effect of solvent polarity on nonradiative processes in xanthene dyes: Rhodamine B in normal alcohols.
J. Phys. Chem. 1988, 92, 6590–6594. [CrossRef]

11. Gadella Jr, T.W.; Jovin, T.M.; Clegg, R.M. Fluorescence lifetime imaging microscopy (FLIM): Spatial resolution of microstructures
on the nanosecond time scale. Biophys. Chem. 1993, 48, 221–239. [CrossRef]

46



Int. J. Mol. Sci. 2022, 23, 15885

12. Kristoffersen, A.S.; Erga, S.R.; Hamre, B.; Frette, Ø. Testing fluorescence lifetime standards using two-photon excitation and
time-domain instrumentation: Rhodamine B, coumarin 6 and lucifer yellow. J. Fluoresc. 2014, 24, 1015–1024. [CrossRef] [PubMed]

13. Fleming, G.; Knight, A.; Morris, J.; Morrison, R.; Robinson, G. Picosecond fluorescence studies of xanthene dyes. J. Am. Chem.
Soc. 1977, 99, 4306–4311. [CrossRef]

14. Periasamy, A.; Wodnicki, P.; Wang, X.F.; Kwon, S.; Gordon, G.W.; Herman, B. Time-resolved fluorescence lifetime imaging
microscopy using a picosecond pulsed tunable dye laser system. Rev. Sci. Instruments 1996, 67, 3722–3731. [CrossRef]

15. Krishnan, R.V.; Masuda, A.; Centonze, V.F.E.; Herman, B.A. Quantitative imaging of protein–protein interactions by multiphoton
fluorescence lifetime imaging microscopy using a streak camera. J. Biomed. Opt. 2003, 8, 362–367. [CrossRef]

16. Lakowicz, J. Principles of Fluorescence Spectroscopy, 2nd ed.; Plenum: New York, NY, USA, 1999.
17. Andrade, J.; Estévez-Pérez, M. Statistical comparison of the slopes of two regression lines: A tutorial. Anal. Chim. Acta 2014,

838, 1–12. [CrossRef]
18. Glasgow, B.J. Fluorescence lifetime imaging microscopy reveals quenching of fluorescein within corneal epithelium. Exp. Eye Res.

2016, 147, 12–19. [CrossRef]
19. Love, L.C.; Upton, L.M.; Ritter, A.W. Solvent effects on fluorescence spectra decay times and quantum yields of atabrine and its

homologs. Anal. Chem. 1978, 50, 2059–2064. [CrossRef]
20. Freymüller, C.; Kalinina, S.; Rück, A.; Sroka, R.; Rühm, A. Quenched coumarin derivatives as fluorescence lifetime phantoms for

NADH and FAD. J. Biophoton. 2021, 14, e202100024. [CrossRef]
21. Hilborn, R.C. Einstein coefficients, cross sections, f values, dipole moments, and all that. Am. J. Phys. 1982, 50, 982–986. [CrossRef]
22. Xu, C.; Webb, W.W. Measurement of two-photon excitation cross sections of molecular fluorophores with data from 690 to

1050 nm. JOSA B 1996, 13, 481–491. [CrossRef]
23. Shibasaki, Y.; Suenobu, T.; Nakagawa, T.; Katoh, R. Effect of reabsorption of fluorescence on transient absorption measurements.

Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 220, 117127. [CrossRef] [PubMed]
24. Ishikawa-Ankerhold, H.C.; Ankerhold, R.; Drummen, G.P. Advanced fluorescence microscopy techniques—Frap, Flip, Flap, Fret

and flim. Molecules 2012, 17, 4047–4132. [CrossRef] [PubMed]
25. Wallrabe, H.; Periasamy, A. Imaging protein molecules using FRET and FLIM microscopy. Curr. Opin. Biotechnol. 2005, 16, 19–27.

[CrossRef] [PubMed]
26. Loving, G.S.; Sainlos, M.; Imperiali, B. Monitoring protein interactions and dynamics with solvatochromic fluorophores. Trends

Biotechnol. 2010, 28, 73–83. [CrossRef]
27. Berezin, M.Y.; Lee, H.; Akers, W.; Achilefu, S. Near infrared dyes as lifetime solvatochromic probes for micropolarity measure-

ments of biological systems. Biophys. J. 2007, 93, 2892–2899. [CrossRef] [PubMed]
28. Spange, S.; Reuter, A.; Vilsmeier, E. On the determination of polarity parameters of silica by means of solvatochromic probe dyes.

Colloid Polym. Sci. 1996, 274, 59–69. [CrossRef]
29. Xiao, H.; Li, P.; Tang, B. Recent progresses in fluorescent probes for detection of polarity. Coord. Chem. Rev. 2021, 427, 213582.

[CrossRef]
30. Jue, T. Fundamental Concepts in Biophysics; Springer: Cham, Switzerland, 2009; Volume 1.
31. Okabe, K.; Inada, N.; Gota, C.; Harada, Y.; Funatsu, T.; Uchiyama, S. Intracellular temperature mapping with a fluorescent

polymeric thermometer and fluorescence lifetime imaging microscopy. Nat. Commun. 2012, 3, 705. [CrossRef]
32. Zhang, H.; Huang, H.; He, S.; Zeng, H.; Pralle, A. Monodisperse magnetofluorescent nanoplatforms for local heating and

temperature sensing. Nanoscale 2014, 6, 13463–13469. [CrossRef]
33. Lee, J.; Kim, B.; Park, B.; Won, Y.; Kim, S.Y.; Lee, S. Real-time cancer diagnosis of breast cancer using fluorescence lifetime

endoscopy based on the pH. Sci. Rep. 2021, 11, 16864. [CrossRef] [PubMed]
34. Burgstaller, S.; Bischof, H.; Gensch, T.; Stryeck, S.; Gottschalk, B.; Ramadani-Muja, J.; Eroglu, E.; Rost, R.; Balfanz, S.; Baumann, A.;

et al. pH-Lemon, a fluorescent protein-based pH reporter for acidic compartments. ACS Sensors 2019, 4, 883–891. [CrossRef]
[PubMed]

35. Albrecht, C. Joseph R. Lakowicz: Principles of Fluorescence Spectroscopy; Springer: Cham, Switzerland, 2008.
36. Förster, T. Zwischenmolekulare energiewanderung und fluoreszenz. Ann. Der. Phys. 1948, 437, 55–75. [CrossRef]
37. Doose, S.; Neuweiler, H.; Sauer, M. Fluorescence quenching by photoinduced electron transfer: A reporter for conformational

dynamics of macromolecules. ChemPhysChem 2009, 10, 1389–1398. [CrossRef] [PubMed]
38. Anderson, R.R.; Parrish, J.A. The optics of human skin. J. Investig. Dermatol. 1981, 77, 13–19. [CrossRef]
39. Conchello, J.A.; Lichtman, J.W. Optical sectioning microscopy. Nat. Methods 2005, 2, 920–931. [CrossRef] [PubMed]
40. Lou, J.; Scipioni, L.; Wright, B.K.; Bartolec, T.K.; Zhang, J.; Masamsetti, V.P.; Gaus, K.; Gratton, E.; Cesare, A.J.; Hinde, E. Phasor

histone FLIM-FRET microscopy quantifies spatiotemporal rearrangement of chromatin architecture during the DNA damage
response. Proc. Natl. Acad. Sci. USA 2019, 116, 7323–7332. [CrossRef]

41. Ranjit, S.; Datta, R.; Dvornikov, A.; Gratton, E. Multicomponent analysis of phasor plot in a single pixel to calculate changes of
metabolic trajectory in biological systems. J. Phys. Chem. A 2019, 123, 9865–9873. [CrossRef]

42. Orthaus-Mueller, S.; Kraemer, B.; Dowler, R.; Devaux, A.; Tannert, A.; Roehlicke, T.; Wahl, M.; Rahn, H.J.; Erdmann, R. RapidFLIM:
The new and innovative method for ultra fast flim imaging. PicoQuant Appl. Note 2017, 2017, 1–8.

43. Chen, H.; Holst, G.; Gratton, E. Modulated CMOS camera for fluorescence lifetime microscopy. Microsc. Res. Tech. 2015,
78, 1075–1081. [CrossRef]

47



Int. J. Mol. Sci. 2022, 23, 15885

44. Esposito, A.; Oggier, T.; Gerritsen, H.; Lustenberger, F.; Wouters, F. All-solid-state lock-in imaging for wide-field fluorescence
lifetime sensing. Opt. Express 2005, 13, 9812–9821. [CrossRef] [PubMed]

45. Verveer, P.J.; Squire, A.; Bastiaens, P.I. Global analysis of fluorescence lifetime imaging microscopy data. Biophys. J. 2000,
78, 2127–2137. [CrossRef] [PubMed]

46. Franke, R.; Holst, G.A. Frequency-domain fluorescence lifetime imaging system (pco. flim) based on a in-pixel dual tap control
CMOS image sensor. Imaging Manip. Anal. Biomol. Cells Tissues 2015, 9328, 241–259.

47. Ranjit, S.; Malacrida, L.; Jameson, D.M.; Gratton, E. Fit-free analyss of fluorescence lifetime imaging data using the phasor
approach. Nat. Protoc. 2018, 13, 1979–2004. [CrossRef]

48. Sun, Y.; Liao, S.C. The Ultimate Phasor Plot and Beyond; ISS Inc.: San Antonio, TX, USA, 2014.
49. Zhang, Y.; Hato, T.; Dagher, P.C.; Nichols, E.L.; Smith, C.J.; Dunn, K.W.; Howard, S.S. Automatic segmentation of intravital

fluorescence microscopy images by K-means clustering of FLIM phasors. Opt. Lett. 2019, 44, 3928–3931. [CrossRef]
50. Mannam, V.; Zhang, Y.; Yuan, X.; Ravasio, C.; Howard, S.S. Machine learning for faster and smarter fluorescence lifetime imaging

microscopy. J. Phys. Photon. 2020, 2, 042005. [CrossRef]
51. Datta, R.; Heylman, C.; George, S.C.; Gratton, E. Label-free imaging of metabolism and oxidative stress in human induced

pluripotent stem cell-derived cardiomyocytes. Biomed. Opt. Express 2016, 7, 1690–1701. [CrossRef]
52. Bhattacharjee, A.; Datta, R.; Gratton, E.; Hochbaum, A.I. Metabolic fingerprinting of bacteria by fluorescence lifetime imaging

microscopy. Sci. Rep. 2017, 7, 3743. [CrossRef]
53. Martin, M.M.; Lindqvist, L. The pH dependence of fluorescein fluorescence. J. Lumin. 1975, 10, 381–390. [CrossRef]
54. Krzywinski, M.; Altman, N. Significance, p values and t-tests. Nat. Methods 2013, 10, 1041–1042. [CrossRef]
55. Montero Llopis, P.; Senft, R.A.; Ross-Elliott, T.J.; Stephansky, R.; Keeley, D.P.; Koshar, P.; Marqués, G.; Gao, Y.S.; Carlson, B.R.;

Pengo, T.; et al. Best practices and tools for reporting reproducible fluorescence microscopy methods. Nat. Methods 2021,
18, 1463–1476. [CrossRef] [PubMed]

56. Peng, X.; Yang, Z.; Wang, J.; Fan, J.; He, Y.; Song, F.; Wang, B.; Sun, S.; Qu, J.; Qi, J.; et al. Fluorescence ratiometry and
fluorescence lifetime imaging: Using a single molecular sensor for dual mode imaging of cellular viscosity. J. Am. Chem. Soc.
2011, 133, 6626–6635. [CrossRef] [PubMed]

48



Citation: Lu, Z.; Xu, G.; Yang, X.; Liu,

S.; Sun, Y.; Chen, L.; Liu, Q.; Liu, J.

Dual-Activated Nano-Prodrug for

Chemo-Photodynamic Combination

Therapy of Breast Cancer. Int. J. Mol.

Sci. 2022, 23, 15656. https://doi.org/

10.3390/ijms232415656

Academic Editors: Antonino

Mazzaglia, Angela Scala and

Enrico Caruso

Received: 20 October 2022

Accepted: 7 December 2022

Published: 10 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Dual-Activated Nano-Prodrug for Chemo-Photodynamic
Combination Therapy of Breast Cancer
Ziyao Lu 1,2,†, Gan Xu 3,†, Xiaozhen Yang 3, Shijia Liu 1, Yang Sun 1,4, Li Chen 1,2, Qinying Liu 1,*
and Jianyong Liu 3,5,6,*

1 Fujian Provincial Key Laboratory of Tumor Biotherapy, Clinical Oncology School of Fujian Medical University,
Fujian Cancer Hospital, Fuzhou 350014, China

2 Fujian Provincial Key Laboratory of Medical Instrument and Pharmaceutical Technology,
College of Biological Science and Technology, Fuzhou University, Fuzhou 350108, China

3 National & Local Joint Biomedical Engineering Research Center on Photodynamic Technologies,
College of Chemistry, Fuzhou University, Fuzhou 350108, China

4 Department of Gynecology, Clinical Oncology School of Fujian Medical University, Fujian Cancer Hospital,
Fuzhou 350014, China

5 Key Laboratory of Molecule Synthesis and Function Discovery, Fujian Province University,
College of Chemistry, Fuzhou University, Fuzhou 350108, China

6 State Key Laboratory of Photocatalysis on Energy and Environment, College of Chemistry, Fuzhou University,
Fuzhou 350108, China

* Correspondence: liuqy@fjmu.edu.cn (Q.L.); lkw82@fzu.edu.cn (J.L.)
† These authors contributed equally to this work.

Abstract: Herein, we developed a dual-activated prodrug, BTC, that contains three functional compo-
nents: a glutathione (GSH)-responsive BODIPY-based photosensitizer with a photoinduced electron
transfer (PET) effect between BODIPY and the 2,4-dinitrobenzenesulfonate (DNBS) group, and an
ROS-responsive thioketal linker connecting BODIPY and the chemotherapeutic agent camptothecin
(CPT). Interestingly, CPT displayed low toxicity because the active site of CPT was modified by
the BODIPY-based macrocycle. Additionally, BTC was encapsulated with the amphiphilic polymer
DSPE-mPEG2000 to improve drug solubility and tumor selectivity. The resulting nano-prodrug pas-
sively targeted tumor cells through enhanced permeability and retention (EPR) effects, and then
the photosensitizing ability of the BODIPY dye was restored by removing the DNBS group with
the high concentration of GSH in tumor cells. Light-triggered ROS from activated BODIPY can not
only induce apoptosis or necrosis of tumor cells but also sever the thioketal linker to release CPT,
achieving the combination treatment of selective photodynamic therapy and chemotherapy. The
antitumor activity of the prodrug has been demonstrated in mouse mammary carcinoma 4T1 and
human breast cancer MCF-7 cell lines and 4T1 tumor-bearing mice.

Keywords: nano-prodrug; photodynamic therapy; reactive oxygen species; activation;
combination therapy

1. Introduction

Cancer has become one of the most important causes of death in the past few decades
due to invasion and metastasis [1,2]. Although chemotherapy has always been a powerful
tool to induce apoptosis or necrosis of cancer cells [3,4], it has limited effects due to its low
selectivity and serious systemic toxicity [5]. Therefore, there is an urgent need to develop
antitumor drugs with low toxicity and high efficiency.

Photodynamic therapy (PDT) is regarded as one of the most effective treatments for
cancer due to its small trauma [6], poor toxicity and high spatiotemporal selectivity [7,8].
PDT contains three critical components, including a photosensitizer (PS), light with a
specific wavelength and oxygen to generate reactive oxygen species (ROS), particularly
singlet oxygen, to induce cell apoptosis or necrosis [9]. Pioneering studies have confirmed
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that the combination of PDT and chemotherapy is a promising treatment mode, which
not only reduces the dose of the most toxic component but also overcomes single-mode
limitations [10,11]. However, most encapsulation or conjugation of PSs and chemothera-
peutic agents typically result in drug leakage and low drug toxicity [12,13]. An effective
method has been developed to overcome the above shortcomings and improve drug bi-
ological activity. Specifically, chemotherapeutic agents are activated by internal (such as
hypoxia, high concentrations of GSH, etc.) or external (such as temperature, ROS, etc.)
stimuli to release on-demand drugs [14,15]. Youngjae You et al. linked phthalocyanine
to PTX using a ROS-sensitive linker. ROS produced after illumination can be used to kill
cancer cells as well as cut off the linker to release PTX [16,17]. However, prodrugs can
still cause phototoxicity and side effects to normal cells due to their poor selectivity and
irregular tumor margins [18,19]. Thus, more practical PSs that only work in tumor tissue
through activation by the tumor environment have emerged.

Compared with the normal cell microenvironment, tumor cells have some inimitable
pathological signals, such as vascular abnormalities, high concentrations of GSH, acidosis
and hypoxia [20–23]. The PSs lose their photoactivity by connecting to quenchable groups
through chemical bonds sensitive to the tumor microenvironment. In the tumor microenvi-
ronment, the chemical bonds break, the quenchable effect disappears and the photoactivity
of PSs recovers [24–26]. There are many types of intermolecular quenching mechanisms,
such as photoinduced electron transfer (PET) [27,28], forster resonance energy transfer
(FRET) [29,30] and internal charge transfer (ICT) [31,32]. Akkaya et al. designed a GSH-
activated BODIPY based on the PET effect between the 2,4-dinitrobenzenesulfonate (DNBS)
group and the parent nucleus of BODIPY [33]. Zheng et al. designed an MMP-7-responsive
PS in which porphyrin and a quenching agent (BHQ3) could cause the FRET effect [34].
Zhao et al. designed an activated PS based on the ICT effect between the DNBS group
and iodinated BODIPY [35]. Although environmentally responsive PSs avoid damage to
normal tissues, nontargeting agents still lead to low PDT efficiency [36,37]. To solve the
above drawback, specific chemical bonds are usually added to PSs to connect polypep-
tides, vitamins, antibodies and small molecules, which increase tumor targeting [38–42].
Alternatively, taking advantage of the large space between vascular endothelial cells at the
tumor, nanoparticles loaded into PSs also enter the tumor tissue by virtue of the enhanced
permeability and retention (EPR) effect [43–46].

In this study, we designed a prodrug that combines passive targeting and stepwise
activation. First, the fluorescence of BODIPY was quenched due to the PET effect existing
between BODIPY and the DNBS group. In an environment of high concentration GSH,
the sulfhydryl group of GSH and the nitro sulfonate structure undergo a nucleophilic
substitution reaction which leaves the 2,4-dinitrobenzenesulfonyl moiety, the PET effect is
inhibited and the fluorescence of BODIPY is restored. Then, CPT is attached to BODIPY
by means of a ROS-sensitive linker. The fluorescence of CPT is quenched by BODIPY
derivatives, accounting for FRET, and the low toxicity of CPT is displayed because the
active site of CPT is modified by a BODIPY-based macrocycle. Meanwhile, nanoparticles
are coated with the amphiphilic polymer DSPE-mPEG2000 to improve drug solubility and
tumor selectivity. As demonstrated in Scheme 1, after entering the tumor through passive
targeting, the prodrug is activated by a high concentration of GSH in the tumor, and ROS is
produced under light stimulation to damage tumor cells. Meanwhile, ROS ruptures the TK
linker between BODIPY and CPT, releasing CPT to achieve the combination treatment of
selective PDT and chemotherapy.
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Scheme 1. The chemical structure and activation mechanism of nano-prodrug BTC NPs.

2. Results and Discussion
2.1. Molecular Design and Synthesis

In this paper, we rationally designed GSH and a ROS-responsive prodrug that consists
of the DNBS group, BODIPY-based PS, a ROS-cleavable thioketal linker and CPT. As is
known, the BODIPY-based fluorescent dye is a hopeful fluorescent chromophore, which
is mainly due to its strong absorption in the visible and near infrared region (NIR), and
robust photo-stability. Interestingly, its spectral properties can be significantly tuned
by reasonable chemical modification. Scheme 2 depicts the synthetic route for the BTC.
First, the distyryl-substituted BODIPY 1 was modified with the 3,4-dinitrobenzenesulfonyl
chloride to produce GSH-responsive BODIPY 2. Owing to photo-induced electron transfer
(PET), GSH-responsive BODIPY 2 had a relatively weak fluorescence emission and a red-
shift absorption, which is beneficial to the PDT of deep tissues. Then, BODIPY 2 was clicked
with covalent CPT 3a containing a ROS-sensitive linkage to attain BTC. For comparison,
the reference compounds with ROS-insensitive carbon chains, BCC was also prepared in a
similar procedure. In brief, BTC and BCC were nontoxic to healthy cells with or without
light. In contrast, BCC only restored phototoxicity in tumor cells with a laser. However,
BTC restored phototoxicity and chemotoxicity. The synthesis process and characterization
in the Supporting Information demonstrate that BTC and BCC were successfully obtained
(Figures S12–S17).

2.2. Photophysical and Photochemical Properties
2.2.1. Photophysical Properties

The electronic absorption spectra of BTC, BCC, BODIPY 2 and CPT were measured
in dimethylsulfoxide (DMSO). As shown in Figures S1 and S2, BTC, BCC and BODIPY 2
showed a strong Q band with a maximum absorption wavelength of 683 nm. It was found
that the maximum absorption wavelength of BODIPY 2 was redshifted by 10 nm compared
with that of BODIPY 1 (Table S1), which may have been due to the strong electron-absorbing
effect of introducing the DNBS group. In addition, the absorption of BTC and BCC were
the superposition of CPT and BODIPY 2, which indicated that the introduction of CPT
negligibly affected the electron absorption of BTC and BCC (Figure S1). When BODIPY 1
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was selectively excited at 610 nm, BODIPY 1 exhibited considerable fluorescence emission.
The fluorescence quantum yield (ΦF) of BODIPY 1 was determined to be 0.319 relative
to unsubstituted zinc (II) phthalocyanine (ZnPc). However, BODIPY 2, BCC and BTC
were virtually nonfluorescent. This change was attributed to the conjugation with the
DNBS group. Their fluorescence quantum yields were estimated to be 0.081, 0.076, 0.078,
respectively (Figure 1a and Table S1). This result demonstrated that the DNBS moiety could
effectively reduce the fluorescence emission.

Scheme 2. Synthesis of the prodrug BTC together with the reference compounds BCC.

2.2.2. GSH-Responsive Behavior

The intracellular concentration of GSH is approximately one thousand times that of
extracellular GSH. Here, we used concentrations of 2.5 µM and 2.5 mM GSH to mimic the
inside and outside of the tumor cells, respectively. As can be seen from Figures 1b and S3a,c,
the fluorescence emission intensity of BCC and BTC at 718 nm showed no significant change
after two hours of incubation with 2.5 µM GSH. However, when they were incubated with
2.5 mM GSH (Figures 1b and S3b,d), the fluorescence emission intensity steadily increased
with the extension of incubation time and finally stabilized, and the fluorescence intensity
of BTC and BCC at 718 nm increased remarkably, by approximately 4-fold, compared with
incubating with 2.5 µM GSH for 2 h, showing that the DNBS group was susceptible to
thiol-mediated cleavage in a millimolar concentration of GSH, and the recovery degree of
PS fluorescence was positively correlated with the concentration of GSH and incubation
time. This also means that BTC and BCC can remain in a quenched state in the blood
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circulation; however, once they enter the tumor cells, they can be activated rapidly by GSH
inside the tumor cells.

Figure 1. (a) Fluorescence emission spectra of ZnPc, 1, 2, BCC, and BTC with absorbances between
0.04–0.05 at 610 nm in DMSO (λex = 610 nm). (b) Changes in fluorescence intensity of BTC and
BCC at 718 nm with culture time in DMSO/PBS (3:1, v/v) after addition of GSH (2.5 µM or 2.5 mM).
(c) Comparison of the degradation rates of DPBF as monitored by the decrease in electronic absorbance
at 415 nm with irradiation (660 nm, 1 mW/cm2) time in DMSO/PBS (3:1, v/v) under various
conditions. (d) Changes in fluorescence intensity of BTC and BCC at 430 nm with irradiation (660 nm,
30 mW/cm2) time in DMSO/PBS (3:1, v/v) after treatment with GSH (2.5 µM or 2.5 mM) for 2 h.

As expected, the singlet oxygen (1O2) generation efficiency of BTC and BCC also
responded similarly. The trapping agent of singlet oxygen, 1,3-diphenyliso-benzofuran
(DPBF), is the best choice for singlet oxygen detection due to its high stability and sensitivity.
When the 1O2 reacts with DPBF in solution, the conjugated structure of DPBF will be
destroyed and the absorption of DPBF at 415 nm will be reduced. Therefore, the 1O2
production capacity of the compound was indirectly reflected by observing the decrease
rate of DPBF absorption at 415 nm. As depicted in Figure S4b,e, there were no considerable
absorption changes for DPBF at 415 nm in the presence of BTC and BCC under light
(660 nm, 1 mW/cm2). The results indicated that both BTC and BCC did not effectively
generate singlet oxygen. Under 2.5 µM GSH, there was essentially unchanged absorbance
of DPBF at 415 nm under irradiation at 660 nm (Figures 1c and S4c,f), which indicated that
BTC and BCC could not effectively generate singlet oxygen after coculturing for 120 min
with 2.5 µM GSH. However, after incubating these two compounds with 2.5 mM GSH, the
absorbance of DPBF at 415 nm decreased remarkably (Figures 1c and S4d,g), indicating that
these two compounds obviously boosted the photo-degradation of DPBF. All the above
findings revealed that the intramolecular PET process in BTC and BCC disappeared with
the high concentration of GSH, increasing the fluorescence emission and singlet oxygen
generation efficiency.

2.2.3. ROS-Triggered CPT Release

The first step was to confirm the intramolecular FRET process in BTC and BCC. The
fluorescence of BTC or BCC was compared with that of CPT under the same conditions.
Upon excitation at 370 nm, the fluorescence of CPT was strong at 430 nm (Figure S5). By
contrast, we found that the fluorescence intensity of BTC and BCC decreased dramatically
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at 430 nm, and a new fluorescence peak appeared at 724 nm (Figure S5). This phenomenon
accounted for the FRET effect between BODIPY units and CPT, such that the fluorescence of
CPT was quenched by BODIPY units. The next step was to evaluate the CPT moiety release
in the prodrug BTC by monitoring the fluorescence changes at 430 nm under different
conditions. According to Figures 1d and S6a, after the treatment of the solution of BTC
with laser light (660 nm, 30 mW/cm2), the fluorescence intensity of CPT hardly changed,
indicating the CPT moiety was barely released. After pretreating with 2.5 µM of GSH
for 120 min, the fluorescence emission of CPT moiety from BTC was insignificant under
laser irradiation (660 nm, 30 mW/cm2) (Figure S6b). By contrast, after treatment with
2.5 mM GSH for 120 min (Figures 1d and S6c), the fluorescence of CPT in the solution
increased significantly and reached a plateau under light (660 nm, 30 mW/cm2). Due to the
fluorescence of the CPT moiety in BTC being in the “off” state through the FRET process,
the increased fluorescence intensity at 430 nm was attributed to the released CPT from
BTC. Furthermore, the fluorescence of CPT could not enhance the reference BCC upon
irradiation after the treatment with 2.5 mM GSH (Figures 1d and S6d).

2.3. Preparation and Characterization of BTC NPs and BCC NPs

Since BTC and BCC are water-insoluble, we wrapped BTC and BCC into soluble
nanoparticles by using the amphiphilic polymer DSPE-mPEG2000, which can increase drug
solubility but can also improve tumor targeting through the EPR effect. The hydrody-
namic diameters of BTC NPs and BCC NPs were 99.7 nm and 112.5 nm, respectively,
and the polydispersity index (PDI) of BTC NPs and BCC NPs were approximately 0.2
(Figures 2a and S7a), showing a promising distribution in solution. Transmission electron
microscopy (TEM) results showed that the BTC NPs and BCC NPs had uniform and
monodispersed spherical shapes. Additionally, the loading content and loading efficiency
of BTC (BCC) in the BTC NPs (BCC NPs) were 1.5% (1.3%), and 85% (80%), respectively.
The BTC NPs and the BCC NPs also showed superior stability in an aqueous solution,
and no precipitation or significant changes in average size were observed within 7 days
(Figures 2b and S7b), which guaranteed their potential application in vivo. We found
that the maximum absorption wavelength of the BTC NPs and BCC NPs was lower than
those of BTC and BCC, which confirmed the BTC NPs and BCC NPs have aggregation
(Figures 2c and S7c). Upon excitation at 640 nm, both NPs emitted a negligible fluorescence
(Figures 2d and S7d), which indicated that aggregation favored quenching the fluorescence.

Figure 2. (a) Dynamic light scattering and transmission electron microscope images of BTC NPs.
(b) Changes in particle size and PDI in PBS for 7 days. (c) UV–vis absorption spectra of BTC in DMSO
and BTC NPs in PBS (both at 10 µM). (d) Fluorescence emission spectra of BTC in DMSO and BTC
NPs in PBS (both at 10 µM).
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2.4. In Vitro Assessments
2.4.1. GSH-Responsive Intracellular Fluorescence

The activation effect of BTC NPs in mouse mammary carcinoma 4T1 and human breast
cancer MCF-7 cell lines was also monitored to estimate the intracellular fluorescence of BDP
units via confocal laser scanning microscopy (CLSM). According to Figures 3a,c and S8a,c,
both the BTC NPs and BCC NPs showed bright intracellular fluorescence in treated 4T1
and MCF-7 cells, indicating that the nanoparticles could be activated by GSH in tumor cells.
In contrast, the intracellular fluorescence intensity of the BTC NPs and BCC NPs decreased
significantly after the tumor cells were pretreated with L-buthionine sulfoximine (BSO) to
deplete intracellular GSH [47], which indicated that GSH inside the tumor cells should be
the key to activating the fluorescence emission of the BTC NPs and BCC NPs.

Figure 3. (a) CLSM images of 4T1 cells after incubation with the BTC NPs and BCC NPs (5 µM) for
24 h, or cells pretreated with BSO (10 mM) for 12 h. (b) ROS evaluation of BTC NPs and BCC NPs in
4T1 cells under light irradiation at 660 nm (20 mW/cm2, 5 min) by flow cytometry. (c) Quantitative
results of (a) (*** p < 0.001). (d) Quantitative results of (b).

2.4.2. Intracellular ROS Level

Since ROS produced by PSs can directly kill tumor cells, the ROS generation ability
of PSs in tumor cells is extremely important. Here, the release of CPT was also controlled
by the ROS. Next, we investigated ROS generation in 4T1 and MCF-7 cells using 2,7-
dichlorofluorescein yellow diacetate (DCFH-DA) as the ROS indicator. After DCFH-DA
enters cells through diffusion, DCFH is rapidly oxidized by intracellular ROS and then
generates DCF with strong fluorescence, which can be detected by flow cytometry. There
was negligible fluorescence in 4T1 (Figure 3b,d) and MCF-7 cells (Figure S8b,d) treated
with PBS with or without light at 660 nm, indicating that the content of endogenous
ROS in cells was relatively low. When the BTC NPs- and BCC NPs-treated cells were
stimulated with a laser at 660 nm, the fluorescence was markedly enhanced and was 5-fold
higher than that without laser stimulation. The results implied that nanoparticles could be
activated by intracellular GSH and produced large amounts of ROS under light. We also
investigated whether ROS could still be produced by the nanoparticles when intracellular
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GSH was depleted. As the results showed, when cells were pretreated with BSO followed
by the BTC NPs and BCC NPs, the intracellular fluorescence of DCF was significantly
weakened, demonstrating that BSO reduced the intracellular concentration of GSH, leading
the prodrug to inactivate.

2.4.3. Intracellular CPT Release

We further evaluated the release efficiency of CPT from the BTC NPs triggered by
light at the cellular level by CLSM. After treatment with BTC NPs for 24 h, there was
only negligible blue fluorescence in the CPT channel in 4T1 (Figure 4a,c,d) and MCF-7
cells (Figure S9a–c). However, the fluorescence of CPT was significantly enhanced when
illuminated at 660 nm for 2 min, demonstrating the release of CPT from the BTC NPs under
light. Moreover, regardless of the light, the fluorescence of CPT from the BCC NPs was
very minimal due to the absence of an ROS-cleavable linker. Notably, when the cells were
treated with the BTC NPs or BCC NPs, the red fluorescence in the BODIPY channel of the
laser group was similar to that of the no-laser group.

Figure 4. (a) CLSM images of 4T1 cells treated with BTC NPs (or BCC NPs) (5 µM) in the pres-
ence/absence of light illumination (660 nm, 20 mW/cm2, 2 min). (b) Flow cytometry analysis for
4T1 cells incubated with BTC NPs (or BCC NPs) (5 µM) with or without light (20 mW/cm2, 5 min).
(c) Quantitative results of (a) for average fluorescence intensity of BODIPY moiety in 4T1 cells.
(d) Quantitative results of (a) for average fluorescence intensity of CPT moiety in 4T1 cells.
(*** p < 0.001). (e) Cytotoxic effects of BTC NPs (or BCC NPs) against 4T1 cells in the absence
and presence of light (660 nm, 20 mW/cm2, 5 min); Data are expressed as mean ± SD of three
independent experiments, each performed in sextuplicate.

2.4.4. Cytotoxicity Assays

To explore the killing activity of nanoparticles on tumor cells directly, the cytotoxicities
of the BTC NPs and BCC NPs were investigated in 4T1 and MCF-7 cells by methyl thiazolyl
tetrazolium (MTT) assays. In Figures 4e and S9d, the BTC NPs and BCC NPs exhibited neg-
ligible dark toxicity, even at a concentration of 10 µM. The results indicated the cytotoxicity
of CPT was largely inhibited by conjugating with BODIPY-based PSs. However, following
laser exposure, the half maximal inhibitory concentrations (IC50) values for the BTC NPs
were decreased to 0.50 µM for 4T1 cells and 0.63 µM for MCF-7 cells, which were lower than
the BCC NPs (1.6 and 1.5 µM, respectively). The cytotoxicity differences between the BTC
NPs and the BCC NPs were probably because the BTC NPs killed the tumor cells by ROS
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and ROS-triggered release of CPT in a combination treatment of PDT and chemotherapy,
while the BCC NPs damaged the tumor cells only by ROS via PDT treatment. Furthermore,
we detected the cell apoptosis induced by the BTC NPs and the BCC NPs by an Annexin
V-FITC/PI Apoptosis Kit. As shown in Figure 4b, both the BTC NPs and BCC NPs induced
obvious apoptosis under light conditions, but the apoptosis rate induced by the BTC NPs
was higher than that induced by the BCC NPs, which suggested that the BTC NPs could
kill tumor cells more efficiently through the combination of PDT and chemotherapy.

2.5. In Vivo Studies

The biodistribution of the BTC NPs in tumor tissues was evaluated in 4T1 tumor-
bearing BALB/c mice. Because BODIPY-based PSs could emit near-infrared (NIR) fluores-
cence, the time-dependent accumulation process of the BTC NPs was directly observed by
fluorescence molecular tomography (FMT). As shown in Figure 5a, there was a fluorescence
signal for mice after tail vein injection with the BCC NPs and BTC NPs for 4 h. The fluores-
cence signal increased first and then decreased, and the maximum accumulation time of
BCC NPs and BTC NPs was 12 h. This was because of the EPR effect of the nano-prodrug
which caused pronounced tumor enrichment of BCC NPs and BTC NPs; the nano-prodrug
was further activated by high concentrations of GSH in the tumor tissues. Furthermore,
BCC and BTC displayed weak fluorescence signals at the tumor sites (Figure S10a), which
was due to poor tumor accumulation. We further collected tumor tissue and other main
organs to analyze the prodrug distribution at the maximum accumulation time and found
that the concentrations of the BCC NPs and BTC NPs in tumor tissue were much higher
than that in other main organs (Figure 5b), suggesting that the nano-prodrug could target
tumor tissues. Additionally, similar results for the fluorescence image were observed in
BTC and BCC (Figure S10b).

Furthermore, we investigated the antitumor effect of the BTC NPs and BCC NPs
with or without a light trigger in vivo. Thirty female BALB/c mice bearing 4T1 tumors
were blindly separated into six groups treated with saline, saline plus light, BCC NPs,
BCC NPs plus light, BTC NPs, and BTC NPs plus light. As shown in Figure 6a, tumors
grew rapidly in mice treated with saline with or without laser irradiation. A similar
tumor growth tendency was displayed for mice treated with the BCC NPs or the BTC
NPs but without light, showing negligible dark toxicity. However, both BTC NPs plus
light and BCC NPs plus light exhibited satisfactory antitumor effects. More interestingly,
BTC NPs plus light displayed better antitumor efficacy than BCC NPs plus light, revealing
the combined therapeutic effect of photodynamic therapy and chemotherapy. The tumor
weight (Figure 6b) and photographs (Figure 6d) also confirmed the above results. We
further examined the antitumor effect of the BTC NPs by analyzing hematoxylin and eosin
(H&E)-stained tumor tissues. As shown in Figure 6e, there was almost no cell necrosis or
apoptosis in the group treated with saline, saline plus light, BCC NPs or BTC NPs, while a
large number of shrinking and nuclear pyknosis cells appeared in the other two groups of
BCC NPs plus light and BTC NPs plus light. Moreover, tumor cell proliferation seemed to
be inhibited significantly in the BTC NPs plus light group.

Finally, the safety of the BTC NPs and BCC NPs were evaluated by observing the body
weight change of mice under treatment and analyzing H&E-stained main organs (heart,
liver, spleen, lung and kidney). The body weight of mice after BTC NPs plus light and
BCC NPs plus light treatment remained stable (Figure 6c). Additionally, there were no
pathological changes in the main H&E-stained organs in the BTC NPs plus light and BCC
NPs plus light group (Figure S11), suggesting that no obvious toxicity or side effects were
observed. Overall, the above results proved that BTC NPs had superior biocompatibility
and outstanding antitumor effects with light.
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Figure 5. (a) Fluorescence images of 4T1 tumor-bearing mice at different time points after treatment
with BTC NPs, BCC NPs and saline. (b) The Ex vivo fluorescence images of the different organs and
tumors at 12 h after intravenous injection with BTC NPs (or BCC NPs).

Figure 6. Antitumor effects on BALB/c mice with 4T1 tumors, (a) Tumor growth curves of BALB/c
mice. (b) Weight of the tumors, (c) body weight of mice, (d) photographs of the tumors. (e) H&E
staining images of tumors. (* p < 0.05, *** p < 0.001).
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3. Materials and Methods
3.1. General

The purification of solvent, instrumentation, photophysical and photochemical inves-
tigations are described in the Supporting Information. Compounds 1, 2, 3a and 3b were
prepared, as previously reported [48].

3.1.1. Synthesis of BTC

A solution of 2 (0.16 g, 0.12 mmol) and 3a (21 g, 31 µmol) in dichloromethane (6 mL)
was added to a mixture of CuSO4·5H2O (15 mg, 60 µmol) and sodium ascorbate (30 mg,
0.15 mmol) in water (0.5 mL). Then, 0.5 mL of ethanol was added. The resulting mixture
was stirred overnight under N2, poured into saturated sodium chloride and extracted with
dichloromethane twice (2 × 15 mL). The crude product was further purified by column
chromatography on silica gel using dichloromethane/MeOH (50/1, v/v) as the eluent to
produce BTC as a dark green solid. (39 mg, 65%). 1H NMR (400 MHz, CDCl3): δ = 8.71 (s,
1 H), 8.55 (d, J = 8.4 Hz, 1 H), 8.37 (s, 2 H), 8.25 (d, J = 8.8 Hz, 1 H), 8.18 (d, J = 8.8 Hz, 2 H),
8.00 (d, J =16.4 Hz, 2 H), 7.90 (d, J = 8. 4 Hz, 2 H), 7.88 (s, 2 H), 7.80 (t, J = 7.6 Hz, 2 H), 7.63
(t, J = 7.6 Hz, 2 H), 7.52 (d, J = 16.4 Hz, 2 H), 7.44 (d, J = 8.0 Hz, 2 H), 7.39 (d, J = 7.6 Hz,
2 H), 7.31 (s, 2 H), 7.20 (d, J = 8.4 Hz, 4 H), 6.90 (d, J = 8.4 Hz, 2 H), 5.67 (d, J = 17.2 Hz,
2 H), 5.36 (d, J = 16.8 Hz, 2 H), 5.28 (s, 4 H), 5.24 (s, 4 H), 4.57 (t, J = 4.8 Hz, 4 H), 4.46 (t,
J = 5.2 Hz, 4 H), 4.27–4.20 (m, 8 H), 4.15 (t, J = 6.8 Hz, 4 H), 3.89 (t, J = 4.8 Hz, 4 H), 3.74 (t,
J = 4.4 Hz, 4 H), 3.67–3.62 (m, 8 H), 3.52 (t, J = 4.0 Hz, 4 H), 3.34 (s, 6 H), 2.85 (t, J = 6.8 Hz,
4 H), 2.78 (t, J = 6.8 Hz, 4 H), 2.29–2.09 (m, 4 H), 1.50 (d, J = 9.2 Hz, 12 H), 1.34 (s, 6 H), 0.98
(t, J = 7.2 Hz, 6 H). 13C NMR (100.6 MHz): δ 167.33, 157.21, 154.26, 153.44, 152.26, 151.07,
150.89, 149.58, 148.93, 148.76, 148.32, 148.06, 146.52, 145.62, 144.07, 140.38, 138.88, 136.10,
135.00, 133.94, 132.96, 131.86, 131.32, 130.79, 130.67, 130.11, 129.52, 128.45, 128.29, 128.17,
128.02, 126.63, 124,27, 123,27, 122.42, 120.63, 120.11, 116.17, 114.76, 113,99, 110.56, 95.90,
77.98, 71.89, 70.76, 70.61, 70.47, 69.57, 68.59, 67.51, 67.06, 67.04, 65.73, 63.53, 58.97, 56.57,
50.03, 48.88, 31.83, 30.87, 30.85, 28.78, 28.74, 13.87, 7.67. HRMS-ESI (m/z): [M+H]+ calced
for C121H125BBr2F2N14O35S5, 2704.5549, found 2704.5558.

3.1.2. Synthesis of BCC

Similarly, 2 (0.16 g, 0.12 mmol) was treated with 3b (21 g, 31 µmol), CuSO4·5H2O
(15 mg, 60 µmol) and sodium ascorbate (30 mg, 0.15 mmol) to produce BCC as a dark green
solid. (39 mg, 71%). 1H NMR (400 MHz, CDCl3): δ = 8.70 (s, 1 H), 8.53 (d, J = 8.4 Hz, 1 H),
8.38 (s, 2 H), 8.21 (d, J = 10.0 Hz, 1 H), 8.19 (d, J = 8.8 Hz, 2 H), 8.00 (d, J =16.4 Hz, 2 H),
7.91 (d, J = 8.4 Hz, 2 H), 7.88 (s, 2 H), 7.80 (t, J = 7.6 Hz, 2 H), 7.64 (t, J = 7.6 Hz, 2 H), 7.51
(d, J = 16.8 Hz, 2 H), 7.43 (d, J = 8.0 Hz, 2 H), 7.37 (d, J = 8.0 Hz, 2 H), 7.32 (s, 2 H), 7.21 (d,
J = 6.4 Hz, 4 H), 6.92 (d, J = 8.8 Hz, 2 H), 5.67 (d, J = 17.2 Hz, 2 H), 5.37 (d, J = 17.2 Hz, 2 H),
5.29 (s, 4 H), 5.25 (s, 4 H), 4.60 (t, J = 5.2 Hz, 4 H), 4.47 (t, J = 5.2 Hz, 4 H), 4.22 (t, J = 4.8 Hz,
4 H), 4.12–4.04 (m, 4 H), 4.00 (t, J = 6.8 Hz, 4 H), 3.90 (t, J = 4.8 Hz, 4 H), 3.75 (t, J = 4.8 Hz,
4 H), 3.66 (t, J = 4.8 Hz, 4 H), 3.63 (t, J = 4.8 Hz, 4 H), 3.52 (t, J = 4.4 Hz, 4 H), 3.35 (s, 6 H),
2.29–2.11 (m, 4 H), 1.66–1.54 (m, 8 H), 1.37–1.33 (m, 8 H), 1.28 (s, 6 H),0.99 (t, J = 7.6 Hz, 6 H).
13CNMR (100.6 MHz): δ 167.47, 157.23, 155.26, 154.54, 153.77, 152.24, 151.06, 150.86, 149.58,
148.94, 148.74, 148.35, 148.05, 146.42, 145.78, 144.11, 138.90, 136.08, 135.00, 133.92, 132.97,
131.84, 131.35, 130.76, 130.71, 130.13, 129.47, 128.51, 128.28, 128.18, 128.04, 126.60, 124.20,
123.27, 122.42, 120.61, 120.16, 116.19, 114.74, 113.98, 110.55, 95.95, 77.68, 71.88, 70.75, 70.60,
70.46, 69.56, 68.89, 68.58, 68.33, 67.02, 65.46, 63.54, 58.96, 50.00, 48.95, 31.86, 28.36, 28.32,
25.18, 13.85, 7.65. HRMS-ESI (m/z): [M+H]+ calced for C119H121BBr2F2N14O35S, 2548.6353,
found 2548.6357.

3.2. Photophysics and Photochemistry Investigations
3.2.1. GSH-Responsive Fluorescence Emission

GSH was dissolved in deionized water to obtain 0.5 M stock solution. BTC and BCC
were dissolved in DMSO to produce 2 mM stock solutions. The samples of BTC (or BCC)
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(2.5 µM) with various concentrations of GSH (0 µM, 2.5 µM, 2.5 mM) in a mixture of DMSO
and PBS (v/v, 3:1) were then obtained. There were four groups: (1) BTC + 2.5 µM GSH;
(2) BTC + 2.5 mM; (3) BCC + 2.5 µM GSH; and (4) BTC + 2.5 mM. The fluorescence emission
spectra of the sample solutions were determined continuously for 2 h under excitation at
640 nm.

3.2.2. Intramolecular FRET Process Evaluation

CPT, 2, BTC and BCC were dissolved in DMSO to produce a 1 mM solution, which
was then diluted to 2 µM with a mixture of DMSO and PBS (v/v, 3:1). The fluorescence
emission spectrum of these solutions was recorded at 380–900 nm (λex = 370 nm).

3.2.3. Photoinduced CPT Release

BTC and BCC were dissolved in DMSO to produce 2 mM stock solutions. GSH was
dissolved in deionized water to obtain 0.5 M stock solution. BTC (2.5 µM) and GSH (0 µM,
2.5 µM and 2.5 mM) were prepared in a mixture of DMSO and PBS (v/v, 3:1) and cocultured
at room temperature for 2 h. BCC was directly incubated with GSH (2.5 mM) at room
temperature for 2 h. Then, the sample solution was irradiated by a 660 nm laser with a
power of 30 mW/cm2 for 120 min. The release of CPT was recorded by monitoring the
fluorescence changes at 430 nm (λex = 370 nm) with illumination time.

3.3. Preparation and Characterization of BTC NPs and BCC NPs
3.3.1. Preparation of BTC NPs and BCC NPs

In short, 25 mg DSPE-mPEG2000 was dissolved in 10 mL water and ultrasonicated
for 5 min at room temperature. A solution of BTC (or BCC) (1 mM) in 100 µL DMSO was
added to the DSPE-mPEG2000 aqueous solution by dropwise addition and stirred overnight
at room temperature to stabilize and create uniform nanoparticles.

3.3.2. Characterization of BTC NPs and BCC NPs

The hydrodynamic diameters of the BTC NPs and BCC NPs were recorded by dynamic
light scanning (DLS). The morphology of the BTC NPs and BCC NPs were determined by
transmission electron microscopy (TEM). The stability of the BTC NPs and BCC NPs were
recorded by detecting the changes in size through DLS over 7 days in phosphate-buffered
saline (PBS) solution (10 µM, pH 7.4) at 37 ◦C.

3.4. In Vitro Studies
3.4.1. GSH-Responsive Intracellular Fluorescence

Buthionine sulfoximine (BSO) can inhibit GSH synthesis in cells. The 4T1 and MCF-7
cells (1 × 105) in 1 mL of Dulbecco’s modified Eagle’s medium (DMEM) were seeded and
cultured in a confocal dish and incubated overnight. Then, the cells were continued to
incubate with BSO (10 mM) in 1 mL DMEM medium for 12 h. Free DMEM without BSO
was added to another group. After removing the old medium and rinsing three times with
PBS, 1 mL DMEM medium bearing the BTC NPs and BCC NPs (5 µM) was added and
incubated for 24 h. The cells were washed three times with PBS, serum-free medium was
added to the dishes and intracellular fluorescence images were obtained by confocal laser
scanning microscopy (CLSM). The BODIPY unit was excited at 633 nm and collected at
650–800 nm.

3.4.2. Intracellular ROS Measurement

Intracellular ROS levels of the BTC NPs and BCC NPs were detected by a DCFH-DA
probe. First, 4T1 and MCF-7 cells (1 × 105) were seeded in a 12-well plate and incubated
overnight at 37 ◦C with 5% CO2. Then, the cells were incubated with BSO (10 mM) in 1 mL
DMEM medium for 12 h. Free DMEM medium without BSO was added to another group,
after removing the old DMEM medium and rinsing three times with PBS, 1 mL DMEM
medium containing BTC NPs (or BCC NPs) (2 µM) was added and fresh DMEM was added
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as a control. After incubation for 24 h, the old DMEM medium was removed, and the plates
were rinsed thrice with PBS. The 1 mL DMEM medium bearing DCFH-DA (10 µM) was
added to each well and incubated for another 1 h. After washing three times with PBS,
fresh DMEM without serum and phenol red was added and the cells were placed under
660 nm laser irradiation at 20 mW/cm2 for 5 min. Moreover, flow cytometry was used to
collect quantitative data on the intracellular ROS level.

3.4.3. Intracellular CPT Release

First, 4T1 and MCF-7 cells (1 × 105) in 1 mL of DMEM were seeded and cultured in a
confocal dish and incubated overnight. After washing three times with PBS, 1 mL DMEM
medium of the BTC NPs (or BCC NPs) (5 µM) was added to the dish and incubated for 24 h.
Meanwhile, the old medium was removed and rinsed three times with PBS. Then, 1 mL
serum-free medium was added to the dishes. Subsequently, the dishes were irradiated with
LED irradiation (660 nm, 20 mW/cm2) for 2 min, incubated for an additional 15 min and
finally imaged by CLSM. The CPT was excited at 405 nm and detected at 425–475 nm and
the BODIPY unit was excited at 633 nm and collected at 650–800 nm.

3.4.4. Photocytotoxicity Assay

MTT can detect the cytotoxicity of each compound. In short, 5000 4T1 and MCF-7
cells in 100 µL were seeded into 96-well plates and cultured overnight. Thereafter, the old
medium was removed, and the cells were cultured with free medium containing BTC NPs
(or BCC NPs) at different concentrations. After 24 h of incubation, the cells were washed
three times with PBS and the new DMEM medium was added. The cells were irradiated
with or without a 660 nm LED lamp (20 mW/cm2) for 5 min and then cultured for another
12 h. Afterward, 10 µL of MTT (5 mg/mL) was added to each well and cultured for 4 h.
Finally, the media was discarded and 100 µL of DMSO was added to each well. The optical
density (OD) was measured at 570 nm by a microplate reader. The larger the OD value is,
the stronger the cell activity. Cell viability = (OD sample/OD control) × 100%.

3.4.5. Cell Apoptosis Assay

The 4T1 and MCF-7 cells were seeded into 6 wells at a density of 1 × 105 cells per
well and incubated overnight. Then, BTC NPs (or BCC NPs) (5 µM) was added for an
additional 24 h. The cells were treated with a 660 nm LED lamp at 20 mW/cm2 for 5 min
and incubated for another 12 h. Meanwhile, the cells were collected, washed three times
with PBS, and stained with PI (5 µL) and Annexin V-FITC (15 µL) solutions for 15 min
based on the guidelines of the apoptosis kit (Beyotime Biotechnology, C1062L, Shanghai,
China). Finally, the cells were placed on ice and detected by flow cytometry.

3.5. In Vivo Studies

All BALB/c mice (female, 20–25 g) were purchased from the Wushi Laboratory Animal
Services Centre (Fuzhou, China). All experiments were performed according to the Institu-
tional Animal Care and Treatment Committee of Fuzhou University. The healthy 4T1 cells
were digested, centrifuged, washed twice with PBS and then collected in centrifugal tubes.
Thereafter, 4T1 cells were subcutaneously injected at a density of 2 × 106 cells (100 µL) per
mouse on the right side of the back. After the average tumor size reached a certain volume
(approximately 80 mm3), all animal experiments were performed.

3.5.1. In Vivo Fluorescence Imaging Study

A saline solution of BTC NPs, BCC NPs, BTC and BCC (2 mg/kg) were prepared,
and 25 mice were randomly assigned to five groups (BCC NPs, BTC NPs, BCC, BTC and
control). Each mouse was injected with 100 µL of solution via the tail vein. The changes in
drug fluorescence in mice were observed by using the PerkinElmer FMT2500LX imaging
system at different time points (0, 4, 6, 12, 24, 36) after injection. At the time point of
maximum concentration of drugs in tumor tissues, the experimental mice were euthanized,
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and the heart, liver, spleen, lung and kidney were removed. A small animal imager was
used to compare the drug distribution in different tissues of each group.

3.5.2. In Vivo Antitumor Assay

Thirty mice were randomly assigned to six groups: (1) saline; (2) saline plus laser;
(3) BCC NPs; (4) BCC NPs plus laser; (5) BTC NPs; and (6) BTC NPs plus laser. Each group
was injected with 100 µL solution via the tail vein. Then, the mice in the (2), (4) and (6)
groups were irradiated with a 660 nm laser at a power of 300 mW/cm2 for 10 min. After
light treatment, the mice were weighed, and the tumor volume was measured at regular
times every day for 15 days.

After treatment, a mouse was randomly selected from each group and killed by the
cervical dislocation method. The tumor, heart, liver, spleen, lung and kidney were removed
and immersed in 4% paraformaldehyde solution for fixation for 24 h. Paraffin-wrapped
sections were prepared for H&E staining. The histological morphology of each tissue
section was observed and photographed under a light microscope.

4. Conclusions

In conclusion, we designed and synthesized a GSH-activatable and ROS-responsive
nano-prodrug, BTC, to attain the target PDT–chemo treatment for breast cancer. The BTC
NPs were dormant without chemotoxicity and phototoxicity in healthy tissues. After the
BTC NPs entered the 4T1 and MCF-7 tumor cells, the DNBS group was removed and the
BODIPY derivative was activated by the high concentration of GSH. Subsequently, BTC
NPs generated ROS after irradiation, and then the ROS cleaved the ROS-cleavable TK
linkage to realize on-demand CPT release. The IC50 values for the BTC NPs were 0.50 µM
toward 4T1 cells and 0.63 µM against MCF-7 cells, showing strong photocytotoxicities
to tumor cells. The BTC NPs have been proven to have efficient tumor-targeting and
tumor-suppressive effects without obvious toxicity and side effects in 4T1 tumor-bearing
mice, which is of great significance for cancer treatment.
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Approach in Photodynamic Therapy and Chemotherapy, to Overcome Multidrug Resistance in Cancer. Pharmaceutics 2022, 14,
1075. [CrossRef]

11. Alves, S.; Calori, I.; Tedesco, A. Photosensitizer-based Metal-organic Frameworks for Highly Effective Photodynamic Therapy.
Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 131, 112514. [CrossRef]

12. Nishiyama, N.; Morimoto, Y.; Jang, W.; Kataoka, K. Design and Development of Dendrimer Photosensitizer-incorporated
Polymeric Micelles for Enhanced Photodynamic Therapy. Adv. Drug Deliv. Rev. 2009, 61, 327–338. [CrossRef]

13. Brown, J.M. Tumor Microenvironment and the Response to Anticancer Therapy. Cancer Biol. Ther. 2002, 1, 453–458. [CrossRef]
14. Wiese, M.; Stefan, S.M. The A-B-C of Small-molecule ABC Transport Protein Modulators: From Inhibition to Activation—A Case

Study of Multidrug Resistance-associated Protein 1 (ABCC1). Med. Res. Rev. 2019, 39, 2031–2081. [CrossRef]
15. Hao, Y.; Chen, Y.W.; He, X.; Yu, Y.; Han, R.; Li, Y.; Yang, C.; Hu, D.; Qian, Z. Polymeric Nanoparticles with ROS-responsive

Prodrug and Platinum Nanozyme for Enhanced Chemophotodynamic Therapy of Colon Cancer. Adv. Sci. 2020, 7, 2001853.
[CrossRef]

16. Liu, L.; Qiu, W.; Li, B.; Zhang, C.; Sun, L.; Wan, S.; Rong, L.; Zhang, X. A Red Light Activatable Multifunctional Prodrug for
Image-guided Photodynamic Therapy and Cascaded Chemotherapy. Adv. Funct. Mater. 2016, 26, 6257–6269. [CrossRef]

17. Yang, C.; Wen, F.; Du, Y.; Luo, M.; Lu, Y.; Liu, Y.; Lin, H. A Hypoxia-Activated Prodrug Conjugated with a BODIPY-
BasedPhotothermal Agent for Imaging-Guided Chemo-PhotothermalCombination Therapy. ACS Appl. Mater. 2022, 14, 40546–
40558. [CrossRef]

18. Tam, L.K.B.; Yu, L.; Wong, R.C.H.; Fong, W.P.; Ng, D.K.P.; Lo, P.C. Dual Cathepsin and Glutathione-Activated Dimeric and
Trimeric Phthalocyanine-Based Photodynamic Molecular Beacons for Targeted Photodynamic Therapy. J. Med. Chem. 2021, 64,
17455–17467. [CrossRef]

19. Yu, Z.; Wang, H.; Chen, Z.; Dong, X.; Zhao, W.; Shi, Y.; Zhu, Q. Discovery of an Amino Acid-Modified Near-Infrared Aza-BODIPY
Photosensitizer as an Immune Initiator for Potent Photodynamic Therapy in Melanoma. J. Med. Chem. 2022, 65, 3616–3631.
[CrossRef]

20. Chu, D.; Dong, X.; Zhao, Q.; Gu, J.; Wang, Z. Photosensitization Priming of Tumor Microenvironments Improves Delivery of
Nanotherapeutics via Neutrophil Infiltration. Adv. Mater. 2017, 29, 1701021. [CrossRef]

21. Wang, X.; Wang, X.; Jin, S.; Muhammad, N.; Guo, Z. Stimuli-Responsive Therapeutic Metallodrugs. Chem. Rev. 2019, 119,
1138–1192. [CrossRef] [PubMed]

22. Gasser, S.; Lim, L.H.K.; Cheung, F.S.G. The Role of the Tumour Microenvironment in Immunotherapy. Endocr. Relat. Cancer 2017,
24, T283–T295. [CrossRef] [PubMed]

23. Huai, Y.; Hossen, M.N.; Wilhelm, S.; Bhattacharya, R.; Mukherjee, P. Nanoparticle Interactions with the Tumor Microenvironment.
Bioconjug. Chem. 2019, 30, 2247–2263. [CrossRef] [PubMed]

24. Ha, S.; Zou, Y.; Fong, W.; Ng, D.K.P. Multifunctional Molecular Therapeutic Agent for Targeted and Controlled Dual Chemo-and
Photodynamic Therapy. J. Med. Chem. 2020, 63, 8512–8523. [CrossRef]

25. Ihsanullah, K.M.; Kumar, B.N.; Zhao, Y.; Muhammad, H.; Liu, Y.; Wang, L.; Liu, H.; Jiang, W. Stepwise-Activatable Hypoxia
Triggered Nanocarrier-Based Photodynamic Therapy for Effective Synergistic Bioreductive Chemotherapy. Biomaterials 2020, 245,
119982. [CrossRef] [PubMed]

63



Int. J. Mol. Sci. 2022, 23, 15656

26. Pan, W.; Tan, Y.; Meng, W.; Huang, N.; Zhao, Y.; Yu, Z.; Huang, Z.; Zhang, W.; Sun, B.; Chen, J. Microenvironment-Driven
Sequential Ferroptosis, Photodynamic Therapy, and Chemotherapy for Targeted Breast Cancer Therapy by a Cancer-Cell-
Membrane-Coated Nanoscale Metal-Organic Framework. Biomaterials 2022, 282, 121449. [CrossRef]

27. James, N.S.; Joshi, P.; Ohulchanskyy, T.Y.; Chen, Y.; Tabaczynski, W.; Durrani, F.; Shibata, M.; Pandey, R.K. Photosensitizer
(PS)-Cyanine Dye (CD) Conjugates: Impact of the Linkers Joining the PS and CD Moieties and Their Orientation in Tumor-Uptake
and Photodynamic Therapy (PDT). Eur. J. Med. Chem. 2016, 122, 770–785. [CrossRef]

28. Wu, X.; Wu, W.; Cui, X.; Zhao, J.; Wu, M. Preparation of Bodipy–ferrocene Dyads and Modulation of the Singlet/Triplet Excited
State of Bodipy via Electron Transfer and Triplet Energy Transfer. J. Mater. Chem. C Mater. 2016, 4, 2843–2853. [CrossRef]

29. Bio, M.; Rajaputra, P.; You, Y. Photodynamic Therapy via FRET Following Bioorthogonal Click Reaction in Cancer Cells. Bioorg.
Med. Chem. Lett. 2016, 26, 145–148. [CrossRef]

30. Yang, G.; Sun, X.; Liu, J.; Feng, L.; Liu, Z. Light-Responsive, Singlet-Oxygen-Triggered On-Demand Drug Release from
Photosensitizer-Doped Mesoporous Silica Nanorods for Cancer Combination Therapy. Adv. Funct. Mater. 2016, 26, 4722–4732.
[CrossRef]

31. Sasan, S.; Chopra, T.; Gupta, A.; Tsering, D.; Kapoor, K.K.; Parkesh, R. Fluorescence “turn-off” and Colorimetric Sensor for Fe2+,
Fe3+, and Cu2+ Ions Based on a 2,5,7-Triarylimidazopyridine Scaffold. ACS Omega 2022, 7, 11114–11125. [CrossRef]

32. Thapa, P.; Li, M.; Bio, M.; Rajaputra, P.; Nkepang, G.; Sun, Y.; Woo, S.; You, Y. Far-Red Light-Activatable Prodrug of Paclitaxel for
the Combined Effects of Photodynamic Therapy and Site-Specific Paclitaxel Chemotherapy. J. Med. Chem. 2016, 59, 3204–3214.
[CrossRef]

33. Turan, I.S.; Cakmak, F.P.; Yildirim, D.C.; Cetin-Atalay, R.; Akkaya, E.U. Near-IR Absorbing BODIPY Derivatives as Glutathione-
Activated Photosensitizers for Selective Photodynamic Action. Chemistry 2014, 20, 16088–16092. [CrossRef]

34. Zheng, G.; Chen, J.; Stefflova, K.; Jarvi, M.; Li, H.; Wilson, B.C. Photodynamic Molecular Beacon as an Activatable Photosensitizer
Based on Protease-Controlled Singlet Oxygen Quenching and Activation. Proc. Natl. Acad. Sci. USA 2007, 104, 8989–8994.
[CrossRef]

35. Huang, L.; Yang, W.; Zhao, J. Switching of the Triplet Excited State of Styryl 2,6-Diiodo-Bodipy and its Application in Acid-
Activatable Singlet Oxygen Photosensitizing. J. Org. Chem. 2014, 79, 10240–10255. [CrossRef]

36. Deng, C.; Liu, Y.; Zhou, F.; Wu, M.; Zhang, Q.; Yi, D.; Yuan, W.; Wang, Y. Engineering of Dendritic Mesoporous Silica Nanoparticles
for Efficient Delivery of Water-Insoluble Paclitaxel in Cancer Therapy. J. Colloid Interface Sci. 2021, 593, 424–433. [CrossRef]

37. Harmatys, K.M.; Overchuk, M.; Chen, J.; Ding, L.; Chen, Y.; Pomper, M.G.; Zheng, G. Tuning Pharmacokinetics to Improve Tumor
Accumulation of a Prostate-Specific Membrane Antigen-Targeted Phototheranostic Agent. Bioconjug. Chem. 2018, 29, 3746–3756.
[CrossRef]

38. Gulzar, A.; Xu, J.; Wang, C.; He, F.; Yang, D.; Gai, S.; Yang, P.; Lin, J.; Jin, D.; Xing, B. Tumour Microenvironment Responsive
Nanoconstructs for Cancer Theranostic. Nano Today 2019, 26, 16–56. [CrossRef]

39. Li, M.; Cui, X.; Wei, F.; Wang, Z.; Han, X. Red Blood Cell Membrane-Coated Biomimetic Upconversion Nanoarchitectures for
Synergistic Chemo-photodynamic Therapy. New J. Chem. 2021, 45, 22269–22279. [CrossRef]

40. Meng, X.; Wang, J.; Zhou, J.; Tian, Q.; Qie, B.; Zhou, G.; Duan, W.; Zhu, Y. Tumor Cell Membrane-Based Peptide Delivery System
Targeting the Tumor Microenvironment for Cancer Immunotherapy and Diagnosis. Acta Biomater. 2021, 127, 266–275. [CrossRef]

41. Fu, X.; Yin, W.; Shi, D.; Yang, Y.; He, S.; Hai, J.; Hou, Z.; Fan, Z.; Zhang, D. Shuttle-shape Carrier-Free Platinum-Coordinated
Nanoreactors with O2 Self-supply and ROS Augment for Enhanced Phototherapy of Hypoxic Tumor. ACS Appl. Mater. 2021, 13,
32690–32702. [CrossRef]

42. Zhang, H.; Lin, H.; Su, D.; Yang, D.; Liu, J. Enzyme-activated Multifunctional Prodrug Combining Site-specific Chemotherapy
with Light-triggered Photodynamic therapy. Mol. Pharm. 2022, 19, 630–641. [CrossRef] [PubMed]

43. Chu, D.; Dong, X.; Shi, X.; Zhang, C.; Wang, Z. Neutrophil-based Drug Delivery Systems. Adv. Mater. 2018, 30, 1706245. [CrossRef]
[PubMed]

44. Chen, Y.; Xu, Z.; Zhu, D.; Tao, X.; Gao, Y.; Zhu, H.; Mao, Z.; Ling, J. Gold Nanoparticles Coated with Polysarcosine Brushes to
Enhance their Colloidal Stability and Circulation Time in vivo. J. Colloid Interface Sci. 2016, 483, 201–210. [CrossRef] [PubMed]

45. Wang, X.; Luo, D.; Basilion, J.P. Photodynamic Therapy: Targeting Cancer Biomarkers for the Treatment of Cancers. Cancers 2021,
13, 2992. [CrossRef]

46. Chen, Y.; Zhang, X.; Cheng, D.; Zhang, Y.; Liu, Y.; Ji, L.; Guo, R.; Chen, H.; Ren, X.; Chen, Z.; et al. Near-infrared Laser-triggered
in Situ Dimorphic transformation of BF2-azadipyrromethene Nanoaggregates for Enhanced Solid Tumor Penetration. ACS Nano
2020, 14, 3640–3650. [CrossRef]

47. Zhu, J.; Jiao, A.; Li, Q.; Lv, X.; Wang, X.; Song, X.; Li, B.; Zhang, Y.; Dong, X.C. Mitochondrial Ca2+-overloading by Oxy-
gen/Glutathione Depletion-Boosted Photodynamic Therapy Based on a CaCO3 Nanoplatform for Tumor Synergistic Therapy.
Acta Biomater. 2022, 137, 252–261. [CrossRef]

48. Xu, G.; Zhang, H.; Li, X.; Yang, D.; Liu, J. Red light Triggered Photodynamic-Chemo Combination Therapy Using a Prodrug
Caged by Photosensitizer. Eur. J. Med. Chem. 2021, 2015, 113251. [CrossRef]

64



Citation: Hübinger, L.; Runge, R.;

Rosenberg, T.; Freudenberg, R.;

Kotzerke, J.; Brogsitter, C. Psoralen as

a Photosensitizers for Photodynamic

Therapy by Means of In Vitro

Cherenkov Light. Int. J. Mol. Sci.

2022, 23, 15233. https://doi.org/

10.3390/ijms232315233

Academic Editors: Antonino

Mazzaglia, Angela Scala and

Enrico Caruso

Received: 4 November 2022

Accepted: 1 December 2022

Published: 3 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Psoralen as a Photosensitizers for Photodynamic Therapy by
Means of In Vitro Cherenkov Light
Lisa Hübinger *, Roswitha Runge, Tobias Rosenberg, Robert Freudenberg, Jörg Kotzerke * and Claudia Brogsitter

Department of Nuclear Medicine, University Hospital Carl Gustav Carus, Technische Universität Dresden,
01307 Dresden, Germany
* Correspondence: lisa.huebinger@ukdd.de (L.H.); joerg.kotzerke@uniklinikum-dresden.de (J.K.);

Tel.: +49-351-458-11616 (L.H.); +49-351-458-4160 (J.K.)

Abstract: Possible enhancements of DNA damage with light of different wavelengths and ionizing
radiation (Rhenium-188—a high energy beta emitter (Re-188)) on plasmid DNA and FaDu cells via
psoralen were investigated. The biophysical experimental setup could also be used to investigate ad-
ditional DNA damage due to photodynamic effects, resulting from Cherenkov light. Conformational
changes of plasmid DNA due to DNA damage were detected and quantified by gel electrophore-
sis and fluorescent staining. The clonogene survival of the FaDu cells was analyzed with colony
formation assays. Dimethyl sulfoxide was chosen as a chemical modulator, and Re-188 was used
to evaluate the radiotoxicity and light (UVC: λ = 254 nm and UVA: λ = 366 nm) to determine the
phototoxicity. Psoralen did not show chemotoxic effects on the plasmid DNA or FaDu cells. After
additional treatment with light (only 366 nm—not seen with 254 nm), a concentration-dependent
increase in single strand breaks (SSBs) was visible, resulting in a decrease in the survival fraction
due to the photochemical activation of psoralen. Whilst UVC light was phototoxic, UVA light did
not conclude in DNA strand breaks. Re-188 showed typical radiotoxic effects with SSBs, double
strand breaks, and an overall reduced cell survival for both the plasmid DNA and FaDu cells. While
psoralen and UVA light showed an increased toxicity on plasmid DNA and human cancer cells,
Re-188, in combination with psoralen, did not provoke additional DNA damage via Cherenkov light.

Keywords: psoralen; Re-188; plasmid DNA; FaDu cells; Cherenkov light

1. Introduction

UV light is established for therapeutic purposes for numerous skin diseases. UVB
light is especially used for treating psoriasis and UVA light can be performed when treating
atopic eczema [1–3]. Since light can activate primarily non-toxic substances to phototoxic
ones, it is a so-called photosensitizer. The typical procedure during photodynamic therapy
(PDT) activates a photosensitizer via the radiation of visible light. The therapeutic effect is
either performed directly by effects on the DNA or indirectly by the formation of singlet
oxygen or reactive oxygen species such as hydrogen peroxide or superoxide anions. The
small penetration depth of light in the visible and the UV scope, however, limits the
applicability of PDT to surface lesions and does not allow for the treatment of solid tumors
inside the body. These limitations could be overcome by Cherenkov light (CL), which can
be produced by diagnostically or therapeutically used radioisotopes (e.g., Ga-68, Re-188, or
Y-90) [4–6]. CL is already used diagnostically, for example, in visual imaging [3,7–9]. This
features a new therapeutic approach: depositing phototoxic substances inside the tumor
and activating these via CL in addition to internal or external irradiation. Thereby, a local
combination of radiotoxicity and phototoxicity induces a more profound treatment [10,11].
This vision of PDT is promising; however, the mechanism is not yet illuminated completely.
Recent research follows up with different methods and studies that confirm this vision.
Yoon et al. [12] used trioxsalen (a psoralen derivative) and irradiated melanoma and breast
cancer cells. The CL was created by external radiation, producing CL in a solid water block.
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This work investigated this idea in a nuclear medicine setting. In doing so, the
technique postulated by Yoon et al. was combined with the precision of nuclear medicine
directly targeting tumor volume, even deep inside the patient. Our proof-of-principle study
expands on the research by Yoon et al. by implementing CL via the radioisotope Re-188
in comparison to external radiation and investigated the photoactivation of psoralen by
the Re-188-produced CL. Not only this new method, but also an additional setting with
protein-free plasmid DNA, were tested for performance and suitability. The results were
compared with the phototoxicity of a defined wavelength scope.

This simple setup lays the groundwork for follow-up studies approaching PDT en-
hancement with CL, radioisotopes, and psoralen, along with demonstrating fundamental
methods in photoactivation and the measuring of CL in a nuclear medicine approach.

2. Material and Methods
2.1. Plasmid DNA and Cell Culture
2.1.1. Plasmid DNA

A pUC19 plasmid with 2686 base pairs with a molar mass of 1.75 × 106 Dalton
was used (New England Biolabs, Ipswich, UK). The DNA stock solution was adjusted
to a concentration of 0.1 µg/µL via a TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5).
All plasmid DNA solutions contained ≥95% supercoiled plasmid DNA. To obtain lin-
ear marker plasmid DNA, pUC19 was enzymatically treated with BamHI (Invitrogen,
Karlsruhe, Germany).

2.1.2. FaDu Cells

FaDu cells are squamous cell carcinoma cells of the pharynx. They were retained via
biopsy in 1968 and have since grown as a monolayer [13]. The sub cell line FaDuDD has
been used in radiobiological experiments since the 1980s and possesses a doubling time of
about 18 h in the exponential phase [14]. FaDu cells (ATCC® HTB-43TM) originate from
an undifferentiated human squamous cell carcinoma. In our experiments, the sub cell line
FaDuDD, kindly provided by the Department of Radiotherapy and Radiation Oncology,
Medical Faculty, Technical University Dresden, was used. The cells were maintained
in Dulbecco’s minimum Essential medium (DMEM) containing 2% Hepes buffer, 1% of
non-essential amino acids, 1% sodium pyruvate, and 10% fetal calf serum.

2.2. Psoralen and DMSO

Psoralen (CAS: 66-97-7, purity ≥99%, Sigma Aldrich, Darmstadt, Germany) is the
basic compound of the linear furanocoumarins and shows photosensitive properties. At
first, a non-covalent bond is formed with the DNA. Due to UV irradiation, a covalent
bond between psoralen and a pyrimidine base (preferentially thymine) is formed via
cycloaddition [15]. With further UV irradiation, more interactions between the psoralen
monoadduct and the pyrimidine base can occur, so that crosslinks between DNA strands
are formed. Furthermore, psoralens react with other cellular structures such as proteins
or lipids. The general absorption maximum of psoralen lies between 320 nm and 400 nm,
while the psoralen used in this publication has its maximum at 355 nm [16]. Dimethyl
sulfoxide (DMSO, CAS: 67-85-5, purity = 99.9%, Sigma Aldrich, Darmstadt, Germany) was
used as a radical scavenger in a final concentration of 0.2 M.

2.3. Light and Radioactivity

The UV irradiation took place with a UV lamp (Type 022.9230, LAMAG, Berlin, Ger-
many) in the UVC region (λ = 254 nm) and in the UVA region (λ = 366 nm) of the spectrum.
The irradiation times varied between 1 and 12 min (254 nm) and 10 to 120 min (366 nm). For
a 5 cm distance between the probes and the light source, the spectro-radiometric measure-
ments showed an irradiance of 20.5 W/m2 and 14.0 W/m2 for λ = 366 nm and λ = 254 nm,
respectively [5].
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Re-188 was extracted from a tungsten/rhenium generator (Isotope Technologies Garch-
ing GmbH, Garching, Germany). The high-energy beta particles of Re-188 (maximum beta
energy Eβ,max = 2.12 MeV, mean energy 765 keV, and maximum penetration depth of
1.05 cm in tissue) can be used therapeutically, whereas its gamma radiation (energy 155 keV,
intensity 15.8%) is used for imaging.

During its decay, Cherenkov light with a yield of 35 photons per decay event is
produced [4]. Its physical half-life is 16.98 h and Re-188 has an average linear energy
transfer (LET) of 0.19 keV/µm.

The irradiation geometry used in Monte Carlo simulations for plasmid DNA in a
20 µL volume resulted in 7.7 Gy/(1 MBq * 1 h) and 120 Gy/(1 MBq * 24 h), respectively.
Thus, cells in a 6-well plate with a 2 mL volume receive 2 Gy/(1.37 MBq * 24 h).

2.4. Agarose Gel Electrophoresis, Colony Formation Assay and Cherenkov Light
2.4.1. Agarose Gel Electrophoresis

Plasmid probes with each 200 ng DNA (0.1 µg/µL) were incubated with varying vol-
umes of chemical noxa or radionuclide solutions in 1.5 mL micro tubes (Eppendorf, Ham-
burg; Germany) in a total volume of 20 µL. After treating the plasmid probes, 10 µL of each
DNA solution was mixed with 1.25 µL loading buffer (Invitrogen, Karlsruhe, Germany).

The probes were pipetted into the pocket of a 1.4% agarose gel in Tris-Acetat-EDTA
buffer (TAE, Sigma, Darmstadt, Germany). The electrophoresis (Bio-Rad Laboratories
GmbH, Munich, Germany) took place on ice with a voltage of 4 V/cm over 120 min. Due
to differences in the mobility of the plasmid conformations, supercoiled (SC), open circular
(OC), and linear (L) conformations can be distinguished.

The agarose gel was stained with an ethidium bromide solution (0.5 µg/mL) and the
plasmid DNA was detected with a UV transilluminator (DIANA III Digital Imaging System,
Straubenhardt, Germany). The fluorescence intensities of the DNA bands were quantified
with the analysis software Fiji [17] and interpreted as undamaged native plasmid DNA (SC
conformation), DNA single strand breaks (OC form) as well as DNA double strand breaks
(L conformation).

2.4.2. CL Verification

CL was verified in the same system that the electrophoresis used (Bio-Rad Laboratories
GmbH, Munich, Germany). The included charge-coupled device camera detects the CL
produced by Re-188, since it can detect light in the wavelength region of the Cherenkov
spectrum. Each verification image shows the intensity of light recorded by the camera
over 10 min. The ImageLab software provides the opportunity to analyze different ar-
eas and evaluates the integrated volume light intensity. However, this analysis is not
quantitative and only works as a general verification and holds for comparisons between
different setups.

2.4.3. Colony Formation Assay

To determine the clonogene survival, a colony formation assay was used [18]. After
24 h, the cells were stripped, an aliquot for each dose point (or UV irradiation time) of
the cell suspension was taken for the colony formation test in T25 culture flasks, and
finally placed in an incubator for 9 days. To stop colony formation, the cells were fixed
with ethanol 80% v/v and stained with crystal violet. The counting of the colonies was
performed on a microscope (magnification 25×). The plating efficiency and the survival
rate (or survival fraction) was calculated for both the irradiated and unirradiated cells [18].

2.5. Statistics

All results are shown as the average as well as the SEM (standard error of the mean)
of the plasmid DNA and the pooled standard deviation (SDpooled) of the cell experiments
based on three independent tests (each experimental setup was determined as a triplicate).
To prove the statistical significance, a Student’s t-test was used. A difference between two
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independent samples was seen as significant if the probability of error was p ≤ 0.05. The
statistical analysis was conducted with MS Office Excel.

3. Results
3.1. Plasmid DNA and Psoralen with UVA

Preliminary tests excluded that the incubation time (1 h or 24 h) of the plasmid DNA
with psoralen without exposure to light influences the DNA integrity. Thus, small time
differences in the sample processing can be neglected.

The effect of increasing concentrations of psoralen with or without UVA exposure
can be seen in Figure 1. The running behavior depends on the conformational change in
each lane, thus supercoiled (SC), linear (L) and open circular (OC) conformations can be
distinguished. Even though non-UVA-activated psoralen in the highest concentration did
not show chemotoxicity, there was a change in the running behavior after light exposure,
which can be explained by the uncoiling of the SC DNA and the formation of psoralen
DNA monoadducts [19].
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aperture detects the intensity spectra (bottom) of the fluorescent gels and displays them visually 
(top). The figure is inverted, thus showing a dark color for high intensities. Since this measurement 
is not quantitative, the intensity scale only shows arbitrary units. Markers are placed in lanes 1, 11, 
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Figure 1. Fluorescent measurement of an agarose gel for combining psoralen with UV-366 nm. The
aperture detects the intensity spectra (bottom) of the fluorescent gels and displays them visually
(top). The figure is inverted, thus showing a dark color for high intensities. Since this measurement
is not quantitative, the intensity scale only shows arbitrary units. Markers are placed in lanes 1,
11, and 20. Lane 2 and 18 show untreated plasmid DNA, whilst lane 19 contains enzymatically
linearized plasmid as the control. In lanes 4–10 and 12–17, different psoralen concentrations (0, 0.1,
1, 10, 25, 50, 75, 100, 200, 400, 500, 700, 900 µM) were irradiated with UV-366 nm for 90 min. Each
lane was normalized and shows the running behavior of the different setups. A higher concentration
of psoralen showed a higher amount of open circular conformations (OCs). Lane 3 demonstrates
non-UV-activated psoralen (900 µM).

A similar effect was visible for a constant concentration of psoralen and an increasing
integral dose of UVA light achieved by longer irradiation times (Figure 2). When looking
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at the case of 30 min UV treatment and psoralen concentrations in the range of 100 µM to
500 µM, Figure 2 nicely shows that the fraction of SC conformations quickly dropped to
zero, and thus the OC conformations increased.
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Figure 2. Exemplary concentration–effect relations for the combination of psoralen and varying
irradiation times of UV-366 nm for the SC conformation. The longer the irradiation with UV-
366 nm, the more intense the fractions of the open circular confirmation as a consequence of the SC
conformation quickly dropping to zero. The error bars show the SEM.

Figure 3a depicts the dependency on the time of irradiation for UVC (254 nm). How-
ever, this effect could not be increased for varying concentrations of psoralen (Figure 3b).
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Figure 3. UV irradiation time–effect relations for the combination of psoralen with UV-254 nm.
(a) OC fraction as a function of irradiation time, (b) OC fraction as a function of psoralen concentration.
The effects are displayed as changes in the migration distances of DNA in relation to the markers
bp. To increase the irradiation time, the effect as in relative fluorescence intensity also increased.
However, this effect was nearly concentration independent. The error bars show the SEM.

69



Int. J. Mol. Sci. 2022, 23, 15233

Psoralen was dissolved in DMSO (1% v/v ≡ 0.14 M DMSO) to obtain a stock solution
of 1000 µM psoralen. To further investigate the additional effects of DMSO on the damage
of DNA, the light exposure was repeated with and without DMSO (0.2 M) concentrations
with varying concentrations of psoralen. However, in either way, there was no visible
effect (Figure 4).
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Figure 4. Fluorescent measurement of an agarose gel for combining psoralen with UV-366 nm with
an additional 0.2 M DMSO for several lanes. The figure is inverted, thus showing a dark color for
high intensities. Markers are placed in lanes 1, 11, and 20. Lane 2 and 18 show the untreated plasmid,
whilst lane 19 contains the linear plasmid. In lanes 4–10 and 12–17, different psoralen concentrations
(0, 1, 10, 100, 200, 400, 750 µM) were irradiated with UV-366 nm for 30 min, where an additional 0.2 M
DMSO was present in lanes 12–18. Each lane was normalized and shows the running behavior of
the different setups. In comparison to Figure 1, the additional DMSO did not produce a different
behavior. Lane 3 demonstrates non-UV-activated psoralen (900 µM).

3.2. Plasmid DNA and Psoralen with Re-188

The CL yield of Re-188 is dose-dependent. Figure 5 shows this effect.
Additionally, Figure 6 shows the effect of varying volumes of water in combination

with Re-188 visible in the measured light intensity. This is important since a certain volume
of medium is needed so that the Re-188 can produce CL. For larger water volumes, an
increase in light intensity was observed. A maximum volume (in the form of a 1 cm
water column depending on the used setup) showed a saturating effect regarding the
light intensity. This is due to the depth of the electrons in water producing the measured
CL intensity. It has also been proven that DMSO does not have an influence on the light
intensity, since it is not photo-activated by the resulting CL (Figure 6b).
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Figure 5. Light intensity of different amounts of Re-188 in a 24-well plate. The picture is inverted,
thus, showing increasing intensities of light from left to right (f.l.t.r.: 0, 4.125, 8.25, 16.5, and 33 MBq).
The spectrum (bottom) was detected by the camera and is shown visually at the top of the figure.
If more Re-188 radioactivity is present, the larger the light intensity will be. All intensities were
not quantifiable.
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Figure 6. Light intensity of different setups of Re-188 and DMSO as preliminary investigations. The
spectra show the detected light intensity in arbitrary units, thus, they are not quantifiable. (a) The
first well did not contain radioactivity (2000 µL distilled water) and did not consequently show light
intensity. The other wells contained a nearly constant amount of Re-188 (approximately 6.85 MBq)
and varying volumes of water (f.l.t.r. 200, 500, 800, and 1000 µL). More light intensity was seen for
larger water volumes. The spectrum showed that there was no linear behavior between the volume of
the medium and the light intensity. However, a saturation was reached for a volume large enough to
produce a 1 cm water column (depends on size of well). Measured light intensity: 7 Mio (background,
no activity), 22 Mio, 27 Mio, 28 Mio, 29 Mio integral light volume intensity in arbitrary units for each
well. (b) All wells contained a constant amount of Re-188 (approximately 6.7 MBq), varying amounts
of DMSO, and additional water to reach a constant volume of 2000 µL. From left to right, an increasing
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amount of DMSO was added to the wells (0, 10, 100, 500, and 1000 µM). The same light intensity
was seen for every DMSO concentration, since it is not photo-activated by Re-188. Measured light
intensity f.l.t.r.: 28 Mio, 26 Mio, 26 Mio, 27 Mio, 27 Mio integral light volume intensity in arbitrary
units for each well.

Mere Re-188-induced radiotoxicity showed a decrease in SC conformations, and thus
an increase in the OC fraction. The highest dose showed a transformation of OC to the L
plasmid (Figure 7).
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Figure 7. Dose–effect relation for Re-188 after 24 h incubation. The mere radiotoxicity of Re-188
had an influence on all conformations. Supercoiled (SC) transformed into open circular (OC) and
eventually into linear (L) conformations for higher doses. The error bars show the SEM.

Regarding the effects of psoralen, it has to be considered that psoralen is dissolved
in DMSO, which is a radical scavenger and thus shows a protective effect on the radical-
induced DNA damage. In Figure 8, equivalent amounts of DMSO with and without
psoralen are compared.

Small differences between the effects could be demonstrated with a slightly larger
effect for psoralen compared to DMSO. Dose–wise comparisons were partially significant
(e.g., at 200 Gy, 200 µM: p = 0.01).

72



Int. J. Mol. Sci. 2022, 23, 15233

Int. J. Mol. Sci. 2022, 23, 15233 9 of 16 
 

 

 
Figure 7. Dose–effect relation for Re-188 after 24 h incubation. The mere radiotoxicity of Re-188 had 
an influence on all conformations. Supercoiled (SC) transformed into open circular (OC) and even-
tually into linear (L) conformations for higher doses. The error bars show the SEM. 

Regarding the effects of psoralen, it has to be considered that psoralen is dissolved 
in DMSO, which is a radical scavenger and thus shows a protective effect on the radical-
induced DNA damage. In Figure 8, equivalent amounts of DMSO with and without pso-
ralen are compared.  

 
Figure 8. Exemplary dose–effect relation for Re-188 in combination with psoralen after 24 h incuba-
tion demonstrated an increasing fraction of open circular plasmid DNA. The influence of DMSO 
was tested. Psoralen produced a small additional effect, as visible in the difference between the 
continuous and dashed line. The error bars show the SEM. 

Small differences between the effects could be demonstrated with a slightly larger 
effect for psoralen compared to DMSO. Dose–wise comparisons were partially significant 
(e.g., at 200 Gy, 200 µM: p = 0.01). 

Figure 8. Exemplary dose–effect relation for Re-188 in combination with psoralen after 24 h incubation
demonstrated an increasing fraction of open circular plasmid DNA. The influence of DMSO was
tested. Psoralen produced a small additional effect, as visible in the difference between the continuous
and dashed line. The error bars show the SEM.

3.3. Plasmid DNA and Psoralen with a Combination of UVA and Re-188

For a combination of UVA and Re-188, a slightly more visible formation of single
and double strand breaks was observed when psoralen and DMSO, respectively, were not
present. When psoralen was present, the effects were weakened, but still stronger than in
the case where only DMSO was added (Figure 9).
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Figure 9. Dose–effect relation on plasmid DNA for Re-188 in combination with psoralen and with
(a)/without (b) a 60-min UV-366 nm irradiation. (a) shows the additional fluorescence intensity
of open circular conformation for mere radiotoxicity with/without UV-366 nm irradiation. There
was a difference between the psoralen and the DMSO equivalent effect. In (b) the difference of the
fluorescence intensity is shown by comparing UV-366 nm irradiation and no irradiation. The effect
was larger with UV-366 nm irradiation. The error bars show the SEM.

73



Int. J. Mol. Sci. 2022, 23, 15233

3.4. FaDu Cells with Psoralen and UVA

In the course of the preliminary experiments, the impact of the time prior to incubation,
meaning the time between the addition of psoralen and the UV irradiation on the clonogene
survival was excluded.

Psoralen by itself is not toxic in the used concentration and does not affect the cell
survival. The same holds for the light exposure. For a combination of UVA irradiation and
the photosensitizer, a clear increase in cell damage was visible, depending on the psoralen
concentration and the irradiation time (Figure 10).
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Figure 10. Concentration–effect relation for a combination of psoralen and UV-366 nm (after 24 h
preincubation of psoralen in FaDu cells). The longer the irradiation with UV-366 nm, the lower the
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3.5. FaDu Cells with Psoralen and Re-188

Doses of 0 Gy to 12 Gy were applied, and consequently the cell survival was reduced to
0.5%. A clear increase in the effect was not observed for higher concentrations of psoralen,
even though there were small differences between some psoralen and DMSO concentrations
and applied doses. This can be seen in Figure 11.
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(SF) of FaDu cells (mere radiotoxicity is additionally shown). No significant difference between mere
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4. Discussion

For some time, it has been issued that CL is not only usable for visual imaging [3,8,9] but
can also be used for the photoactivation of photosensitizers [20]. Nonetheless, the experimental
data have controversial opinions [5,21–25] and the essential principles are not clear.

Psoralen is clinically well-established for photodynamic therapy (PDT) [2] and can
be used on isolated plasmid DNA as well as intact cells. Plasmid DNA has several crucial
advantages. Here, it works as a basic setup, which is needed to investigate the principle
methods and procedures. There is no barrier in plasmid DNA, as there would be in cells.
In addition, the control over scavengers is possible, which allows for an influence on the
whole system. Additionally, plasmid DNA does not have repair mechanisms, thus the
caused damage is not interfered with. Using these benefits, a more precise and controllable
environment was created for the experiments. We expected to find the same effects in the
cell model as described for the plasmid DNA. These can become clearer due to further
cell structures (cell organelles, proteins) and the impairment of DNA repair due to the
formation of crosslinks.

The photochemical reaction of psoralen with the pyrimidine bases and the formation
of psoralen monoadducts and crosslinks showed the well-examined and essential effects of
the combination of psoralen with UVA (PUVA therapy) [19,26–30]. This again confirms the
applicability of this concept.

UVA can be induced by photon irradiation in the megavolt range [10,12,31–33]. In a
simple in vitro model, Yoon et al. showed that tumor cells incubated with psoralen showed
a 10–20% lower survival fraction (SF) when exposed to light coming from megavolt irradia-
tion, in addition to ionizing irradiation. This approach was adopted for the radionuclides.
In plasmid DNA, it could be shown that psoralen is not toxic and does not damage the
DNA. Only when exposed to light in the scope of the absorption maximum of psoralen
(366 nm) did the interconnectivity of the DNA lead to a change in electrophoretic properties.
However, only a small number of single strand breaks (SSBs) and no double strand breaks
(DSBs) were observed. UVC (254 nm) showed a direct damage to plasmid DNA that could
not be enhanced by prior incubation with psoralen nor prevented by scavenger DMSO
(data not shown).

The typical effect of ionizing radiation on DNA in the form of SSBs and DSBs on
plasmid DNA is known [34] and was confirmed using Re-188 (Figure 7). The emission of
high energetic electrons also generates CL. Thus, radioisotopes provide the opportunity
to produce CL and are usable for PDT. Since psoralen is dissolved in 1% DMSO solution,
which serves as a scavenger, the combined experiments showed a much lower damage of
DNA than the control without psoralen. Yoon et al. did not go into detail on this aspect,
since they did not have a control without psoralen, but only as an additional effect visible
for exposed cells compared to the light shielded cells. In principle, a negative control was
also possible for exposed radioisotopes when using isotopes with none or only very low
emissions of CL (e.g., Lu-177 with 0.141 yield per decay) [4].

Even though there was no toxic effect by only psoralen or light (λ = 366 nm), the
combination of both showed an energy- and concentration-dependent decrease in cell
survival. Since these effects were observed in the presence of the DMSO (as the dissolvent
for psoralen), scavenger-induced processes cannot be the source of this effect.

The treatment of FaDu cells with Re-188 showed a dose-dependent reduction in the
cell survival. There was a small additional cytotoxic effect visible for psoralen concentra-
tions larger than10 µM compared to the DMSO equivalent combined with Re-188. This
effect could be proven frequently. There was no increased cytotoxicity with increasing
psoralen concentration and constant dose observable. Deviations for the highest psoralen
concentration can be ascribable to the fact that only half of the solution was still in the
culture medium, whilst the other half was the psoralen solution. The small fraction of
culture medium implies a deficit of nutrition for the cells. Runge et al. [34] investigated
the scavenging effect of DMSO on the PCCl3 cell line. The effect was the highest for a
standard dose of 7.5 Gy and 0.2 M DMSO (SF+DMSO/SF-DMSO factor = 2.83). For DMSO
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concentrations of 0.01 mM and 0.05 mM, the SFs were 1.14 and 1.69, respectively. For a dose
of 8 Gy and either 100 µM or 500 µM (corresponding to 0.013 mM and 0.065 mM DMSO,
respectively) psoralen solution, the SFs resulted in values in the same magnitude: 1.79 and
2.06, respectively. Most likely, the deviation was due to the differences between the FaDu
and the PCCl3 cell lines.

In conclusion, an activation of psoralen by Re-188 is rather unlikely—the crosslinks
are more complex and much harder to repair compared to the scavenger-induced DNA
damage, so they have an extended effect on the cell survival. The SF stayed constant for
psoralen concentrations >10 µM for an incubation with Re-188, while there was a clearly
visible concentration-dependent decrease for the UV exposed psoralen incubated cells.
Since there already are a variety of scavengers and enzymes for reactive oxygen species in
the culture medium and the cells themselves, only a small influence of the DMSO solution
on the biological end point is expected. This is confirmed by the fact that the SF only merely
changed for the increasing DMSO concentrations, while a large amount of SSBs and DSBs
could be depleted in the plasmid model.

For plasmid DNA, the CL yield was calculated to be 8.14 * 1012 photons for an irradi-
ation with 4.22 MBq Re-188 over 24 h in 20 µL. In comparison, a 10-min UVA irradiation
(E = 20.5 W/m2, λ = 366 nm, 5 cm distance, 0.09 cm2 cross-sectional area) induced 0.11 J,
which corresponds to 1.04 × 1017 photons [5]. Due to the 104-times lower light yield for
an irradiation with Re-188, a measurable effect was not expected. The cell irradiation was
similarly disadvantageous: a 5-min irradiation (E = 20.5 W/m2, λ = 366 nm, 5 cm distance,
9.6 cm2 cross-sectional area) had a 1.09 × 1019 photon yield, while 24 h of 8.22 MBq of Re-188
in 2 mL resulted in a 1.59 × 1013 photon yield. However, luminescence possibly takes up a
large fraction of the light yield, which was not taken into account in this calculation [35].
Yoon et al. did not make an assumption on the photon yield in their experiments. The
information on the CL irradiation with 4–8 µJ/m2 per Gy in the spectrum of 250–850 nm [12]
concluded in a photon yield in the magnitude of 1014 for a 6 MeV irradiation, resulting in
a dose of 10 Gy. Additionally, Yoon et al. used a 3 cm block of solid water to create CL,
whereas in the case of the irradiation in a 20 µL Re-188 solution, there was not enough
volume to achieve the maximum Cherenkov yield of 34.9 photons per decay [4].

Hartl et al. [21] used Yttrium-90 (Y-90, a beta emitter) for PDT in combination with
clinically established aminolevulinic acid (Prodrug by Protoporphyrin IX) and a modified
tetraphenylporphyrin and observed small (first sample) and significant (second sample)
differences. Even though Y-90 had a photon yield of 47 photons per decay (compared to
35 photons/decay for Re-188), it did not correspond to the high magnitudes. Another
recent examination by Krebs et al. used the loss of the protective group on the kinase
inhibitor AZD5438 as a model to prove the photoactivation [6]. A clear effect was observed
for 419 MBq Y-90. A 14-h irradiation with a photon yield of 47.3 per decay corresponded to
6.6 × 1015 Cherenkov photons. Comparable 2-min irradiations with UVA corresponded to
a photon number of 8.3 × 1018.

Similar conclusions can be drawn for Kotagiri et al. [23], Quintos-Meneses et al. [36]
and Chen et al. [37], who used F-18-FDG with 1.32 photons per decay, so that the photon
yield was only at about 4% for Re-188 [5]. Due to their simulation calculations, Glaser et al.
also concluded “that it is unlikely that the emission of Cherenkov light by radionuclides is
usable source for phototherapy” [38]. A similar setting with higher activity of Re-188 could
be investigated. On the other hand, a contrary conclusion was drawn by Pratt et al., where
studies showed that CL was detectable in the human body and imaging was different for
varying light and radioactivity. Since light is generated even in the depth of tissue this
approach is suitable for PDT [39]. Additionally, a new approach compared CL imaging in
the visible light range with short-waved infrared CL imaging, showing several advantages
regarding the penetration depth and scattering effects [40]. Therefore, different explanations
need to be found for the effects described in the literature. Only high activity concentrations
of several hundred MBq/mL like those attained in selective internal radiation therapy
showed a promising generation of Cherenkov photons by the exposed radionuclides.
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5. Conclusions and Outlook

The phototoxicity of psoralen with light of different wavelengths (UVC: λ = 254 nm
and UVA: λ = 366 nm) as well as the effect of Re-188, whose emitted beta radiation generates
Cherenkov light with a yield of 35 photons per decay, was examined on plasmid DNA and
a tumor cell line. Psoralen itself is not chemotoxic. Nonetheless, in combination with UVA
(however, not with UVC), a concentration- and dose-dependent effect could be observed on
plasmid DNA and intact cells. Thus, the models were suitable to prove phototoxicity. Both
models showed a significant radiotoxicity for Re-188. However, there was no additional
significant Cherenkov-induced phototoxicity observed when combined with psoralen.

Psoralen derivatives with a higher efficiency [41] or other photosensitizers better fitting
the emission spectrum of the Cherenkov light [42] could be used. Furthermore, nanoparti-
cles that supply a light amplification or a wavelength shift toward the red spectrum could
be examined [25,33,43,44]. Thereby, enhancement of the effect by a factor of 3000 has been
described [45]. Magnetic nanoparticles could be shifted to the tumor region by external
magnetic fields to increase the efficiency [46]. In addition, it would be of advantage if
simple models are used for external irradiation, from which the systematic effects can be
modulated in order to compare these to the application of exposed radionuclides [38]. The
concept of photodynamic therapy via Cherenkov light is promising. However, it must be
better examined, explained, and understood before it could possibly be introduced into
daily clinical routine.
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Abstract: As hypoxic tumors show resistance to several clinical treatments, photosynthetic microor-
ganisms have been recently suggested as a promising safe alternative for oxygenating the tumor
microenvironment. The relationship between organisms and the effect microalgae have on tumors
is still largely unknown, evidencing the need for a simple yet representative model for studying
photosynthetic tumor oxygenation in a reproducible manner. Here, we present a 3D photosynthetic
tumor model composed of human melanoma cells and the microalgae Chlamydomonas reinhardtii,
both seeded into a collagen scaffold, which allows for the simultaneous study of both cell types.
This work focuses on the biocompatibility and cellular interactions of the two cell types, as well
as the study of photosynthetic oxygenation of the tumor cells. It is shown that both cell types are
biocompatible with one another at cell culture conditions and that a 10:1 ratio of microalgae to cells
meets the metabolic requirement of the tumor cells, producing over twice the required amount of
oxygen. This 3D tumor model provides an easy-to-use in vitro resource for analyzing the effects of
photosynthetically produced oxygen on a tumor microenvironment, thus opening various potential
research avenues.

Keywords: tumor; microalgae; photosynthesis; hypoxia; 3D model

1. Introduction

Tumor hypoxia is one of the main factors leading to increased malignancies, such as
tumor recurrence, metastasis, resistance to treatments, and overall poor patient progno-
sis [1]. Hypoxia in tumors does not only lead to a more aggressive tumor cell phenotype,
but also dampens immune cell recognition and blocks effective immune response from
taking place [2,3]. A lack of proper oxygenation also leads to an intrinsic resistance to
treatments that use reactive oxygen species (ROS) as their main vehicle for killing tumor
cells, such as radio or photodynamic therapies [4]. It is therefore unsurprising that recent
efforts have focused on developing ways to oxygenate the tumor microenvironment by
using oxygen carriers, hyperbaric oxygenation, or implantable electronic devices [5–8].

In vitro 3D models are a staple for studying tumor growth, drug delivery, and treat-
ment efficacy [9]. At present, there are numerous methods for recreating a 3D structure to
mimic the tumor microenvironment. Among these methods, those that thoroughly recreate
the extracellular matrix (ECM) are the ones that most closely resemble a real tumor, due
to the intrinsic relationship between tumor cells and the ECM [10]. To implement these
approaches, tumor cells are embedded into a 3D matrix composed of a biocompatible
polymer, such as collagen or alginate, where they grow and develop similar to real tumors.
The 3D matrix, commonly made of a natural or synthetic hydrogel, imitates tissue ECM
and allows cell attachment, proliferation, migration, and 3D stratification [11]. Of these hy-
drogels, Matrigel is the most commonly employed for 3D tumor development, mainly due
to its ease of use and widespread availability. Due to the nature of its production process,
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Matrigel is limited by its batch-to-batch variability and contaminants, which negatively
affects the reproducibility of results [12,13]. Furthermore, Matrigel is mainly composed of
proteins from the basal membrane of Engelbert–Holm–Swarm mouse sarcomas, presenting
mostly type IV collagen, contrary to human tissues which are predominantly composed of
type I collagen [14].

Natural collagen hydrogels are another commonly used alternative for cancer organoid
production, as their composition resembles the human ECM, thus leading to the develop-
ment of cell–matrix interactions which help tumor development and differentiation [15–17].
Collagen matrix cultures are highly consistent and reproducible if matrix fabrication and
cell seeding is controlled and are easy to analyze by microscopy due to the autofluorescence
of collagen fibers [11,18]. Collagen matrices usually also contain proteoglycans (PGs) and
glycosaminoglycans (GAGs), which aid in the integration of cells with the ECM and in turn
support various cellular processes, such as proliferation, migration, and angiogenesis [19].
Alterations to the ratio and presence of specific PGs/GAGs has been shown to promote
carcinogenic phenotypes in cells and has been described as relevant for the development of
some specific tumor types [20,21].

Over the last decade, photosynthesis has been proposed as an alternative source for
oxygen to tissues in vitro [22] and in vivo [23]. By using photosynthetic microorganisms,
such as microalgae and cyanobacteria, researchers have explored the induction of photo-
synthesis as a simple and controllable local source of oxygen for tissues. This approach has
been evaluated in various in vitro and in vivo hypoxic models, such as wound healing [24],
myocardial ischemia [25], 3D bioprinted constructs [26,27], and ex situ kidney preserva-
tion [28]. Moreover, a phase I clinical trial using photosynthetic collagen scaffolds with the
microalgae Chlamydomonas reinhardtii was recently published [29], showing the safety of
such photosynthetic approaches in humans.

Over the last few years, within the context of photosynthetic therapies, the use of pho-
tosynthetic microorganisms has been evaluated as an adjuvant treatment for hypoxic tumor
oxygenation [30–34]. For instance, increased ROS production during radio-photodynamic
therapy was achieved by coating the microalgae Chlorella vulgaris with erythrocyte mem-
branes [30] or a calcium phosphate shell [31], leading to higher tumor cell death in mice.
Similarly, co-encapsulation of C. vulgaris with perfluorocarbons in calcium-alginate hy-
drogels increased tumor cell death in vitro and in vivo [33] during photodynamic therapy.
Moreover, it has also been shown that the cyanobacteria Synechoccocus elongatus, together
with black phosphorus nanosheets, increases ROS production in photodynamic therapy,
leading to increased tumor cell death and tumor shrinkage in mice [32]. Finally, this same
cyanobacteria was also used in conjunction with sonodynamic therapy, increasing tumor
cell death in vitro and in vivo [34].

Due to the promising results obtained by using photosynthesis for tumor oxygenation
and treatment, the study of the interactions and functional relationships between tumor
cells and photosynthetic microorganisms is a novel and highly relevant field of research
with growing scientific interest. Therefore, in this work, the microalgae C. reinhardtii was
co-cultured with a melanoma tumor cell line inside a collagen-GAG scaffold to form the 3D
model, and their interaction was characterized by several means. The functional in vitro
3D model used in this study is presented as a platform to explore the relationship between
these two cell types for photosynthetic cancer treatment.

2. Results
2.1. C. reinhardtii Survival under Cell Culture Conditions

As optimal culture conditions for C. reinhardtii significantly differ from human cells,
the potential deleterious effect of human physiological conditions in microalgae was an-
alyzed first (Figure 1). Osmolarity of microalgae culture media (TAP) and human cell
culture media (RPMI) was measured, averaging 71.0 and 330.7 mOsm/L, respectively.
Microalgae were then incubated in each media at 28 or 37 ◦C for 24 h. After incubation,
microalgae morphology was analyzed and results showed that cell integrity was main-
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tained in all conditions, with no obvious membrane rupturing. Interestingly, in TAP, the
overall morphology of the cells was generally the same at different temperatures; in RPMI,
it was slightly altered, with cells showing a reduction in cytoplasm content inside the cell
wall, regardless of temperature (Figure 1A). Next, single cell area was quantified, with no
significant observable differences among groups (Figure 1B). Moreover, cell death was mea-
sured and quantified by flow cytometry (Figure 1C,D), where results showed no significant
effect of the culture media at 28 ◦C (mortality values of 5.8 ± 1.7% for TAP and 5.9 ± 1.9%
for RPMI). In contrast, at 37 ◦C, the culture media had a significant effect as death ratio
increased from 10.0 ± 2.5% in TAP to 18.0 ± 2.8% in RPMI. Next, the total chlorophyll
content of the microalgae was measured in all culture conditions (Figure 1E). No effect of
the culture media was observed at either temperature. In samples of 1 × 107 microalgae,
28 ◦C values were 5.9 ± 0.5 µg for TAP and 6.1 ± 0.5 µg for RPMI, while 37 ◦C values
were 4.7 ± 0.1 for TAP and 4.6 ± 0.5 µg for RPMI. Finally, the proliferation capacity of the
microalgae was confirmed in all groups by seeding in TAP-Agar plates (Figure 1F). As such,
although these microalgae were negatively affected by RPMI media and physiological
temperatures, most microalgae are still viable after 24 h of incubation.
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Figure 1. Effect of mammalian cell culture conditions on C. reinhardtii. Microalgae were cultured
at 28 or 37 ◦C in TAP or RPMI for 24 h and key features were analyzed. Images of the microalgae
show no major morphological changes (A). Cell area quantification shows no significant changes (B).
Microalgae cell death was analyzed by FACS (C). Quantification shows that in both TAP and RPMI
cell mortality was lower at 28 ◦C than 37 ◦C, being significantly higher for the cells cultured at 37 ◦C
in RPMI (D). Chlorophyll content significantly decreased at 37 ◦C, independent of medium (E). When
recovered, microalgae were able to proliferate in agar plates in all conditions (F). Scale bars represent
20 µm in (A) and 1 mm in (F). All assays were performed in at least three independent experiments
and data are presented as average + standard error (SE). p ≤ 0.05 was considered as significant using
a two-way ANOVA, with different letters implying statistical differences. * = p ≤ 0.05.
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After showing that microalgae viability and morphology were not severely affected
by RPMI or 37 ◦C, the next goal was to determine whether such conditions might have
an impact on their metabolism by means of oxygen production and consumption rates.
Here, microalgae were incubated in TAP or RPMI media at 28 or 37 ◦C for zero or 24 h
in darkness, and their oxygen metabolism was measured (Figure 2). At time zero, re-
sults showed that oxygen consumption did not vary at the analyzed temperatures, with
values of 0.35 ± 0.06 and 0.24 ± 0.01 nmol/(mL·s) for TAP at 28 ◦C and 37 ◦C, respec-
tively. Similarly, no significant variations were determined for RPMI, with values of
0.3 ± 0.05 and 0.23 ± 0.03 nmol/(mL·s) for 28 ◦C and 37 ◦C, respectively. Similarly, oxy-
gen production did not significantly vary among all conditions; values of 0.57 ± 0.03
and 0.58 ± 0.04 nmol/(mL·s) at 28 ◦C for TAP and RPMI, respectively, and 0.58 ± 0.03
and 0.55 ± 0.04 nmol/(mL·s) at 37 ◦C were recorded (Figure 2, upper panels). In con-
trast, after 24 h of incubation, significantly lower oxygen consumption was detected for
both media at 37 ◦C, with values of 0.22 ± 0.01 and 0.27 ± 0.04 nmol/(mL·s) for TAP
and RPMI, respectively, and 0.36 ± 0.02 and 0.31 ± 0.03 nmol/(mL·s) at 28 ◦C. Oxygen
production was significantly reduced in all conditions, with values of 0.42 ± 0.02 and
0.43 ± 0.05 nmol/(mL·s) for TAP at 28 ◦C and 37 ◦C, respectively, and RPMI presented
significantly lower values of 0.29 ± 0.01 and 0.31 ± 0.02 nmol/(mL·s) at 28 ◦C and 37 ◦C,
respectively. In conclusion, at time zero, neither consumption not production was affected
by any condition. After 24 h, lower consumption was reported at 37 ◦C independent of
media, while production was overall lower than at time zero and was further reduced by
RPMI and 37 ◦C (Figure 2, lower panels). These results illustrate that although oxygen
metabolism was affected by RPMI and physiological temperatures, microalgae can still
produce large quantities of oxygen even 24 h after incubation.
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Figure 2. Effect of the mammalian culture conditions in the metabolic profile of C. reinhardtii. Mi-
croalgae were cultured at 28 or 37 ◦C in TAP or RPMI for 24 h, and their oxygen production and
consumption were evaluated. At time zero, no significant differences were observed among all
groups (upper panels). After 24 h in culture, oxygen consumption rate decreased at 37 ◦C, while
production decreased in RPMI at both temperatures. All assays were performed in at least three
independent experiments and data are presented as average + SE. p ≤ 0.05 was considered as signif-
icant using a two-way ANOVA, with different letters implying statistical differences. * = p ≤ 0.05,
ns = not significant.

83



Int. J. Mol. Sci. 2022, 23, 13550

2.2. Biocompatibility of Microalgae and Tumor Cells in Co-Cultures

After characterizing the effect of human-like culture conditions over the microalgae,
human melanoma cell line C32 and microalgae were co-cultured in 2D culture plates. First,
a microscopic analysis with transmitted light was performed, showing that microalgae
were often localized between the cells, leading to apparent morphological changes and
detachment of C32 cells (Figure 3A, left). The microalgae were then washed out, and the
total area of the plate covered by the cells was quantified (Figure 3A, right); there was a
significant reduction in covered area in the co-culture (64.1 ± 1.9%) compared to the control
(84.6 ± 2.3%). To further evaluate morphological changes in C32 cells, actin filaments
were stained and visualized by fluorescence microscopy, and fiber distribution along the
cells was quantified (Figure 3B, upper). Significant differences were detected between
conditions, showing higher average actin fiber intensity along the periphery for co-cultures
(0.89 ± 0.1 and 0.89 ± 0.1 AU for left and right, respectively) than control cells (0.66 ± 0.09
and 0.58 ± 0.09 AU left and right, respectively). To further analyze cell polarization, a fiber
directionality map was generated (Figure 3B, lower). Quantification of fiber coherency
showed a significant increase in co-cultures (coherency value of 0.18 ± 0.2 AU for the
control and 0.27 ± 0.03 AU for co-cultures). These results indicate that co-cultured C32
cells became polarized, suggesting a migratory phenotype.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 23 
 

 

independent experiments and data are presented as average + SE. p ≤ 0.05 was considered as signif-
icant using a two-way ANOVA, with different letters implying statistical differences. * = p ≤ 0.05, ns 
= not significant. 

2.2. Biocompatibility of Microalgae and Tumor Cells in Co-Cultures. 
After characterizing the effect of human-like culture conditions over the microalgae, 

human melanoma cell line C32 and microalgae were co-cultured in 2D culture plates. 
First, a microscopic analysis with transmitted light was performed, showing that microal-
gae were often localized between the cells, leading to apparent morphological changes 
and detachment of C32 cells (Figure 3A, left). The microalgae were then washed out, and 
the total area of the plate covered by the cells was quantified (Figure 3A, right); there was 
a significant reduction in covered area in the co-culture (64.1 ± 1.9%) compared to the 
control (84.6 ± 2.3%). To further evaluate morphological changes in C32 cells, actin fila-
ments were stained and visualized by fluorescence microscopy, and fiber distribution 
along the cells was quantified (Figure 3B, upper). Significant differences were detected 
between conditions, showing higher average actin fiber intensity along the periphery for 
co-cultures (0.89 ± 0.1 and 0.89 ± 0.1 AU for left and right, respectively) than control cells 
(0.66 ± 0.09 and 0.58 ± 0.09 AU left and right, respectively). To further analyze cell polari-
zation, a fiber directionality map was generated (Figure 3B, lower). Quantification of fiber 
coherency showed a significant increase in co-cultures (coherency value of 0.18 ± 0.2 AU 
for the control and 0.27 ± 0.03 AU for co-cultures). These results indicate that co-cultured 
C32 cells became polarized, suggesting a migratory phenotype. 

 

Figure 3. Co-cultures of C. reinhardtii and C32 tumor cells. Microalgae were added to sub-confluent
C32 seeded plates and left for 24 h in standard culture conditions. A general view of the co-culture is
shown in (A, left), with arrowheads showing cells that are detaching from the plate. A significantly
lower surface area was found to be covered by C32 cells in co-culture conditions (A, right). A
cytoskeleton analysis of the cells shows that actin fibers increased in the periphery of the cells
when co-cultured (B, upper right). The actin fiber directionality analysis is color coded, and results
show significantly increased fiber coherency in co-culture conditions (B, lower right). All assays
were performed in at least three independent experiments and data are presented as average + SE.
Scale bars represent 50 µm in (A) and 20 µm in (B). p ≤ 0.05 was considered as significant using a
Mann–Whitney test. * = p ≤ 0.05.
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Afterwards, the effect of light in co-cultures was analyzed by several means (Figure 4).
First, cell viability was quantified by an MTT metabolic assay (Figure 4A, left). As ex-
pected, after 24 h, control C32 cultures showed increased metabolic activity, both in dark
(175.3 ± 24.0%) and light (149.7 ± 28.9%) conditions, while in co-cultures, metabolic ac-
tivity did not significantly differ from time zero control, with values of 79.3 ± 7.8% and
71.2 ± 1.8% for dark and light, respectively. In order to evaluate if the steady state condition
was due to increased mortality in the co-culture, cell death was measured by LDH release
into the medium (Figure 4A, right). Co-culturing with microalgae induced a small but
not significant increase in tumor cell death with respect to control cultures, with values
of 1.8 ± 0.7% and 3.4 ± 0.7% for dark and light conditions, respectively. Within the same
experimental setting, the viability of the microalgae in co-cultures was also analyzed and
further quantified by flow cytometry (Figure 4B). Interestingly, in the absence of C32 cells,
the percentage of dead microalgae was significantly higher (18.0 ± 5.6%) compared to
dark (3.7 ± 1.7%) or illuminated co-cultures (2.8 ± 3.5%). Finally, the capacity of microal-
gae to proliferate in a co-culture setting was not affected in either illumination setting
(Figure 4B). These results indicate that both cell types are biocompatible with each other
under long-term incubation.
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Figure 4. Effect of illumination in co-cultures of C. reinhardtii and C32 tumor cells. Cells were
co-cultured for 24 h in the absence or presence of light. As shown by an MTT assay, regardless of
the presence of light, the mitochondrial activity of C32 cells decreased significantly in co-cultures
(A, left), while cell death did not vary amongst groups but was slightly increased from control
(A, right). Similarly, light did not affect viability nor proliferation capacity of the microalgae in
co-cultures; however, its mortality was significantly lower when compared to control monocultures
in cell media (B). The effect of light on hypoxia was evaluated (C) by HIF-1α expression. Cells
were grown in normoxia (I), incubated with CoCl (II) or grown in hypoxia (III). HIF-1α decreased
in illuminated hypoxic co-cultures (IV) when compared to hypoxic co-cultures in the dark (V). All
assays were performed in at least three independent experiments and data are presented as average +
SE. The scale bar represents 1 mm in (B). p ≤ 0.05 was considered as significant by using a two-way
ANOVA test in an MTT viability assay, a Mann–Whitney test in an LDH release assay, and one-way
ANOVA in B and C. * = p ≤ 0.05, ns = not significant.
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As microalgae and C32 cells proved to be biocompatible in co-cultures, the capability
of microalgae to inhibit hypoxia in C32 cells was then analyzed (Figure 4C). For this,
co-cultures were placed in a hypoxic chamber for 24 h and the levels of HIF-1α, the
master protein and hallmark for the hypoxic-response, were evaluated by Western blot.
In the absence of microalgae, low levels of HIF-1α were detected in normoxic C32 cells
(0.7 ± 0.3), which significantly increased in hypoxia (19.9 ± 1.7) or in the presence of CoCl
(54.1 ± 4.8), a chemical inductor of HIF-1α. In hypoxic co-cultures, HIF-1α levels increased
in darkness (35.6 ± 14.1) but were inhibited when cultures were illuminated (3.6 ± 1.0).
These results show that, in the presence of light, microalgae are able to oxygenate cell
cultures under hypoxia.

2.3. Establishment and Characterization of the Photosynthetic 3D Tumor Model

Once biocompatibility was proven in a standard in vitro culture system, the next step
was to engineer a scaffold-based 3D model that better resembles the tumor microenviron-
ment. Here, C32 cells were injected into a collagen-GAG scaffold and a seeding efficiency of
over 75% was obtained. In order to map and quantify the metabolic activity of the seeded
scaffolds, MTT assays were performed (Figure 5A). At time zero, formazan crystals were
concentrated near the injection site at the center of the scaffold, showing only some isolated
metabolic clusters along the edge. However, after 24 and 48 h of incubation, metabolic
activity spread within the scaffold, showing a more intense and homogeneous distribution
of crystals. Compared to time zero, MTT quantification showed an increase of 180 ± 36%
and 210 ± 30% at 24 and 48 h, respectively (Figure 5A, right). As no significant differences
were observed between both times, 48 h was chosen for further characterization. Next,
seeded scaffolds were cryosectioned and cell nuclei were stained (Figure 5B) for visual-
ization under fluorescence microscopy. Cell distribution along the matrix was analyzed,
and images were divided into 40 sections in order to count the total number of cells per
section (Figure 5C). Overall, heat map analysis shows that cells were concentrated in the
inner sections of the matrix, with a lower amount towards the periphery, regardless of the
axis. Intra-axis quantifications show that although cells were present throughout the whole
scaffold, significantly larger numbers of cells were present along the lower 50% of the Q
axis (Q1 and Q2), closer to the silicone layer, and along the central sections of the D axis,
between D4 to D7, both of which correlate with the approximate site of injection at the
center of the scaffold. In order to get more details about the interactions between the seeded
cells and the scaffold, laser confocal scanning microscopy (LCSM) studies were performed,
showing that cells seemed to aggregate into clusters and form micro tumor-like structures
within the scaffold (Figure 5D). White arrowheads show strong cell to cell interactions and
cell proliferation (Figure 5D, upper right). Arrowheads present at the maximum intensity
projection show that the cells were tightly clustered along the collagen sheets, showing
direct attachment to the scaffold (Figure 5D, lower right).

After establishing the 3D tumor model, the next step was to incorporate photosynthetic
microalgae into the scaffolds (co-cultured scaffolds). As shown by the overall green color,
C. reinhardtii showed a homogeneous distribution after seeding, with a larger density at the
seeding zone in the center of the scaffold (Figure 6A). Co-cultured scaffolds were incubated
for 24 h and the viability of C32 cells was quantified by an MTT assay. Interestingly, just as
previously observed before in 2D cultures, co-cultured scaffolds did not show differences
in metabolic activity (84.2 ± 9.5%) from time zero control, while scaffolds seeded only
with C32 cells (control) showed a significant increase (157.6 ± 6.0%) (Figure 6B). Aiming
to characterize the interaction between both cell types and the scaffold, Scanning Electron
Microscopy (SEM) images were taken, analyzed, and colored (Figure 6C). As shown by
the arrowheads in the top and side views of the seeded scaffold, microalgae (green) seem
to cluster among themselves or on top and in between C32 cells (red) within the collagen
sheets of the scaffold. However, as delimitations between collagen sheets and C32 cells
were difficult to correctly assess in SEM images, LCSM images were taken to complement
this characterization, as fluorescence allows for better identification of each cell type.
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Here, results obtained by SEM were confirmed, as the chlorophyll autofluorescence of
the microalgae was observed in a similar pattern, showing direct interaction with the
microtumors (Figure 6D).
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Figure 5. Establishment of a 3D tumor model. C32 cells were seeded in a collagen-GAG scaffold;
48 h post seeding, a significant increase in metabolic activity was quantified by MTT assays (A).
3D tumor model was cut into 5 µm slides and cell distribution was visualized by fluorescence
microscopy (B). A heatmap (C, upper left) shows the cell distribution in the scaffold, showing a
non-homogeneous internal distribution. Detailed analysis of the sections (C, right) shows that cells
concentrate in the central sections of the scaffold. LCSM analysis of the seeded scaffolds shows
tumor-like structures (D, left). Arrowheads in the magnified areas show cell–cell interactions and
cell proliferation (D, upper right) and cell–matrix interactions (D, lower right). All assays were
performed in at least three independent experiments and data are presented as average + SE. Scale
bars represent 1 mm in (A,B) and 25 µm in (D). p ≤ 0.05 was considered as significant using a one-way
ANOVA test. * = p ≤ 0.05.
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Figure 6. Morphological analysis of a photosynthetic 3D tumor model. C32 cells were seeded in a
collagen-GAG scaffold and cultured for 48 h, with microalgae subsequently added. Overview images
of the scaffolds show a generally homogeneous distribution of the microalgae (A). MTT analysis
shows significantly lower metabolic activity in co-cultured scaffolds compared to control scaffolds (B).
SEM images of 2-h co-cultured scaffolds show tumor cells in direct contact with microalgae (C).
The top-view arrowheads (C, left) show microalgae in between collagen sheets, while side-view
arrowheads (C, right) indicate microalgae interacting with cancer cells. Detailed LCSM images of 2-h
co-cultured matrices (D) show direct physical contact between C32 cells (DAPI/blue) and microalgae
(chlorophyll/red) (D, left). Right panels show magnifications of the indicated sections on the left
panel. All assays were performed in at least three independent experiments and data are presented
as average + SE. Scale bars represent 1 mm for (A), 20 µm for (C), and 50 µm for (D). p ≤ 0.05 was
considered as significant using a Mann–Whitney test. * = p ≤ 0.05.

Further, co-cultured scaffolds were histologically analyzed (Figure 7A). Hematoxylin/Eosin
(H&E) staining supported SEM and LCSM results, with C32 cells forming micro-tumors. As
indicated by the white arrowheads in the H&E panels, microalgae were visible around and
in between the tumor cell clusters. Cell proliferation and apoptosis of the C32 cells in the
scaffold was evaluated by Ki-67 and Caspase-3 staining, respectively. White arrowheads
show positive cells for the corresponding staining. Unexpectedly, a significant increase in
Ki-67 positive nuclei was observed in the presence of the microalgae (34.3 ± 3.3%) when
compared to the control (16.1 ± 1.4%), while no significant differences were observed
between groups for Caspase-3, with an average of 13.56 ± 1.3% positive cells in control scaf-
folds and 16.3 ± 2.7% positive cells in co-cultured scaffolds. Finally, control and co-cultured
scaffolds were subjected to dark and light cycles to determine if the oxygen released by
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the presence of microalgae could supply the metabolic requirements of the tumor model
(Figure 7B). Control scaffolds showed an equal consumption of oxygen independent of light
exposure, with an average of 45.0 ± 7.0 pmol/(mL·s) when in darkness and an average of
39.0 ± 8.0 pmol/(mL·s) when exposed to light. On the other hand, co-cultured scaffolds
in darkness showed more than double the oxygen consumption of control scaffolds, with
an average of 96.0 ± 11.0 nmol/(mL·s). When exposed to light, co-cultured scaffolds
showed high oxygen production, enough to supply the oxygen consumption needed by the
tumor cells and produce an average oxygen excess of 127.0 ± 17.0 nmol/(mL·s). Therefore,
microalgae inside the co-cultured scaffold effectively produce enough oxygen to supply
the cellular environment, greatly exceeding C32 oxygen requirements.
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cation (A, lower right) shows no significant differences were detected. Oxygraphic studies of co-
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Figure 7. Characterization of a photosynthetic tumor model. Microalgae were seeded into scaffolds
with grown tumors and incubated for two hours under physiological conditions. A histologic analysis
of the scaffolds was conducted by staining tumor cells with Hematoxylin/Eosin against Ki-67 and
Caspase-3. Arrowheads indicate the presence of microalgae clusters (H/E) and positive nuclei for the
corresponding stain (Ki-67 and Caspase-3). Ki-67 quantification (A, lower left) shows a significant
increase in tumor cell proliferation when microalgae are present, while Caspase-3 quantification
(A, lower right) shows no significant differences were detected. Oxygraphic studies of co-cultured
scaffolds show that, in darkness (B, middle), co-cultured scaffolds consume twice as much oxygen
as control scaffolds. Under light (B, right), control (C32) scaffolds keep consuming oxygen, while
co-cultured scaffolds produce over twice the consumed amount of oxygen. All assays were performed
in at least three independent experiments and data are presented as average + SE. Scale bars in (A)
represent 100 µm. In all experiments, p ≤ 0.05 was considered as significant using a Mann–Whitney
test. * = p ≤ 0.05, ns = not significant.
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3. Discussion

As there has been an increased interest in the treatment of hypoxic tumors with pho-
tosynthetic microorganisms [30,31,34], this work aims to generate a better understanding
of the potential interactions between photosynthetic microalgae and tumor cells. As these
cell types do not share a common environment in nature, their interaction is far from
physiological. Nevertheless, several evolutionary examples support the notion that func-
tional photosymbiotic relationships can be established between hetero and autotrophic
systems [35]. Within this context, several groups have suggested that the induction of
photosynthetic relationships could be established as a novel approach for the treatment of
hypoxia-related pathological conditions [23].

Here, the interaction between the microalga C. reinhardtii and C32 melanoma cells was
studied at different levels. Among others, C. reinhardtii was chosen because it is one of the
pioneering microorganisms used for photosynthetic therapies [22]. It is recognized as the
go-to microorganism model for studying photosynthesis as it is easy to culture and has an
extensive array of molecular tools available [36]. Moreover, it does not produce exotoxins or
infectious agents [37], which has propelled its use as a nutritional supplement and its appli-
cation in several biomedical approaches [28,29,35]. On the other hand, human melanomas
were chosen as the cellular model because they tend to develop acidic and hypoxic ar-
eas [38] that lead to increased tumor malignancy [39] and high resistance to conventional
ROS induction and drug treatments [40]. Among all melanoma cells available for research,
the C32 human cell line was chosen due to being amelanotic, thus not interfering with the
illumination settings of the study. Moreover, they have been previously combined with
photosensitizers [41,42] and used for toxicological screenings of plant compounds [43–46].
Finally, due the feasibility of further illumination and administration of microalgae in
prospective patients, melanomas represent a good candidate for the translation of this
concept into clinics.

Previous works have described the interactions between photosynthetic microorgan-
isms and different human cell types, such as fibroblasts [22], cardiomyocytes [25], umbilical
endothelial cells [47], and various others [30]. However, to our knowledge, this is the
first study that describes in detail the behavior of photosynthetic microorganisms under
3D tumor-like conditions in vitro. Compared to optimal microalgae culture settings, such
conditions significantly differ in key aspects such as temperature, medium composition,
and the presence of tumor cells. Surprisingly, these conditions do not seem to inhibit the
intrinsic ability of the microalgae to provide significant amounts of oxygen in the presence
of light. In any case, it is interesting to note that RPMI by itself did not trigger the death
of microalgae; however, human physiological temperature did, as 37 ◦C increased cell
death by two and three times in TAP and RPMI media, respectively. Unexpectedly, the
presence of C32 cells significantly lowered microalgae death and increased viability, which
could be due to the removal of metabolic waste or toxic byproducts from the media or the
release of certain compounds that might be beneficial for microalgae metabolism, such
as CO2. Moreover, as the protective effect was independent of light, it suggests that it is
not tied to photosynthesis. This potential metabolic coupling between both cell types is
interesting and deserves to be evaluated in more detail but was out of the scope of this
study. Another interesting finding of this work is related to the observation that, in contrast
to control conditions, after 24 h in co-culture, the metabolic activity of C32 cells did not
increase, which cannot be attributed to cell death (as shown by LDH assays). Though
there are no direct parallels in the literature, it has been described that colorectal cancer
cell co-cultures with bacteria (S. aureus and S. equisimilis) induce a G1 arrest of the tumor
cells, halting proliferation [48]. Whether these microalgae have a similar effect on tumor
cell proliferation is a matter for further studies.

In terms of oxygen metabolism, even at time zero, microalgae consumption was re-
duced to about a third in TAP or RPMI at 37 ◦C. This lower consumption is contrary to
what has been previously described in the literature, where oxygen consumption has been
shown to increase proportionally from 28 ◦C to 38 ◦C [49]. However, in this work, the
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illumination setting used was different, so it cannot be directly compared to the previous
studies. Concerning oxygen production, it decreases after 24-h incubation in all conditions.
As this phenomenon was also observed even under control culture conditions, this de-
crease could be attributed to the dark pre-incubation setting and the slow kinetics of the
RuBisCO enzyme [50,51]. Contrary to consumption, after 24 h of incubation, production
was significantly affected by the culture media but not by temperature, which did not
correlate to what was initially expected from the chlorophyll loss at 37 ◦C. Nevertheless,
from a functional perspective, this work shows that in the presence of light microalgae were
able to inhibit HIF-1α, therefore fulfilling the metabolic oxygen requirements of hypoxic
melanoma cells.

The presence of C. reinhardtii cells affects the morphology of C32 cells, indicating
possible mechanical changes and a weakening of interactions with the culture plate surface.
Melanoma cells are known to easily transition into a migratory phenotype, having an
overall lower expression of cadherins and integrins, as well as high expression of migration-
promoting proteins when compared to non-cancerous tissue [52]. Cancer cells have also
been shown to have a reduced amount of stress fibers when compared to non-cancerous
tissue, leading to reduced stiffness and increased response to morphological changes. This
results in a mostly amoeboid migration of the cells, though mesenchymal migration can
also occur [53]. Our results suggest that, in co-culture, C32 cells show an increased presence
of stress fibers in their periphery and increased fiber coherency. An increase in stress
fibers suggests higher actin fiber contractility, leading to stiffer membranes. This also
indicates the application of forces parallel to the adhesion surface, most likely resulting in
increased mesenchymal-type migration [54]. Although the results presented here show that
cells are more polarized, further experiments are needed to confirm an effective increase
in migration.

With all the information described above, an in vitro 3D tumor model was engineered
and characterized. Here, a collagen-GAG scaffold was chosen for cell seeding because
its composition and structure resemble the tissue extracellular matrix. Moreover, this
commercially available matrix has been previously shown to be biocompatible in clinical
settings, as well as with several cell types in vitro [55–58], including microalgae [22] and
cyanobacteria [59]. These collagen scaffolds also present unique advantages for 3D tumor
cultures as they have been shown to produce hypoxic cores of cells in their center [18], a
process which could be standardized for the present model. The scaffold is completely
composed of type I collagen, which is found in almost all human tissues, particularly in
skin [60]. On the other hand, GAGs are important for correct cell attachment and also
help with scaffold water retention and compressive resistance, helping cell viability [61].
As such, this scaffold serves as a general template for the human ECM, avoiding the
inherent variability and reproducibility problems of tissue-derived matrices [11]. Since
this is a commercial product, it is manufactured in a controlled setting, which leads to a
standardized pore size range [62].

After seeding, cells were distributed along both axes of the matrix, with larger cell
density in the center of the matrix near the injection point. Melanoma cells seemed to form
microtumors, which were about 100 µm in diameter and consisted of various layers of cells
growing around and in between the collagen sheets of the matrix, thus closely resembling
real tumor tissue. In this context, it is well known that collagen fiber directionality affects
cell growth in both 2D and 3D cultures [63]. In this case, the ordered β-sheet directionality
present in the scaffold results in cells aligning alongside these, which somewhat imitates
a metastasis prone stroma [64]. Moreover, scaffold pores in this model serve as protected
niches for microtumors and help define their shape and size, as well as affect cancer cell
migration to the outside [65].

As microalgae are significantly smaller (~10 µm) than mammalian cells and the pores
of the scaffold (30–120 µm [62]), they distribute homogeneously in the 3D tumor model.
The LCSM and SEM images reveal that microalgae cluster inside the pores of the matrix
and around the microtumors while either being in direct contact with them or in adjacent
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pores, confirming that this proposed model allows for the study of the interactions of both
cell types in a more physiological context than standard 2D cell culture assays. Interestingly,
the histological analysis showed there was significantly more cell proliferation when in
the presence of the microalgae. This result was consistent in all the histological analyzed
samples, but it is difficult to explain because of the short exposition time of the cells to the
microalgae and the decreased metabolism observed in the co-cultures in MTT assays. Ki-67
has been described as having multiple functions during cell cycle progression [66] and is
considered to be a graded marker rather than a binary one [67], which we are not able to
correctly quantify with histological analysis. Thus, a more detailed cell-cycle analysis is
needed to obtain more concrete results on this matter.

From a metabolic perspective, when in the presence of light, microalgae were able to
produce enough oxygen to exceed the metabolic demand of C32 cells by over three times.
It has been reported that mammalian tumor cells in culture have an approximate oxygen
consumption range of 5 to 200 amol/(cell × s) [68], with human melanoma cells consuming
an average of 37.0 ± 3.75 amol/(cell × s) when in a monolayer setting [69]. Control scaffolds
consume an average of 45 pmol/s of oxygen, which can be used to roughly calculate the
cell number in the scaffolds, these having roughly around 1.2 × 106 cells. Similarly, each
co-cultured scaffold produced an average amount of 0.22 nmol/s of oxygen, and each
scaffold had around 2 × 107 microalgae, meaning that the average oxygen produced per
microalgae was around 11.15 amol/s. Thus, according to these rough calculations, to meet
the metabolic requirements of C32 cells, a minimum ratio of 3.3 microalgae per melanoma
cell should be used to avoid tumor hypoxia.

Undoubtedly, the 3D model presented here better resembles a real tumor than standard
co-culture systems and, in its current shape, allows for the analysis of several specific
responses to photosynthetic therapies in tumors. However, a drawback of this model
is that this still represents an oversimplified system, as it lacks key accessory cell types
present in primary tumors that are critical in shaping the tumor microenvironment, such
as fibroblasts or endothelial cells. Nevertheless, this model could also be considered as a
novel platform where, in further studies, other cell types could be incorporated. Similarly,
this model does bring the extracellular matrix into context, which has been described to be
of key importance for correctly modelling in vitro tumors [10]. Further, additional ECM
components could also be incorporated.

Altogether, in this work, the behavior of the microalgae C. reinhardtii in tumor-like
co-culture conditions has been studied and described. A reproducible and easy-to-use
model is established for studying the potential therapeutic effects of photosynthetic thera-
pies in tumors, particularly in relation to ROS-dependent therapies, such as photodynamic,
chemo-, immune, and radiotherapy. Next, this model is also proposed to be used as a
platform for studying the role of other key cell types in the tumor microenvironment, which
can be included in the engineered microenvironment. Finally, the seeded 3D scaffolds can
be implanted in animal models to study other key aspects of tumor behavior and photo-
synthesis in in vivo conditions. The findings and their implications should be discussed in
the broadest context possible. Future research directions may also be highlighted.

4. Materials and Methods
4.1. Microalgae Culture

A cell-wall deficient UVM4-GFP C. reinhardtii strain was cultured as previously de-
scribed [70]. Microalgae were grown photo-mixotrophically at room temperature (20–25 ◦C)
on either solid Tris Acetate Phosphate (TAP) medium with 1.5% (w/v) agar or in liquid
TAP medium placed in an orbital shaker (180 rpm). A lamp with white light was used
to provide continuous light exposure of 30 µE/(m2·s) [36]. Cell density was determined
using a Neubauer chamber. For all illumination settings in 2D and 3D experiments, cus-
tom LED illumination equipment (Sky-Walkers Spa., Chile) was used to illuminate the
co-cultures. Light intensity and distance were set so that a constant flux of 21.47 µE/(m2·s)
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of blue light (455 nm) and 23.04 µE/(m2·s) of red light (630 nm) reached the cultures during
all experiments.

4.2. Mammalian Cell Culture

The C32 human melanoma cell line was obtained from ATCC (CRL-1585). Cells
were cultured in RPMI 1640 media with glutamate (Biological Industries, Cromwell, CT,
USA), 10% Fetal Bovine Serum (FBS; PAN-Biotech, Aidenbach, Germany), and 1% Peni-
cillin/Streptomycin (Biological Industries, Cromwell, CT, USA). Cells were kept in T75
flasks under standard culture conditions (37 ◦C and 5% CO2). Unless specified, cells were
seeded and used at 70% confluence for all experiments.

4.3. Microalgae Morphology

Microalgae were centrifuged and resuspended in control TAP media or RPMI 1640
with 10% FBS to a final density of 1 × 107 microalgae/mL. Samples were incubated for 24 h
at 28 or 37 ◦C in darkness. For morphology analysis, microalgae samples were diluted in
TAP media to a final density of 1 × 106 microalgae/mL, and 10 µL was loaded onto a glass
slide and taken to the light microscope. Morphology was evaluated by optical microscopy
(Dmi1, Leica, Germany) with 10×/0.4 and 40×/0.65 objectives and imaged with a standard
digital camera (MS60, Mshot, Guangzhou, China). Cell area quantification was performed
with ImageJ software [71], where a threshold was applied to the images and the total area
of each separate microalgae was calculated.

4.4. Microalga Viability

For flow cytometry experiments, microalgae were recovered from incubations and
resuspended in 500 µL PBS to a final density of 1 × 106 microalgae/mL. Samples were
incubated with Sytox®-Green (Invitrogen, Waltham, MA, USA) cell death probe for 1 h
at room temperature (RT) in darkness then centrifuged, washed twice with PBS, and
resuspended in 500 µL PBS. Samples were then analyzed in a flow cytometer (FACS
Canto II, BD Biosciences, Franklin Lakes, NJ, USA). All microalgae were first checked
for chlorophyll fluorescence in the PE-Cy7 channel, where a gate was set up so that only
chlorophyll-positive cells were analyzed. A dead microalgae control was prepared by
exposing microalgae to repeated freezing and boiling cycles and then used to set the
maximum fluorescence intensity and cutoff point for dead cells. Sytox®-Green fluorescence
was quantified in the FITC channel, using the FlowJo analysis software.

4.5. Chlorophyll Quantification

C. reinhardtii microalgae were recovered from incubations, divided into aliquots of
1 × 107 cells, and centrifuged at 600× g for 5 min. The supernatant was discarded, and the
remaining pellet was frozen at −20 ◦C. For quantification, pellets were thawed, washed
twice with 1 mL of TAP media, resuspended in 500 µL DMSO (Merck, Branchburg, NJ,
USA), and left under agitation for 45 min at RT. Absorbance was measured at 665 nm
and 648 nm, and chlorophyll quantification was calculated as previously described in the
literature [72].

4.6. Microalgae Proliferation Assays

C. reinhardtii microalgae were recovered from incubations, washed with TAP media,
and centrifuged at 600× g for 5 min. Pellets were plated onto sterile TAP-Agar (1.5% w/v)
and left at RT for 7 days under continuous illumination in sterile conditions. Photos were
taken with a standard digital camera (ILCE-6000L, Sony, Tokyo, Japan).

4.7. Metabolic Oxygen Profile of the Microalgae

All oxygen measurements were performed with an Oxygraph+ oxygen monitoring
system (Hansatech Instruments, Pentney, UK). C. reinhardtii were centrifuged at 1000 rpm
for 5 min and resuspended in TAP media to a final density of 1 × 107 microalgae/mL.
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Time zero controls were created by taking microalgae directly from liquid cultures with
no prior incubation and resuspending them in the appropriate media. For each sample,
1 mL was transferred to the oxygraph chamber, previously calibrated to 28 or 37 ◦C, and
left in darkness until the oxygen concentration reached 200 nmol/mL, after which the
experiment started. Samples were subjected twice to cycles of 5 min of darkness, 10 min of
light, and 5 min of darkness. Slope values were calculated for each section of the curve by
a linear regression.

4.8. Cell Co-Cultures

C32 cells were seeded onto 60 mm plates (1 × 106 cells), 35 mm plates (5 × 105), 12-well
multiwell plates (1 × 105 cells), or 96-well multiwell plates (1 × 104 cells) and cultured for
24 h. Microalgae cultures were centrifuged at 1000 rpm for 5 min, resuspended in RPMI
1640 with 10% FBS, and then added to grown C32 cell cultures in a 10:1 ratio of microalgae to
cells. Unless specified, all co-cultures were incubated for 24 h in standard culture conditions
in darkness. When illuminated, the procedure was performed as described above (see
Section 4.1).

4.9. Tumor Cells, Co-Culture Imaging, and Cytoskeleton Analysis

C32 cells were grown on 60 mm plates and microalgae were added to the culture,
as described in Section 4.8 above. Cell morphology was analyzed by optical microscopy
(Dmi1, Leica, Wetzlar, Germany) with 10×/0.4 and 40×/0.65 objectives and a standard
digital camera with 200 ms of exposure and 10 gain (MS60, Mshot, Guangzhou, China).
Samples were illuminated with a backlight only, and the same light intensity was kept
for all samples. The total area of the plate covered by cells was calculated in ImageJ [71],
where a threshold was established, and the covered area was calculated as a percentage of
the total area available in each image. For fluorescence microscopy, C32 cells were grown
over 12 mm glass covers until 50% confluence was reached, and microalgae were added
as described above in Section 4.8. After 24 h in the co-culture, covers were washed once
with PBS Ca2+/Mg+ and fixed with 4% paraformaldehyde (PFA) for 15 min at 37 ◦C. Fixed
samples were washed three times and incubated with PBS-Triton X-100 0.1% for 10 min.
Finally, samples were incubated with 1 µg/mL of Hoescht 3342 (Thermo, Waltham, MA,
USA) and 0.17 µM of Phalloidin-AF546 (Thermo, Waltham, MA, USA) according to the
manufacturer’s instructions. Covers were mounted on glass slides and microscopically
imaged (DM500, Leica, Wetzlar, Germany) with 20×/0.4 and 40×/0.65 objectives and a
standard digital camera (MS60, Mshot, Guangzhou, China). The camera setting for Hoescht
detection was 200 ms of exposure and 15 gain, while exposure was set at 220 ms and 18
gain for Phalloidin-AF546. For quantifying the actin fiber intensity of the cells, images were
analyzed in ImageJ [71] by using a script previously described [73]. For calculating actin
fiber coherency and making the fiber directionality map, images were analyzed in ImageJ
using the plugin OrientationJ according to the protocols described in the literature [74].

4.10. Tumor Cell Viability

For viability and cell death assays, C32 cells were grown on 96-well multiwell plates
and microalgae were added as described above in Section 4.8. Here, co-cultures were
incubated for 24 h in the presence or absence of light. For viability analysis, an MTT assay
was performed. Cells were washed once with PBS Ca2+/Mg+ to remove the microalgae,
and 10 µL of 500 µM MTT (Invitrogen, Waltham, MA, USA) and 90 µL of complete cell
media were then added to each experimental point. Samples were incubated for 2 h
in standard culture conditions, after which 100 µL of DMSO was added to each well.
Absorbance was measured at 570/630 nm. For cell death analysis, an LDH cytotoxicity
assay kit (Thermo, Waltham, MA, USA) was used. Supernatant LDH release of co-cultures
and monocultures of each individual cell type was measured and calculated according to
the manufacturer’s instructions.
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4.11. Tumor Cell Immunoblotting

Cells were cultured on 35 mm culture plates and subjected to several experimental
conditions. Normoxic cultures were kept under standard culture conditions, while hypoxia
was induced by incubation in a sealed chamber (STEMCELL Technologies, Vancouver, BC,
Canada), where a continuous nitrogen gas flow (40 mmHg/minute) was passed through
for 8 min to remove oxygen. Normoxic and hypoxic cultures were incubated at 37 ◦C for
24 h. The cultures and the whole hypoxia chamber were illuminated as described above in
Section 4.1, and samples that required darkness were protected with aluminum foil. As
positive control for HIF-1α induction, 100 µM of CoCl (Merck, Branchburg, NJ, USA) was
added to the culture media and left during incubation. After incubation, plates were taken
to ice and homogenized in 400 µL of RIPA buffer (NaCl 150 mM, Triton X-100 1%, Sodium
Deoxycholate 0.5%, SDS 0.1%, Tris-HCl pH 8.0 50 mM) containing protease and phosphatase
inhibitors, before then being incubated for 40 min under constant agitation. Supernatant
protein concentration was determined using a commercially available kit (Pierce BCA
Protein Assay; Thermo, Waltham, MA, USA). Afterwards, samples were loaded into 7.5%
SDS-PAGE gels and electrophoresis was performed. Proteins were transferred onto a PDVF
membrane then blocked with TBS-Tween-20 0.2% (BSA 1%). Membranes were incubated
in TBS-Tween 0.2% overnight at 4 ◦C with primary anti-HIF-1α (D1S7W, Cell Signaling,
Danvers, MA, USA) diluted 1:1000 or anti-β-Actin (A5060, Sigma-Aldrich, St. Louis, MO,
USA) diluted 1:2000, both in TBS-Tween-20 0.2%. Afterwards, membranes were incubated
with a secondary Goat anti-Rabbit-HRP (Thermo, Waltham, MA, USA) diluted 1:3000 for 1 h
at RT. HRP substrate (Pierce ECL WB substrate, Thermo, Waltham, MA, USA) was added
to the membranes and the signal was revealed in a chemiluminescent transilluminator
(myECL Imager 62236X, Thermo, Waltham, MA, USA).

4.12. Scaffold Seeding and Co-Cultures

Integra® matrix wound dressing with a silicone layer was kindly donated by Integra
Life Science and used for scaffolds (Integra LifeSciences, Princeton, NJ, USA). Six-millimeter
diameter disks were cut with a punch biopsy sampler and dried with sterile gauze. Sub-
sequently, 50 µL of cell media containing 6 × 105 cells was loaded into a 1 mL disposable
syringe and injected into the center of the scaffold with the silicone layer facing down.
Afterwards, seeded scaffolds were placed in 12 well plates previously covered with sterile
PBS-Agar 2% and left for 30 min at RT. A total of 2 mL of complete cell culture media was
then carefully added to each well and replaced daily. Unless specified, tumor cells were
grown for 48 h in the scaffold before being co-cultured or being used for experiments.

For seeding the microalgae into the scaffolds, 2 × 107 microalgae were resuspended in
50 µL of RPMI 1640 (10% FBS). Cell-laden scaffolds were carefully dried with sterile gauze
and the resuspended microalgae were added. Co-cultured scaffolds were transferred to
PBS-Agar-covered multiwell plates and 2 mL of RPMI-10% FBS was carefully added to
each sample. Co-cultured scaffolds were incubated for 2 or 24 h at 37 ◦C, according to the
experimental setting.

4.13. Tumor Cell Viability in the Scaffold

Culture media were removed from cell-laden scaffolds and replaced with 100 µL of
500 µM MTT and 900 µL of complete cell media before then being incubated for 2 h in
standard culture conditions. Optical images of scaffolds were taken on a stereomicroscope
(S6D, Leica, Aidenbach, Germany) at 1.25× magnification with a standard digital camera
(MS60, Mshot, Guangzhou, China). Scaffolds were kept hydrated with PBS Ca2+/Mg+

while photos were taken. Samples were then dissolved in 2 mL of DMSO with the help of a
plastic tissue homogenizer. When dissolved, the remaining silicone layer was discarded,
and 200 µL of each sample was transferred into a 96-multiwell plate. Absorbance was
measured at 570/630 nm.
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4.14. Tumor Cell Distribution in the Scaffold

C32 cell-laden scaffolds were grown as described in Section 4.12 above and fixed with
PFA 4% for 24 h at 4 ◦C. For cryosection analysis, scaffolds were cut into 5 µm sections
(CM1520 cryostat, Leica, Germany) and deposited onto silanized glass slides. Slides were
incubated for 1 h at 50 ◦C and then washed in dH2O. Samples were incubated with
1 µg/mL of Hoescht 3342 (Thermo, MA, USA) in PBS for 30 min and then washed twice
with PBS. Slides were analyzed with an epifluorescence microscope (Axio Observer, Zeiss,
Oberkochen, Germany) using the Zeiss image software and a 20×/0.35 air objective. Tile
by tile mosaic images were taken and digitally stitched. For Hoescht detection, exposure of
200 ms and 15 gain were used, while for collagen autofluorescence, exposure was set at
1.2 s and gain at 22. The nuclei fluorescence channel was isolated in ImageJ [71], a threshold
was established, and total nuclei per cut were counted. From the silicone layer, the D and Q
axes were defined for each cut, and each axis was subdivided into ten deciles (D) and four
quartiles (Q), respectively, in Adobe Illustrator. Cells were counted within each subdivision,
and a heatmap was created from the individual values of each subdivision in GraphPad
Prism 8. Sections belonging to the same axis were added accordingly and averages for
each separate axis were calculated and plotted. All sections in the same cut were added to
obtain the total cell number, which was then compared to the original count. Shown values
are expressed as a percentage of the total number of cells in a cut. Results correspond to
three independent scaffolds, where 10 cuts of each were selected and counted.

4.15. Laser Scanning Confocal Microscopy

Cell-laden scaffolds were fixed with PFA 4% for 24 h, permeabilized with 0.2% PBS-
Triton X-100 for 20 min, and washed. Scaffolds were then incubated with 1 µg/mL of
Hoescht 3342 (Invitrogen, Waltham, MA, USA) and Phalloidin-AF546 (Thermo, Waltham,
MA, USA) for 1 h at RT in darkness and washed twice. Samples were taken to the mi-
croscope (Airyscan, Zeiss, Oberkochen, Germany), the silicone layer was removed, and
scaffolds were imaged from the top or bottom side. Images were taken with a 40×/0.65
water objective and were analyzed with Zeiss software, where they were post-processed
with the Airyscan correction.

4.16. Scanning Electron Microscopy

Cell-laden scaffolds were fixed with glutaraldehyde 2% overnight. Samples were then
dehydrated in an ethanol gradient, transferred to acetone for 1 h, and air-dried for 24 h at
RT. Samples were mounted, sputtered with gold, and analyzed using 15 kV of acceleration
voltage (TM3000, Hitachi, Ibaraki Japan). Images were post processed in Adobe Photoshop,
where contrast was increased and cell structures were colored.

4.17. Histology

Cell-laden scaffolds were fixed in PFA 4%, dehydrated in ethanol, and embedded in
Paraplast (Leica, Aidenbach, Germany) at 60 ◦C. Sections of 5 µm in thickness were cut
and adhered to glass slides using 0.1% poly-L-Lysine (Sigma-Aldrich, St. Louis, MO, USA)
and further dried at RT. Prior to the immunoreaction, some samples were stained with
Hematoxylin/Eosin for morphological studies. Sections were deparaffinized, rehydrated,
and incubated with rabbit monoclonal primary anti-ki67 (MA5-14520 Invitrogen, Waltham,
MA, USA) diluted 1:50 or rabbit polyclonal anti-cleaved caspase-3 (ab2302 Abcam, Cam-
bridge, UK) diluted 1:250, both in PBS Tween-20 0.3%, overnight at 4 ◦C. Non-specific
staining was blocked by 30 min of immersion in Cas-Block solution (Invitrogen, Waltham,
MA, USA) and goat serum (Gibco, Carlsbad, MA, USA). After extensive rinsing in PBS, all
sections were incubated for 1 h at RT with HRP-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch, West Grove, PA, USA) diluted 1:500 or 1:250 in PBS. The peroxidase
reaction was visualized using 3,3-Diamenobenzidine chromogen from the Envision FLEX
kit (Agilent, Santa Clara, CA, USA). After immunostaining, sections were slightly stained
with Harris hematoxylin (Merck, Branchburg, NJ, USA). For each immunohistochemical
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reaction, controls were performed either by incubating the sections with PBS or by omitting
the primary antibody. Subsequently, the sections were scanned at 40× magnification equiv-
alent resolution on a whole slide scanner (Aperio Versa, Leica, Aidenbach, Germany) and
images were captured with Aperio ImageScope 12.4.6 software. Images were then analyzed
in ImageJ, where total nuclei per image were counted and the positive nuclei for each stain
were quantified. Results are expressed as the percentage of positive nuclei per cut.

4.18. Scaffold Metabolic Analysis

Cell-laden scaffolds were grown and co-cultures were established as previously de-
scribed (see Section 4.12). The oxygraph (see Section 4.7) was calibrated at 37 ◦C and 1 mL of
PBS 10% FBS was introduced into the chamber. Scaffolds were transferred into the chamber
and subjected to the same light–dark cycles as previously discussed (see Section 4.7). Slope
values were calculated for each section of the curve by linear regression.

4.19. Statistical Analysis

All assays were performed in at least three independent experiments. All statistics
were obtained with GraphPad Prism 8. The statistical tests used are described in each result
section. The significance threshold was set at p ≤ 0.05.
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Abstract: Over the past 30 years, photodynamic therapy (PDT) has shown great development. In
the clinical setting the few approved molecules belong almost exclusively to the porphyrin family;
but in the scientific field, in recent years many researchers have been interested in other families of
photosensitizers, among which BODIPY has shown particular interest. BODIPY is the acronym for 4,4-
difluoro-4-bora-3a, 4a-diaza-s-indacene, and is a family of molecules well-known for their properties
in the field of imaging. In order for these molecules to be used in PDT, a structural modification is
necessary which involves the introduction of heavy atoms, such as bromine and iodine, in the beta
positions of the pyrrole ring; this change favors the intersystem crossing, and increases the 1O2 yield.
This mini review focused on a series of structural changes made to BODIPYs to further increase 1O2

production and bioavailability by improving cell targeting or photoactivity efficiency.

Keywords: 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene; BODIPY; photodynamic therapy; photosensitizer

1. Introduction
1.1. Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) [1,2] is an innovative technique that combines three
components which are individually harmless but which when combined cause damage to
nearby biomolecules (Figure 1).
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Figure 1. Schematic PDT Treatment: photodynamic strategy involves photosensitizer (PS) adminis-
tration (local or systemic injection). Light irradiation is applied depending on the drug-light interval
(time necessary to drug accumulation within the tumor). The activation of PS leads to the generation
of 1O2 and ROS that cause cancer cell death through apoptosis, necrosis or autophagy.

Nowadays, PDT is used for diverse pathologies, and it is gaining interest in cancer
treatment [2–8]. PDT involves three components: a photosensitizer (PS), a molecule that
has a high degree of unsaturation that is able to capture the energy provided by the second
component, light at an appropriate wavelength; this energy is then transferred to the third
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component, molecular oxygen [1,9,10]. Specifically, once irradiated, the PS in the excited
electronic state is highly unstable and will therefore tend to return to the ground state. The
return to the ground state can occur through the emission of fluorescence, an excellent prop-
erty in the clinical setting for imaging or photodetection, and/or heat [11]. Alternatively,
and based on physico-chemical characteristics, the PS can undergo an intersystem crossing
(ISC); with this step the PS will go into a more stable triplet state (3PS*) with an inverted
spin of an electron. 3PS* can return to the ground state by emitting phosphorescence or
it can interact with molecular oxygen (O2) [12] thus leading to the formation of singlet
oxygen (1O2) in what is called a Type II reaction [13–15]. Type I reactions can also occur; in
this case the PS interacts directly with a substrate [16–20], such as the cell membrane or a
molecule, thus transferring a proton or an electron to the substrate to form radicals which
will then react with O2 to form the superoxide anion (O2

•−), the hydroxyl radical (OH•) and
hydrogen peroxide (H2O2) [6,21–24]. Type I and Type II reactions can occur simultaneously,
even though photoreaction of type II is predominant [13,25,26]. ROS that are generated by
type I and II reactions are mainly responsible for PDT-induced cell death [27,28]. These
species are extremely toxic and, once formed, can strongly reduce malignant cells through
necrosis, apoptosis, autophagy [4,10,29–31], and, as reported by many authors, can cause
inflammatory/immune responses [32–38].

One of the three crucial elements of PDT is the PS [39]. PSs used are generally colored
substances that share, as a common feature, an extensive electronic conjugation by a high
number of conjugated double bonds to allow the interaction of π electrons with low energy
radiations such as visible light.

The ideal PS for therapeutic application should have a selective accumulation in
the tumor tissue [11]. The accumulation is favored by a certain degree of lipophilicity
which favors cellular uptake but at the same time is also favored by a certain degree of
hydrophilicity which facilitates its administration; the two concepts can be exemplified
with the term amphiphilia [7,11,39]. PS must also have no or negligible intrinsic toxicity
to preserve healthy tissues [6,39]. From a chemical point of view, PS should be easily
synthesized in pure formulation, have a high molar extinction coefficient [7] and a high
quantum yield of 1O2 [40]. The ideal PS should be activated at wavelengths of between 680
and 800 nm for a deeper penetration of the light [41].

Over the years various generations of PSs have been obtained to meet all the re-
quirements of the ideal PS. Historically, the PSs are divided into first, second and third
generation [1,11,42].

The first generation includes naturally derived PSs belonging to the porphyrin family
that were developed in the 1970s and early 1980s. The first preparations for use in PDT were
based on a fairly complex mixture of Hematoporphyrin-derived (HpD) porphyrins [1,43].
HpDs showed better tissue selectivity for tumors and less photosensitizing potential of the
skin [44,45], but they have limitations such as low chemical purity, poor tissue penetration
and skin hypersensitivity to light [1,39,46–48].

In the 1980s, to overcome those limitations, several hundreds of substances with po-
tential for photosensitizing had been proposed, however, only a few were used in clinical
trials. The second generation includes synthetic PSs such as 5-aminolevulinic acid, benzo-
porphyrin derivatives, texaphyrins, chlorins, bacteriochlorins, BODIPYs, anthraquinones,
xanthenes, cyanines and curcuminoids [1,5,39,49–53]. Those compounds show higher
chemical purity, a higher yield of 1O2 formation and better penetration [6]. The strong
limitation turns out to be water solubility.
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Using second generation PSs as a basis and binding them with cargos to allow targeted
accumulation in the tumor site, the third generation of PSs was obtained [10,54]. In this
category PSs are conjugated with organic and inorganic polymers, nanoparticles, liposomes,
monoclonal antibodies, antibody fragments, protein/peptides (such as transferrin, EGF,
somatostatin and insulin), carbohydrates, folic acid, and many others [1,24,55,56]. These
modifications lead to enhance targeting and absorption of the PS in tumoral and drained-
vasculature cells within the tumors [57]. Many PSs belonging to this generation are currently
under development or undergoing clinical trial.

1.2. BODIPYs

The first member of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene dyes (hereafter abbre-
viated to BODIPYs) was reported by Treibs and Kreuzer in 1968 [58] although relatively
little attention was given to their discovery until the end of the 1980s [59]. The potentials of
this dyes for biological labeling and in many other science fields was later recognized and
a series of study brought attention on them.

In addition to the high fluorescence emission (Φ), the BODIPYs are characterized by a
high molar extinction coefficient (ε) in the visible region, limited changes by environmental
conditions (e.g., polarity of the solvent or pH) [60], by a high lipophilicity [61] and a good
resistance to photobleaching (the phenomenon of chemical destruction of a fluorophore by
light [62]).

The absorption and emission characteristics of the BODIPY can be adjusted by adding
suitable substituents on the main structure of the BODIPY itself. The effect is particularly
evident when the substituent is bonded to one of the carbon atoms of a pyrrole ring [63].
On the contrary, the presence of an aromatic group in position 8 (meso) exerts a very weak
effect, mainly explained by the weak electronic interaction between the aromatic ring and
the main structure of the BODIPY [55].

Any structural difference on the meso-aryl group does not greatly affect the intensity
and wavelength of the absorption and fluorescence bands, however the degree of polarity
of this part can modulate the degree of amphiphilicity of the molecule.

The presence of substituents in positions 2 and 6 of pyrrole (β positions) involves
some evident effects; for example, the presence of alkyl groups or heavy atoms has direct
repercussions on the energy of the HOMO and LUMO orbitals and on the triplet state so as
to influence the absorption and emission phenomena of UV-Vis radiation [64,65].

In addition to the well-known fluorescence that makes these molecules excellent
biomarkers, a new important application field of BODIPYs concerns photodynamic therapy
(PDT) as they can be used as photosensitizers (PS), after appropriate modifications [61].

A fundamental modification to increase the probability of ISC and the quantum
yield of 1O2 formation is the introduction in some specific positions of a heavy atom,
such as iodine or bromine. A heavy atom can quench the fluorescence and facilitate the
transition to triplet state. Heavy atoms either in solution (external Heavy Atom Quenching
HAQ) or incorporated in the molecule (internal HAQ) assumed to quench fluorescence
by perturbating S1 state via spin orbit interactions that modifies electron’s atomic energy
levels. The transition between the T1 state and ground state are forbidden due to the spin
changes, this results in a relatively long-lived and reactive excited configuration that can
interact with other molecule forming complexes or radicals [40,56,61,65].

Iodine seems to severely quench fluorescence, suggesting that the intersystem cross-
ing efficiency (ΦISC) has been enhanced by the internal heavy atom effects. Interestingly
2I-BODIPYs showed a narrow peak in NIR spectrum that is characteristic of 1O2 gen-
erating molecules [40,66–71]. The incorporation of more heavy atoms in BODIPY core
does not effectively enhance the 1O2 quantum yield; on the contrary it appears to increase
dark toxicity.
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2. BODIPYs Studies

Substituents are generally attached in positions 4 (boron center); 3,5 (α-positions);
1,2,6,7 (β-positions), and 8 (meso position). In this context, we will show new structural
derivatives of BODIPY core and their strategy to improve delivery and efficiency [56,59,66].
Principal modifications are the addition of groups that modify chemical and physical
properties (hydrophilicity, absorption wavelength, ISC efficiency, etc.), or improve the
interaction with biological medium (environment-response, association with targeting
molecules, etc.) [56,59,66,72].

Modifications to their structures enable the tuning of their fluorescence characteristics,
enhancing their capacity for 1O2 generation. The stability of the core structure and its
tendency to maintain photochemical properties even with complex groups as substituents
in some positions makes BODIPYs an interesting class of compounds for PDT [56,59,72].

2.1. Structure-Activity

One of the important aspects in the study of the various PSs is to evaluate the relation-
ship that exists between the chemical structure and the photodynamic activity of the PS; in
fact, this could allow the design of targeted syntheses. In recent years many authors have
tried to analyze this type of relationship in various series of PS such as porphyrins [73,74],
the pyropheophorbides [75] and phthalocyanines [76].

Even in the case of BODIPYs this type of approach is extremely important for their
application in PDT [40,71,77–85].

Recently, we characterized a panel of twenty-four new BODIPYs all united by an
aromatic ring in meso position and by the presence of iodine atoms in β-positions [86].
The panel shows different atoms or groups as substituents of the aromatic ring. All
compounds were characterized from a physico-chemical point of view (generation of 1O2,
fluorescence and lipophilicity) and for their activity on the human ovarian carcinoma cells
SKOV3. A quantitative structure-activity relationship (QSAR) analysis was also performed
to understand how the substituent could affect PS activity.

Data obtained demonstrate that the presence of an aromatic ring is essential to obtain
a high production of 1O2 and high phototoxicity of the compounds. Of the twenty-four
compounds analyzed, two showed high activity (compounds 2 and 8).

The first is characterized by the presence of a methoxy group in the para position while
the other has two chlorine atoms in the ortho and ortho’ position (Figure 2). The differences
in regioisomerism and in the electronic effect confirm the absence of correlations between
the substituents and the efficacy of the photo-induced action.
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Figure 2. Chemical structures of compounds 2 and 8 [86].

The presence of iodine atoms in the β-positions of the pyrrole determine a high
production of 1O2. The IC50 were in the range of 1-2 nM for the BODIPY derivatives with
the exception of compounds 2 and 8 (Table 1).
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Table 1. Physico-chemical properties and biological data obtained for compounds 2 and 8 [86].

2 8

λabs
a 534 nm 548 nm

ε 61,500 M−1cm−1 76,400 M−1cm−1

Φfluo
b 0.02 0.02

1O2 QY c 1.04 1.53
IC50 (SKOV3)

d 0.65 nM 0.77 nM
a 10 µM solution in Dichloromethane (DCM). b In DCM with fluorescein (0.1 M NaOH, 0.85) as standard. c

In isopropanol with DPBF (1,3-diphenylisobenzofuran) as indicator and Rose Bengala as standard. d 2 h of
irradiation with a green LED device (fluence rate 25.2 J/cm2).

Based on these results, the effect of chains of different length on the hydroxyl groups
was evaluated. Two BODIPYs with the presence of hydro-carbon chains of different lengths
placed in position 4 (para) of the phenyl ring placed in meso position of the core were
analyzed [87]. Specifically, compounds 3 and 4 (Figure 3) have carbon chains consisting of
four and eight atoms, respectively, to obtain a different degree of lipophilicity of the two
molecules. This difference should make it possible to establish a correlation between the
length of the alkyl chain and the photodynamic activity. A bromine atom was presented
at the end of each chain to make these molecules more versatile and eventually allow the
bond with nanoparticles [88].
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Figure 3. Chemical structures of compounds 3 and 4 [87].

The analyzes carried out confirmed that the presence of alkyl chains of different lengths
affects the degree of lipophilicity and consequently also the photodynamic effect. Com-
pound 3 has a fair degree of lipophilicity associated with an effective photodynamic action
on tumor cells; on the contrary, the more lipophilic compound 4 has a lower photodynamic
activity probably due to the formation of aggregates in aqueous medium (Table 2).

Table 2. Physico-chemical properties and biological data obtained for compounds 3 and 4 [87].

3 4

λabs
a 533 nm 534 nm

ε 66,072 M−1cm−1 41,500 M−1cm−1

λem
a 553 nm 554 nm

Φfluo
b 0.01 0.01

1O2 QY c 1.10 1.11
IC50 (HCT116)

d 2.0 nM 11.7 nM
IC50 (SKOV3)

d 3.56 nM 15.61 nM
IC50 (MCF7)

d 6.88 nM 23.11 nM
a 10 µM solution in DCM. b In DCM with fluorescein (0.1 M NaOH, 0.85) as standard. c In isopropanol with DPBF
as indicator and Rose Bengala as standard. d 2 h of irradiation with a green LED device (fluence rate 25.2 J/cm2).
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As already highlighted the main problem with these PSs leads to their solubility in
aqueous medium. Belfield et al. designed a BODIPY decorated in meso position with a
polyethylene glycol chain to enhance solubility and to prevent aggregation in aqueous
solution [89].

Compound 3 (Figure 4) was characterized as regards absorption, fluorescence and
1O2 production. The ability to produce 1O2 was evaluated by direct measurement of near
infrared luminescence. The quantum yield of 1O2 generation is higher than that of the
standard used as a control (0.93 for 3, 0.82 for acridine used as control). IC50 were estimated
at 10 µM against Lewis lung carcinoma cells pre-treated with compound 3 and exposed to
a light dose of 3.5 mW/cm2 (Table 3).
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Table 3. Physico-chemical properties and biological data obtained for compound 3 [89].

3

λabs
a 528 nm

ε 75,500 M−1cm−1

λem
a 546 nm

Φfluo
b 0.02

1O2 QY c 0.93
IC50 (LLC)

d 10.0 µM
a In acetonitrile. b Determined by a standard relative method with Rhodamine 6 G (Φfluo ≈ 0.94 in ethanol) as
a reference. c In acetonitrile using acridine as standard. d Irradiation with a light dose of 3.5 mW/cm2 from a
filtered light source (522 ± 40 nm) for different time.

In addition, the cell death mechanisms induced following photodynamic treatment
were evaluated and necrosis prevails over apoptosis process. The results obtained show
how it is feasible to obtain a BODIPY with a higher degree of hydrophilicity with at the
same time excellent characteristics for use in PDT.

2.2. Singlet Oxygen Generation

Critical factor for the activity of BODIPY is certainly the production of 1O2. The
generation of 1O2 in solution requires a photosensitizer (PS) which is converted to the
triplet excited state (intersystem crossing, ISC) upon irradiation. The triplet state PS
transfers energy to molecular oxygen in a type II process to produce 1O2. The heavy atom
effect has been a useful chemical approach to improve ISC in several molecules including
BODIPY chromophores.

Lincoln et al., and Durantini et al., investigated the different photostability and PS
efficiency for PDT of two BODIPYs bearing an acetoxymethyl substituent in the meso
position and bromine or iodine atoms in positions 2 and 6 of the scaffold [90,91].

The presence of the substituent acetoxymethyl in meso position improves the photo-
stability of the PS. (Figure 5). It was also observed that the presence of iodine (I2BOAc) or
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bromine (Br2BOAc) atoms in both β-positions affects the production level of 1O2. The PS
bearing the two bromine atoms produced a lower level of 1O2 than that bearing the iodine
atoms. The production of 1O2 by the bromine compound conferred a slight improvement
in stability mainly attributable to the lower amount of oxidant generated (Table 4).
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Table 4. Physico-chemical properties and biological data obtained for compounds Br2BOAc and
I2BOAc [90,91].

Br2BOAc I2BOAc

λabs
a 543 nm 550 nm

ε 81,000 M−1cm−1 96,000 M−1cm−1

λem
a 562 nm 572 nm

Φfluo
b 0.14 0.02

1O2 QY c 0.84 0.98
IC50 (HeLa)

d 140.0 nM 180.0 nM
a In acetonitrile. b Determined by the consumption of dimethylanthracene using Rose Bengal as a standard. c In
acetonitrile using Rose Bengala as standard. d Irradiation with a 520 nm LED panel for 30 min.

Cytotoxicity studies conducted with the HeLa tumor cell line have shown that the
compound bearing the bromine atoms is the most active. The localization of these com-
pounds is mainly in the lipid membranes of the cell. Tests to evaluate the photodynamic
activity of bacterial inactivation were carried out against Gram-negative Escherichia coli.
The results obtained showed that both molecules are able to photo-kill E. coli already from
a concentration of 5 µM, suggesting that both molecules have a PDT potential against E.
coli and other Gram-negative strains.

A similar comparison between the two types of halogens bound in β-positions of the
BODIPY was also carried out by Epelde-Elezcano et al., who studied the photo-physical
properties of a series of BODIPYs bearing either two bromine atoms or two iodine in
β-positions of the pyrrole of the BODIPY skeleton. Specifically, the measurement of 1O2
production was carried out with an indirect assay using 9,10-dimethylanthracene (DMA)
as a chemical probe and with a direct determination of the luminescence at 1276 nm of
the 1O2 with a NIR detector. The work demonstrates how the iodine atom favors the ISC
over the bromine atom. In the same work the authors evaluate the impact of the meso
substituent, observing how an electron donor substituent tends to decrease the production
of 1O2 compared to an analogous derivative bearing an electron withdrawing substituent.
Furthermore, a strong decrease is observed in the case of electron donor substituents when
there is free rotation of the substituent which favors the internal conversion process to the
detriment of the ISC and therefore of the production of 1O2 [92].

Turan et al., focused on synthesis of BODIPY derivatives that could be applied to
enhanced fractional photodynamic therapy [93]. In this therapeutic strategy and to prevent
photo-induced hypoxia, the light is administered intermittently (fractional PDT) to allow
the replenishment of cellular oxygen with an increase in the time necessary for the effective
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therapy. The study reported the synthesis of a BODIPY containing 2-pyridone (Figure 6)
which in the dark conditions, through a thermal cycloreversion, becomes a source of
1O2 [94–98].
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Figure 6. Chemical structures of compounds 6 (PYR) and 7 (EPO) [93].

When excited at a wavelength of 650 nm, molecule 6 (Pyr) generates 1O2 which is
partially stored in the form of 2-pyridone-endoperoxide (7 or EPO). When irradiation is
stopped EPO will undergo thermal cycloreversion to produce 1O2 in the absence of light
(Table 5) [99,100].

Table 5. Physico-chemical properties and biological data obtained for compounds 6 (PYR) and 7
(EPO) [93].

6 (PYR) 7 (EPO)

λabs
a 668 nm 667 nm

ε 22,200 M−1cm−1 74,200 M−1cm−1

λem
a 697 nm 700 nm

Φfluo
b 0.14 0.10

1O2 QY c 0.15 0.20
IC50 (HeLa)

d 49.0 nM 8.6 nM
a In DMSO. b In DMSO with Cresyl Violet (Φfluo ≈ 0.66 in methanol) as a reference. c In ethanol using Methylene
blue as a reference (1O2 QY ≈ 0.52 in ethanol). d Irradiation cycles of light (λ = 655 nm, 10 min) and dark (50 min)
with a total of 24 h of light exposure.

The molecules were tested against human cervical HeLa cells. Due to the low solu-
bility, the compounds were prepared as micellar structures using the non-ionic surfactant
cremophor EL [101]. IC50 was estimated at 8.6 nM and 49 nM for compound 7 and 6, re-
spectively. Results demonstrates how the continuous release of 1O2 by the photosensitizer
during the light-dark cycles has to be considered as a positive feature if we compare the
cytotoxic effects with those of conventional photosensitizing agents.

Zou et al., instead focused on how the effect and configuration of the substituents of
heavy atoms are important for 1O2 generation [102]. A series of BODIPY derivatives was
synthesized with one or two BODIPY units connected via a benzene ring; PSs thus obtained
were then halogenated in β-positions with bromine or iodine atoms. The ability to produce
1O2 and cytotoxic efficacy in HeLa cells was evaluated for each of the compounds.

The best producers of 1O2 are compounds 4 and 6, consisting of one and two units of
iodinated BODIPY, respectively. Moreover, the insertion of two or more heavy atoms does
not significantly affect the improvement of the 1O2 produced (Table 6).
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Table 6. Physico-chemical properties and biological data obtained for compounds 4 (BDPI) and 6
(BBDPI) [102].

4 (BDPI) 6 (BBDPI)

λ abs
a 533 nm 540 nm

1O2 QY b 0.73 0.68
IC50 (HeLa)

c 1.0 µM 2.8 µM
a In DCM. b Using DPBF as the probe and methylene blue (Φ∆ = 0.57 in DCM) as standard. c Irradiation with a
xenon lamp (40 mW/cm2) for 8 min.

The synthesized compounds were then included in NPs to improve water solubility,
required for cytotoxicity tests against HeLa cells. The MTT test showed that the most active
compound is 6 (Figure 7). Given the good results obtained in vitro, compound 6 was also
used for in vivo tests. In vivo, treatment with compound 6 led to a dramatic decrease in
tumor growth and no tumor recurrence was observed. Biodistribution analysis showed
that compound 6 accumulated in tumor cells and the liver. The selective irradiation of the
tumor zone alone ensures that the liver is spared from possible photodynamic damage.
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Figure 7. Chemical structures of compounds 4 (BDPI) and 6 (BBDPI) [102].

Pang et al., considered the dimerization of two BODIPYs to increase 1O2 generation
(Figure 8). In this case, the second BODIPY molecule is covalently linked in the beta position
of the first BODIPY and can assume two positions, either orthogonal as in compounds 2b
and 2d or angular (angle of about 30–40◦) in compounds 2a and 2c [103].
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Following the synthesis, the authors took into consideration some spectroscopic prop-
erties and the 1O2 production evaluated both through direct and indirect determination
(Table 7).
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Table 7. Physico-chemical properties and biological data obtained for compounds 2a–d [103].

2a 2b 2c 2d

λabs
a 521 nm 507 nm 538 nm 507 nm

λem
a 563 nm 540 nm 568 nm 542 nm

Φfluo
b 0.007 0.002 0.002 0.002

a In DCM. b In DCM with fluorescein (0.1 M NaOH, 0.90) as standard.

The highest efficiency was observed for orthogonal meso–b linked dimer which
confirm the data that Cakmak et al., had previously reported as well [101].

2.3. Uptake and Targeting

As reported by many authors [104–111], the aspect of cellular uptake and targeting
has always been a very important aspect for all families of photosensitizers. Trying to
increase cellular uptake as well as to make cellular penetration selective between healthy
and tumor tissues is of primary importance, consequently cellular uptake and targeting are
fundamental and interrelated factors.

2.3.1. Uptake

Shivran et al., synthesized three water soluble glucose conjugated BODIPYs and
subsequently tested them on human lung cancer A549 cells. Of the three compounds,
compound 4 features a glycosylated styryl appendix in position C-3 (Figure 9) [68]. The
choice to insert a glucose on the PS is linked to the greater ability of the cancer cells to
accumulate sugars.
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Figure 9. Chemical structures of compound 4 [68].

The emission spectrum of this compound is typical of a BODIPY with a high molar
extinction coefficient and a high fluorescence emission. The introduction of the styryl group
determines a bathochromic shift both in the absorption and in the maximum emission with
respect to the BODIPY in which this group is absent. The IC50 value of all the compounds
was evaluated and compound 4 is endowed with the greatest cytotoxicity (Table 8).
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Table 8. Physico-chemical properties and biological data obtained for compound 4 [68].

4

λabs
a 573.8 nm

ε 8,2000 M−1cm−1

λem
a 590 nm

Φfluo
b 0.6

IC50 (A549)
c 2.7 µM

a In ethanol. b Relative to that of rhodamine 101 (Φfluo = 1.0 in EtOH). c Irradiation for 80 min (irradiance:
0.77 mW/cm2).

Moreover, compound 4 accumulated rapidly in tumor cells. In addition, cell exposure
to compound 4 led to apoptosis which is the prevailing cell death mechanism. Overall, the
work in question demonstrated how it is possible to obtain a compound capable of having
a selective capacity towards cancer cells in an economical and fast way.

Kuong Mai et al. [112] synthesized a water soluble BODIPY starting with a halogenated
alkyl azide BODIPY to which a lactose motif is linked through an easy and straightforward
CuAAC Click reaction [113]. The coupling of the lactose motif causes the compound to be
soluble in water (Figure 10).
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Figure 10. Chemical structures of compound BDILa [112].

The emission and absorption spectra are consistent with those of the BODIPY family
and the production of 1O2 is high. The photodynamic activity of the PS was evaluated on
three different tumor cell lines: human hepatoma Huh7, cervical cancer HeLa and breast
cancer MCF7 and IC50 ranging from 0.6 to 0.5 µM (Table 9).

Table 9. Physico-chemical properties and biological data obtained for compound BDILa [112].

BDILa

λabs
a 526 nm

ε 41,800 M−1cm−1

λem
a 542 nm

Φfluo
b 0.02

1O2 QY c 0.47
IC50 (HeLa)

d 0.55 µM
IC50 (MCF7)

d 0.61 µM
IC50 (Huh7)

d 0.50 µM
a In H2O. b In methanol. c In ethanol. d Irradiation for 20 min with a green LED (λ = 530 nm).

However, cell uptake was low, whatever the cell line tested, probably due to the
presence of iodine atoms on the core of the BODIPY.
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2.3.2. Targeting

Active targeted therapy of cancer refers to targeting the surface molecules on cancer
cells using a small molecule to deliver cargo for therapeutic or diagnostic purposes. The
cargo can be a cytotoxic drug, an imaging probe, or a photosensitizer [114].

Lysosomal Targeting

In 2019 Wang et al., obtained a BODIPY able to specifically targeting lysosomes [115].
The molecule obtained (BDPI-Lyso) has iodine atoms to generate 1O2 and morpholine for
targeting specifically the lysosomes (Figure 11) [116–118].
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Figure 11. Chemical structures of compound BDPI-Lyso [115].

Physico-chemical analyzes showed that the absorption and fluorescence of the com-
pound are slightly greater than that of the common BODIPYs due to the modification of
the sulfur heteroatom. Moreover, under irradiation, the derivative produced higher level
of 1O2 in acidic versus physiological pH (Table 10).

Table 10. Physico-chemical properties and biological data obtained for compound BDPI-Lyso [115].

BDPI-Lyso

λabs
a 545 nm

ε 41,900 M−1cm−1

λem
a 572 nm

Φfluo
a 0.05

1O2 QY a 0.95
1O2 QYpH = 5

b 0.51
1O2 QYpH = 7

c 0.38
IC50 (Bel-7402)

d 0.4 µM
a In ethanol. b In ethanol/PBS = 1:1, pH = 5.10. c In ethanol/PBS = 1:1, pH = 7.24. d Irradiation for 30 min with
green light (λ = 555 nm, light dose: 4 mW/cm2).

This leads to the assumption that BODIPY exhibits greater photo-toxic effects in acid
compartments such as lysosomes than in neutral organelles. In fact, the BODIPY derivative
was localized in lysosomes as demonstrated by cell imaging performed with hepatoma
Bel-7402 cells. Moreover, IC50 was estimated at 0.4 µM after cell pretreatment with the
molecule and light exposition for 30 min duration.

Similarly, Li et al. [119] synthetized a BODIPY (MBDP) (Figure 12) containing mor-
pholine for lysosomal targeting and iodine atoms on the BODIPY core to produce 1O2.
Triethylene glycol monomethyl ether benzaldehyde was added through the condensation
of Knoevenagel to obtain the desired compound [120].
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Figure 12. Chemical structures of compound MBDP [119].

The analysis of the absorption spectrum of the compound showed that there is an
intense cui bands at 660 nm. At 660 nm, the compound under LED light produces high
levels of 1O2 (Table 11).

Table 11. Physico-chemical properties and biological data obtained for compound MBDP [119].

MBDP

λabs
a 660 nm

ε 83,226 M−1cm−1

λem
a 694 nm

Φfluo
b 0.11

1O2 QY c 0.64
IC50 (MCF7)

d 0.2 µM
a In DCM. b In DCM with Cresyl Violet (Φfluo≈ 0.66 in methanol) as a reference. c Using DPBF as the 1O2 capture
agent and methylene blue as standard (Φ = 0.57 in DCM). d Irradiation with 660 nm LED red light (20 mW/cm2,
48 J/cm2).

Cytotoxicity tests were performed on the MCF7 cell line with an estimated IC50 at 0.2
µM. The colocalization experiments confirmed the effective lysosomal localization of the
compound. It was also possible to determine how, following irradiation, the lysosomes
containing photosensitizer break down following 1O2 and ROS generation. In addition, the
BODIPY derivative could also be used for NIR-PDT.

Reticulum Targeting

Another target is the plasma reticulum. The BODIPY 10 (Figure 13) bearing an anal-
ogous glibenclamide motif obtained by Zhou et al., has precisely the goal of targeting
towards the plasma reticulum [121].
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Figure 13. Chemical structures of compound 10 [121].

The absorption spectrum of the compound exhibits the band at 669 nm. The quantity
of 1O2 produced by the compound is very low when results were compared to those
obtained with the reference molecule, zinc(II) phthalocyanine. The photodynamic activity
has been studied on HeLa and HepG2 cells. The light source used is a 300 W halogen lamp
on which a colored glass filter has been placed plus a cut-on at λ = 610 nm. The IC50 values
obtained in both cell lines are lower than 0.2 µM (0.09 µM in HeLa and 0.16 µM in HepG2).
Such low concentrations are linked to the high uptake of the compound by the cell lines
being analyzed (Table 12).

Table 12. Physico-chemical properties and biological data obtained for compound 10 [121].

10

λabs
a 669 nm

ε 114,815 M−1cm−1

λem
a 692 nm

Φfluo
b 0.32

1O2 QY c 0.11
IC50 (Hela)

d 0.09 µM
IC50 (HepG2)

d 0.16 µM
a In PBS with 0.3% v/v Tween 80 and 1% v/v DMF. b With reference to zinc(II) phthalocyanine (Φfluo = 0.28 in
DMF). c With reference to zinc(II) phthalocyanine (1O2 QY ≈ 0.56 in DMF). d Irradiation with light (λ = 610 nm,
10 min) and dark (50 min) with a total of 24 h of light exposure.

The compound was found to be associated with the endoplasmic reticulum using
confocal microscopy when the results were compared to those obtained with cells treated
with an analog molecule without glibenclamide. The analog molecule did not accumulate
in reticulum.

Mitochondrial Targeting

In 2021 Bhattacheryya et al., thought of binding a iodine-BODIPY to a metallic ternary
system to increase its solubility in water, an essential factor for in vivo applications of
highly lipophilic molecules [122,123] (Figure 14).
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Curcumin was further coordinated within the system. Curcumin is well known for its
tumor specific activity [124–126] but also as a photosensitizer. Curcumin in the native form
has poor bioavailability and is susceptible to hydrolysis under cellular pH conditions thus
reducing its therapeutic efficacy. However, curcumin bound to transition metal ions became
stable and the metal complexes show significant mitochondrial localization [127]. In this
work the authors show that the complex 3 having green light harvesting di-iodinated BOD-
IPY and curcumin for mitochondrial targeting have an interesting photodynamic activity
in human breast cancer (MCF7) via disruption of mitochondrial membrane (Table 13).

Table 13. Physico-chemical properties and biological data obtained for compound 3 [122,123].

3

λabs
a 543 nm

ε 29,400 M−1cm−1

λem
a 506 nm

Φfluo
b 0.02

1O2 QY c 0.73
IC50 (HeLa)

d 0.025 µM
IC50 (MCF7)

d 0.055 µM
IC50 (HPL1D)

d 0.230 µM
a In 1% DMSO-DPBS buffer medium (pH = 7.4). b With fluoresceinf (0.1 M NaOH, Φfluo = 0.79) as standard.
c Using Rose Bengal as standard in DMSO (1O2 QY = 0.76). d Irradiation with a visible light source for 1 h (fluence
rate = 2.4 mW/cm2, light dose = 10 J/cm2).

Cell Membrane Targeting

The targeting can be implemented not only towards cytoplasmic organelles but also
towards receptors present on cell plasmic membrane.

The asialoglycoprotein receptor (ASGP) is expressed exclusively in the liver and was
considered by Li et al., to design a BODIPY that specifically targeted it [111]. For this
purpose, the author has synthesized a new macro-molecular PS equipped with hydrophilic
appendix capable of selectively targeting liver cancer cells. The compound obtained is
a galactose-functionalized BODIPY-based macromolecular photosensitizer p(GEMA-co-
BODIPYMA)-2I with good solubility in aqueous environment (Figure 15).
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The compound proved to be a good 1O2 producer. Biological tests were carried out on
HepG2 and NIH3T3 cell lines and first concerned the specific binding towards liver cells
and subsequently the cytotoxic activity on them was evaluated (Table 14).

Table 14. Physico-chemical properties and biological data obtained for compound p(GEMA-co-
BODIPYMA)-2I [111].

p(GEMA-co-BODIPYMA)-2I

λabs
a 535 nm

1O2 QY b 0.79
a In H2O. b Rose Bengal (1O2 = 0.76) was used as reference.

The compound was observed in the cytoplasm of HepG2 cells as demonstrated by
confocal microscopy using fluorescence emission of iodine atoms. Previous studies carried
out by the same group [128] have shown that the removal of galactose does not allow
targeting towards HepG2 cells. The results therefore suggest that the internalization of
p(GEMA-co-BODIPYMA)-2I depends mainly on the ASGP receptor, over expressed in
HepG2 cells. The photodynamic efficacy of the compound was then evaluated. Cell
survival was less than 20% following treatment with a concentration lower than 20 µM. In
addition, cell exposure to the BODIPY derivative triggered cell to apoptosis. In contrast,
the compound did not accumulate in NIH3T3 lacking ASGP receptor expression and the
cells did not undergo cell death after light exposure.

Tyrosinase is a key regulatory enzyme in the biosynthesis of melanin through melano-
genesis and is localized in the membrane of melanosome. Tyrosinase level is closely
correlated with the malignancy level, so it can be considered as a biomarker of melanoma
cell. Phenylthiourea (PTU) is one of the most important and well-known tyrosinase in-
hibitors. Kim et al., designed a BODIPY derivative with PTU pendant to enhance the PDT
efficacy against melanoma cell line (Figure 16).
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Figure 16. Chemical structures of compound PTUBDP [129].

Cellular uptake studies demonstrated the specificity of the binding of the compound
to tyrosinase overexpressed in murine B16F10 cells [129] (Table 15).

Table 15. Physico-chemical properties and biological data obtained for compound PTUBDP [129].

PTUBDP

λabs
a 667 nm

ε 54,400 M−1cm−1

λem
a 712 nm

1O2 QY b 0.093
a In DMSO. b In DMSO with Rose Bengala as a reference.

Epidermal growth factor (EGFR) is another target since it is expressed in diverse tumor
cells. In recent years, a series of sequences able to bind specifically to this receptor have
been identified [130]; Zhao et al., selected the sequence namely D4 which was bound to
polyethylene glycol and subsequently placed on a BODIPY (Figure 17) [131].
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Figure 17. Chemical structures of compound 8 [131].

Conjugation with the peptide (8) shows a slight shift of the emission and absorption
bands with respect to the precursor without the peptide. The quantum yield of fluorescence
is five times lower than that of the compound without the peptide (Table 16).
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Table 16. Physico-chemical properties and biological data obtained for compound 8 [131].

8

λabs
a 588 nm

ε 43,000 M−1cm−1

λem
a 634 nm

Φfluo
b 0.003

IC50 (HepG2)
c 74 µM

a In DMSO. b Cresyl Violet (Φfluo ≈ 0.50 in ethanol) as a reference. c Irradiation with halogen lamp for 20 min
with a light dose of 1.5 J/cm2.

Photodynamic activity data on HepG2 human carcinoma cell, known to express
EGFR [132,133] studies show that the conjugate is more active than the precursor without
the peptide this is probably due to the presence of a positive charge on the peptide sequence
which should favor a faster and more efficient cell internalization [134]. Uptake kinetic
demonstrated a fast absorption of the molecule over 24 h, suggesting that the presence of tri-
ethylene glycol and the positive charge of the peptide sequence increase the internalization
of the compound.

Burgess et al. worked on targeting the receptor tyrosine kinase [135–137]. Starting
from a series of previous experiments in which specific conjugates for the receptor tyrosine
kinase with cytotoxicity were identified, Burgess decided to hook these conjugates to a
BODIPY to obtain a molecule (IY-IY-PDT) (Figure 18) usable in PDT [136].
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Figure 18. Chemical structures of compound 1 (IY-IY-PDT) [135].

Following the satisfactory results of the physico-chemical characterization, the molecule
obtained was tested on NIHT3T wild-type (NIHT3T-WT) and over cell lines expressing
the receptor tyrosine kinase (NIHT3T-TrkC). It was possible to detect a significant photo-
induced cytotoxicity effect in over-expressing cells following treatment with the compound
IY-IY-PDT (IC50 = 0.35 µM) (Table 17).
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Table 17. Physico-chemical properties and biological data obtained for compound 1 (IY-IY-PDT)
[135].

IY-IY-PDT

λabs
a 532 nm

λem
a 550 nm

IC50 (NIH3T3)
b 0.35 µM

a In DMSO. b Irradiation with a halogen lamp for 10 min with a light dose of 7.3 J/cm2.

In cellular localization it states that the compound under analysis is mainly located at
the level of the lysosomes while it does not accumulate at the mitochondrial or endoplasmic
reticulum level by exploiting the tyrosine kinase receptor.

The following year, the same author tested the same compound on breast cancer cell
lines expressing receptor tyrosine kinase [136]. The data obtained also in this case affirm
that the compound is more assimilated by the cells that express the receptor and also in
this case the localization of the compound is at the lysosomal level. The first in vivo tests
on mice are also carried out in this article which showed that there is a high decrease in
tumor size in mice starting at four days of illumination.

In the next article published in 2016, the author reports an increased antitumor immune
response after treatment with the conjugate and illumination of the area of interest [137].
The overall analysis of the data reported in the three articles published by the author leads
to the hypothesis that the compound IY-IY-PDT acts as a therapeutic agent capable of
stimulating the immune system, which makes it an excellent candidate for use in clinical
practice of cancer treatment.

2.4. Sensitive Activity

Another area in which the research was concentrated was that of obtaining BODIPYs
capable of being activated in specific conditions such as acid pH, typical of cancer cells, or
in the presence of particular molecules such as glutathione (GSH).

Radunz et al. evaluated the activity of a pH-activable fluorescent 1O2 generating
BODIPY dyes (3b), which can be used as PS and for bioimaging (Figure 19) [138].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 19 of 27 
 

 

Table 17. Physico-chemical properties and biological data obtained for compound 1 (IY-IY-PDT) 

[135]. 

 IY-IY-PDT 

λabs a 532 nm 

λem a 550 nm 

IC50 (NIH3T3) b 0.35 μM 

a In DMSO. b Irradiation with a halogen lamp for 10 min with a light dose of 7.3 J/cm2. 

In cellular localization it states that the compound under analysis is mainly located 

at the level of the lysosomes while it does not accumulate at the mitochondrial or endo-

plasmic reticulum level by exploiting the tyrosine kinase receptor. 

The following year, the same author tested the same compound on breast cancer cell 

lines expressing receptor tyrosine kinase [136]. The data obtained also in this case affirm 

that the compound is more assimilated by the cells that express the receptor and also in 

this case the localization of the compound is at the lysosomal level. The first in vivo tests 

on mice are also carried out in this article which showed that there is a high decrease in 

tumor size in mice starting at four days of illumination. 

In the next article published in 2016, the author reports an increased antitumor im-

mune response after treatment with the conjugate and illumination of the area of interest 

[137]. The overall analysis of the data reported in the three articles published by the author 

leads to the hypothesis that the compound IY-IY-PDT acts as a therapeutic agent capable 

of stimulating the immune system, which makes it an excellent candidate for use in clini-

cal practice of cancer treatment. 

2.4. Sensitive Activity 

Another area in which the research was concentrated was that of obtaining BODIPYs 

capable of being activated in specific conditions such as acid pH, typical of cancer cells, or 

in the presence of particular molecules such as glutathione (GSH). 

Radunz et al. evaluated the activity of a pH-activable fluorescent 1O2 generating 

BODIPY dyes (3b), which can be used as PS and for bioimaging (Figure 19) [138]. 

 

Figure 19. Chemical structures of compound 3b [138]. 

To ensure that the compound was able to produce a high level of 1O2, the core of the 

BODIPY has iodine atoms in β-positions. The responsive part of the pH is instead repre-

sented by a phenolic substituent placed in the meso position of the core. 

From the titrations carried out in the pH range between 4.5 and 8.2 it is observed that 

the absorption is minimally influenced by the pH while the intensity of the fluorescence 

decreases drastically at basic pH. The production of 1O2 is shown in Table 18. 

  

Figure 19. Chemical structures of compound 3b [138].

To ensure that the compound was able to produce a high level of 1O2, the core of
the BODIPY has iodine atoms in β-positions. The responsive part of the pH is instead
represented by a phenolic substituent placed in the meso position of the core.

From the titrations carried out in the pH range between 4.5 and 8.2 it is observed that
the absorption is minimally influenced by the pH while the intensity of the fluorescence
decreases drastically at basic pH. The production of 1O2 is shown in Table 18.
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Table 18. Physico-chemical properties and biological data obtained for compound 3b [138].

3b

λabs
a 534 nm

ε 99,000 M−1cm−1

λem
a 550 nm

Φfluo 0.02
1O2 QY b 0.59

IC50 (HeLa)
c 70 nM

IC50 (HeLa, pH=5.5)
d 30 nM

IC50 (HeLa, pH=7.5)
d 150 nM

a In acetonitrile. b With DPBF as indicator and Rose Bengala as standard. c Irradiation with laser diode (λ = 532
nm) for 30 min. d Irradiation with laser diode (λ = 532 nm) for 5 min with an irradiance of 1 mW/cm2.

As a result of the irradiation the compound showed an activity with an IC50 on the
HeLa tumor cell line equal to 70 nM. The authors repeated the photodynamic experiment by
adjusting the intracellular pH to a value of 5.5 or 7.5 before illumination [138]. The results
obtained showed that cell survival was lower for cells with an acidic environment compared
to those in a neutral environment (cell survival was 10% vs. 70% at a PS concentration of
0.1 µM).

Cao et al. reported the synthesis of a GSH-responsive BODIPY (8a) consisting of three
modules: a BODIPY-based photosensitizing chromophore, a BODIPY-based quencher and
a bio-reducible disulfide linker (Figure 20) [139].
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Figure 20. Chemical structures of compound 8a [139].

The compound thus obtained has shown to have excellent photophysical and photo-
chemical characteristics such as a strong absorption in the visible region and in the NIR
as well as high photostability. Overall, the compound does not show fluorescence, but
after the addition of 10 µM of GSH which breaks the disulfide bond, the fluorescence is
recovered.

In vitro studies have been conducted on three cell lines (A549, H22 and HeLa) known
to have high intracellular concentrations of GSH. The compound is rapidly internalized by
cells and effectively activated by intracellular biothiols. In the presence of light, the activity
expressed as IC50 is of the order of µM. The compound is mainly localized in mitochondria
where it is believed that GSH-mediated cleavage may also occur (Table 19).
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Table 19. Physico-chemical properties and biological data obtained for compound 8a [139].

8a

λabs
a 664 nm

λem
a 768 nm

Φfluo
b 0.052

1O2 QY c 0.018
IC50 (HeLa)

d 0.67 µM
IC50 (A549)

d 0.44 µM
IC50 (H22)

d 0.48 µM
a In DMF. b Relative to unsubstituted zinc(II) phthalocyanine in DMF as the reference (Φfluo ≈ 0.28). c Relative to
unsubstituted zinc(II) phthalocyanine (1O2 QY ≈ 0.56). d Irradiation with a 670 nm LED lamp for 2 min with an
irradiance of 20 mW/cm2.

In vivo experiments on H22 tumor-bearing mice showed high selectivity in tumor
tissue and efficacy in inhibiting tumor growth.

Jiang et al., synthetized a BODIPY responsive to both pH and thiol groups [140].
Specifically, compound (7) has two ferrocenyl moieties attached to a combination of ketal-
and disulfide-linkers (Figure 21). The former is cleaved in acid conditions, while the latter
with cellular GSH.
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Figure 21. Chemical structures of compound 7 [140].

Fluorescence and 1O2 production of the molecule depends on the two ferrocenyl
groups, in fact at acid pH and in the presence of GSH, which break the ketal and the
disulfide bond, an increase in fluorescence and 1O2 is observed (Table 20).

Table 20. Physico-chemical properties and biological data obtained for compound 7 [140].

7

λabs
a 376, 441, 662 nm

λem
a 686 nm

Φfluo
a 0.03

IC50 (MCF7, no DTT
b 146.0 nM

IC50 ((MCF7, 2 µM DTT)
b 140.0 nM

IC50 (MCF7, 4 mM DTT)
b 81 nM

a In PBS with 0.25% Cremophor EL. b Irradiation with a halogen lamp for 20 min with a total fluence of 48 J/cm2.

Photodynamic activity studies on the MCF7 cell line showed that compound 7 has
dithiothreitol (DTT) dependent behavior (IC50 halves when DTT goes from 2 µM to 4 mM).
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In vivo experiments were conducted using nude mice carrying HT29 human colorectal
carcinoma. From the fluorescence images it is observed that compound 7 is localized only
and exclusively in the area of the tumor, suggesting that the compound is activated only
and exclusively at the tumor level where there is the cleavage of the two linkers, by means
of pH and DTT, and consequent detachment of the two ferrocenyl motifs.
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Abstract: In this paper we describe the synthesis of a novel bichromophoric system in which an
efficient photoinduced intercomponent energy transfer process is active. The dyad consists of one
subunit of curcumin and one of BODIPY and is able to emit in the far-red region, offering a large
Stokes shift, capable of limiting light scattering processes for applications in microscopy. The system
has been encapsulated in MCM-41 nanoparticles with dimensions between 50 and 80 nm. Both the
molecular dyad and individual subunits were tested with different cell lines to study their effective
applicability in bioimaging. MCM-41 nanoparticles showed no reduction in cell viability, indicating
their biocompatibility and bio-inertness and making them capable of delivering organic molecules
even in aqueous-based formulations, avoiding the toxicity of organic solvents. Encapsulation in the
porous silica structure directed the location of the bichromophoric system within cytoplasm, while
the dyad alone stains the nucleus of the hFOB cell line.

Keywords: luminescence; curcumin; BODIPY; NIR probes; bioimaging; bichromophoric dyad

1. Introduction

In the past two decades, considerable progress has been made in the development of
non-invasive and highly sensitive biomedical imaging techniques for clinical diagnosis and
therapy assessment of pathological events associated with human diseases. The diversifica-
tion of imaging modalities, such as X-ray, computed tomography (CT), magnetic resonance
imaging (MRI), photoacoustic imaging (PI), positron emission tomography (PET) and fluo-
rescence imaging (FI) has facilitated early diagnoses and targeted therapies. Compared to
other well-developed techniques, FI with small-molecule dyes, in the near infrared region
(NIR, 700–1000 nm), has been widely applied for real-time detection of biological species
and identification of cancer cells or lymph nodes, as well as for the intraoperative image-
guided surgical removal of pathological tissues, owing to its high sensitivity, excellent
resolution, minimum photodamage to tissues, quick feedback, non-hazardous radiation
and, last, but not least, its low costs and sustainability [1–3]. Most of the traditional flu-
orescent probes, such as rhodamine, cyanine, or coumarin derivatives, have absorption
and emission in the UV-Vis range and the interference with haemoglobin, myoglobin, and
other haemoproteins leads to light scattering and impaired tissue penetration. The natural
emission of light by such biological structures, upon light absorption, generates a noise
background that might even wash out the image of targets. For instance, curcumin (Curc),
a yellow pigment, naturally obtained from the rhizomes of Curcuma longa, with a highly
delocalized π-electron symmetric structure, is reported to possess good optical properties,
with the advantage of being highly biocompatible [4,5]. Curcumin-based fluorescent probes
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can overcome the shortcomings of organic fluorescent dyes, such as poor lipophilicity and
low quantum yield, as well as display high sensitivity and molecular target ability that
avoid possible interference of other substances with similar structures. However, the in-
ability to image in the NIR region, because of the short absorption wavelengths, ranging
from 410 to 430 nm, as well as the poor chemical and photochemical stability, due to the
fast decomposition at pH ≥ 7, and the severe losing of brightness upon photo-illumination,
have limited their use as fluorescent dyes, especially regarding in vivo applications. Syn-
thetic organic small-molecule NIR fluorophores are advantageous because they can be
rationally tailored providing creativeness in structural design, low cytotoxicity and good
cell permeability [6]. Furthermore, the hydrophobic and electrostatic interactions, along
with hydrogen bonding between organic fluorescent dyes and biological species can lead
to better sensitivity, selectivity, and bio-imaging capacity for diagnostics. For instance,
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY), and its derivatives, have received
attention for their excellent photo and chemical stability, high molar absorption coefficients
and fluorescence quantum yields. A wide variety of biocompatible BODIPY-based fluo-
rescent dyes have been developed [7] and some of them are commercially available. The
photophysical properties of BODIPY can be easily tuned by modification of its backbone.
Its derivatives have been used for many biological applications [8–12]. One common strat-
egy exploited to achieve red- or NIR-emission wavelengths is based on the extension of
the π-conjugation of the backbone of traditional fluorescent probes to lower the energy
of the intramolecular charge transfer, but most of the dyes obtained by this strategy are
quite large, causing a significant fading of images [6]. Furthermore, the noise background
remains a disadvantage that limits the use of such NIR dyes. For their practical applications
in FI, some photophysical factors, such as long emission wavelengths, high fluorescence
quantum yields and large Stokes shifts, are necessary to avoid autofluorescence [13]. In this
regard, the use of two different dyes that constitute an energy transfer pair or cassette, with
close proximity and significant spectral overlap, is a promising strategy for tuning the emis-
sion color and enhancing the quantum efficiency of NIR dyes [14]. These bichromophoric
systems allow for a high difference between the excitation and the emission energy, so
suppressing photon scattering and diminishing tissue autofluorescence and have found
application for the dynamic and high-contrast exploration of several pathological states.
Following our research in the development of new bichromophoric systems for FI [15,16],
in this paper, we describe the synthesis of a new energy donor–acceptor dyad CB-Green
(Scheme 1), constituted of Curc and BODIPY 4, that emits efficiently in the NIR region
offering significant performances, both in terms of the ability to penetrate inside the cells
and in terms of luminescent properties. BODIPY 2 itself has been proposed several times
by us in bichromophoric systems as a significant red-emitting acceptor. On the other hand,
curcumin has been previously used as a natural green-emitting donor [17] and the past
results predicted that the dyad would be characterized by an efficient photoinduced energy
transfer, active within the bichromophoric species. To investigate the use of a biocompatible
nano carrier that could limit the drawbacks of the bichromophoric system due to its high
lipophilicity, such as aggregation and shortening of emission time, and act as a “container”
of both the new NIR dye and a drug, for a future theragnostic application, we decided to
study the encapsulation of CB-Green in MCM-41 nanoparticles. These are silica particles
with an average size between 50 and 80 nm and meso-structured pores with a 2D hexagonal
arrangement. They exhibit singular features, such as ordered pore networks, with a very
narrow and tunable pore size distribution (2–10 nm), a silanol-containing surface easily
editable with different organic groups, large pore volumes (0.6–1 mL/g) and high surface
areas (600–1000 m2/g) [18]. Their textural properties have inspired the idea of introducing
drugs into the pore channels to be then locally released where needed, in drug delivery
systems. Encapsulation into the porous silica structure also protects the guest molecules
from degradation, while the silica surface offers several functionalization routes, enabling
fine-tuning of the particles’ affinity towards specific environments and improving stability
and uptake [19]. Furthermore, MCM-41 nanoparticles did not show reduction in cell via-
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bility, indicating their biocompatibility and bio-inertness and making them able to deliver
organic molecules even in aqueous-based formulation, avoiding organic solvent toxicity.
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2. Results and Discussion
2.1. Synthesis of Dyad CB-Green

The synthetic approach described in the upper part of Scheme 1 to reach the bichro-
mophoric system CB-Green, and already used by authors [17], did not work with BODIPY
2 [20]. The functionalized curcumin 1 [21] was involved in a Sonogashira cross-coupling
with BODIPY 2 without significant results. Pd catalyst, base and conditions were changed,
and the reaction was even tried in the copper-free conditions, but the dyad CB-Green was
obtained in traces, after difficult work-up. Therefore, it was necessary to move towards an
alternative synthetic strategy, described in the lower part of Scheme 1. Starting from BOD-
IPY 2, it was reacted with propargyl alcohol, in a classical Sonogashira reaction, to obtain
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BODIPY 3 in 90% yield. BODIPY 3 was then converted into BODIPY 4 (Scheme 1) by PBr3
in absolute toluene, with 74% yield. The bichromophoric system CB-Green was obtained
as a unique compound, lacking even traces of the bis-substituted BODIPY 4/curcumin
which could be isolated, from the reaction of Curc with BODIPY 4 in the presence of a
slight excess of K2CO3, to avoid sensible degradation of the natural polyphenol. However,
yields did not exceed the 54% in compound CB-Green, after purification.

2.2. Photochemical Characterization of Dyad CB-Green

The absorption and emission spectra of the free compounds Curc, BODIPY 4 and CB-
Green in solution are reported in Figure 1 and all the photophysical data are summarized
in Table 1.
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Figure 1. UV-Visible absorption (top) and emission (bottom) spectra of Curc (orange), 4 (green)
and CB-Green (blue), recorded from micromolar acetonitrile solutions; emission was measured at
λexc = 420 nm. Please note that the absorption maxima at lower energy lies at 418 nm for Curc and at
705 nm for 4 and CB-Green.

From the absorption spectra, it is possible to distinguish the contributions of the two
chromophores. The absorption band centered at around 420 nm is assigned to the Curc
moiety, whereas the lowest-energy absorption band around 700 nm is centered on the
BODIPY subunit and it is attributed to a π→π* transition with a partial charge transfer
character, in which the lone pairs of the amine groups are involved. The emission spectrum
of CB-Green (blue line) is dominated by a fluorescence band with a maximum at about
770 nm that is identical to the one exhibited by BODIPY 4 (green line). This, and the absence
of any residual emission from the donor subunit, indicate an almost quantitative energy
transfer from the higher energy absorber Curc to the lower-lying excited state centered on
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the BODIPY fragment. This is also confirmed by the comparison of the excitation spectrum
of CB-Green, registered at 790 nm, with the absorption one (Figure 2).

Table 1. Spectroscopic data of the bichromophoric CB-Green species and the subunits Curc and 4,
recorded from acetonitrile solutions.

Compound
Absorption Emission

λmax, nm (ε, M−1 cm−1) λmax, nm τ, ns Φ

CB-Green 705 (95,000) 770 2.2 0.18
Curc 418 (52,900) 520 0.66 0.1

4 423 (116,100)
705 (94,800) 770 2.2 0.2
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Figure 2. Comparison between the absorption spectrum (solid line) and the excitation spectrum
(dashed line) of CB-Green; the latter was recorded at λem = 790 nm. Note that the intensity ratio
between the maxima at 410 nm and 705 nm remained approximately constant between the absorption
and excitation spectra.

2.3. Synthesis of Dye-Loaded Silica Nanoparticles

A specific type of mesoporous silica nanoparticles (MSNs) was chosen, namely the
MCM-41, due to the presence of an ordered hexagonal array of pores, with mean size of
3–4 nm, where guest dyes can be encapsulated, and also due to the relatively small particle
size, 70–100 nm, which is suitable for cell internalization [22]. The MSNs were doped with
the bichromophoric compound CB-Green and the subunits, Curc and 4, respectively, with
the objective of studying the spectroscopic and biologic behavior of the dyes inside the
nanoparticles and to determine possible variations in the energy transfer process. The
experimental approach that was used for the encapsulation of the dyes took advantage of
the well-established soft-template route used for all types of mesoporous silica materials.
A micellar template was made by using an amphiphilic surfactant that is able to self-
assemble in water and form rod-like micelles with a hexagonal arrangement. For MCM-41
particles, the surfactant of choice was cetyl trimethylammonium bromide (CTAB). After
the first step, a suitable silica precursor was added, which hydrolyses and polymerizes
around the template, forming the final silica network [22,23]. The precursor was tetraethyl
orthosilicate (TEOS), the hydrolysis of which is facilitated in a basic aqueous solution,
using 2 M NaOH. The dyes were added during the first step, in which, due to their
insolubility in water, they spontaneously diffused through the CTAB micelles and entered
the solvent-free, rigidified, hydrophobic core. To enable a homogeneous dispersion of
the dyes, minimize intermolecular aggregation and quenching effects, prevent structural
disruption of the micelles and, consequently, of the silica particles, we used a low dye
loading, at a 99:1 molar ratio of CTAB:dye for each of the host–guest systems, hereafter
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named Curc@MSN, 4@MSN and CB-Green@MSN. Such low content of dye was chosen
on the basis of previous experiments showing that high loading of guest BODIPY species
inside the nanoparticle resulted in fluorescence quenching [24,25]. Despite the relatively
high temperature (80 ◦C) and pH (~12) used in the silica synthesis, the dyes showed
excellent chemical stability and underwent no degradation.

2.4. Photochemical Characterization of the Dye-Loaded Silica Nanoparticles

The dye-loaded MSNs were characterized by UV-Visible absorption and luminescence
spectroscopy, and their properties were compared to those of the free dyes, to study
the effect on the energy transfer inside the nanoparticles. Optical measurements were
performed from suspensions of the materials in a solvent where the particles could be finely
dispersed, to limit the intense light scattering that is typically generated by the suspended
particles; the best solvent for such a purpose turned out to be cyclohexane and 0.3 mg/mL
suspensions were used for the measurements. However, the absorption spectra still showed
pronounced light scattering; therefore, only the excitation spectra are reported. Figure 3
shows the excitation and emission spectra of Curc@MSN, 4@MSN and CB-Green@MSN
recorded from the suspensions.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 13 

 

 

the well-established soft-template route used for all types of mesoporous silica materials. 
A micellar template was made by using an amphiphilic surfactant that is able to self-
assemble in water and form rod-like micelles with a hexagonal arrangement. For MCM-
41 particles, the surfactant of choice was cetyl trimethylammonium bromide (CTAB). 
After the first step, a suitable silica precursor was added, which hydrolyses and 
polymerizes around the template, forming the final silica network [22,23]. The precursor 
was tetraethyl orthosilicate (TEOS), the hydrolysis of which is facilitated in a basic 
aqueous solution, using 2 M NaOH. The dyes were added during the first step, in which, 
due to their insolubility in water, they spontaneously diffused through the CTAB micelles 
and entered the solvent-free, rigidified, hydrophobic core. To enable a homogeneous 
dispersion of the dyes, minimize intermolecular aggregation and quenching effects, 
prevent structural disruption of the micelles and, consequently, of the silica particles, we 
used a low dye loading, at a 99:1 molar ratio of CTAB:dye for each of the host–guest 
systems, hereafter named Curc@MSN, 4@MSN and CB-Green@MSN. Such low content 
of dye was chosen on the basis of previous experiments showing that high loading of 
guest BODIPY species inside the nanoparticle resulted in fluorescence quenching [24,25]. 
Despite the relatively high temperature (80 °C) and pH (~12) used in the silica synthesis, 
the dyes showed excellent chemical stability and underwent no degradation. 

2.4. Photochemical Characterization of the Dye-Loaded Silica Nanoparticles 
The dye-loaded MSNs were characterized by UV-Visible absorption and 

luminescence spectroscopy, and their properties were compared to those of the free dyes, 
to study the effect on the energy transfer inside the nanoparticles. Optical measurements 
were performed from suspensions of the materials in a solvent where the particles could 
be finely dispersed, to limit the intense light scattering that is typically generated by the 
suspended particles; the best solvent for such a purpose turned out to be cyclohexane and 
0.3 mg/mL suspensions were used for the measurements. However, the absorption spectra 
still showed pronounced light scattering; therefore, only the excitation spectra are 
reported. Figure 3 shows the excitation and emission spectra of Curc@MSN, 4@MSN and 
CB-Green@MSN recorded from the suspensions. 

Figure 3. Normalized excitation (left) and emission (right) spectra of Curc@MSN (orange), 4@MSN 
(green) and CB-Green@MSN (blue), recorded from 0.3 mg/mL cyclohexane suspensions at λem = 
780 nm and λexc = 420 nm, respectively. 

The spectra of the dye-loaded MSNs had an analogous trend to that observed for the 
dyes in solution. The excitation spectra were essentially additive, whereas the emission 
spectra showed only the component of the acceptor subunit BODIPY. The time-resolved 

300 400 500 600 700
0

1

PL
 in

te
ns

ity
 / 

a.
u.

wavelength / nm
500 600 700 800

0

1

PL
 in

te
ns

ity
 / 

a.
u.

wavelength / nm

Figure 3. Normalized excitation (left) and emission (right) spectra of Curc@MSN (orange),
4@MSN (green) and CB-Green@MSN (blue), recorded from 0.3 mg/mL cyclohexane suspensions at
λem = 780 nm and λexc = 420 nm, respectively.

The spectra of the dye-loaded MSNs had an analogous trend to that observed for the
dyes in solution. The excitation spectra were essentially additive, whereas the emission
spectra showed only the component of the acceptor subunit BODIPY. The time-resolved
fluorescence measurements also confirmed the same trend shown in solution and no
residual emission nor excited state lifetime from the curcumin unit was detected.

2.5. Biocompatibility and Cellular Uptake Evaluations

We performed the biological studies on two human osteoprogenitor cell lines, the
human fetal osteoblastic cells (hFOB 1.19) and human bone osteosarcoma epithelial cells
(U-2 OS). Both can be considered good models of normal and cancer bone cells, respectively.
We initially investigated the cytotoxicity of the free molecules Curc, compound 4 and
CB-Green, and the loaded nanoparticles Curc@MSN, 4@MSN and CB-Green@MSN. In
particular, the biocompatibility of such compounds was tested by MTS cell viability assay
and the results confirmed that free molecules and hybrid systems at concentrations of
50 and 5 nM did not cause any evident trace of cellular suffering even after five days from
administration, thus, underlining that they are safe enough to be used for imaging purposes.
(Figure 4) Data were collected for other cell lines and are shown in supplementary material
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(see Table S1 in Supplementary Materials) and in all cases the non-cytotoxicity of the
compounds under study was confirmed.
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Figure 4. Cell viability test performed on hFOB and U-2 OS cells after 24 h, 48 h and 5 days
of incubation with MSN, 4, Curc, Curc@MSN, CB-Green, 4@MSN, CB-Green@MSN molecules
(50 and 5 nM). Data are represented as means ± SD of three independent experiments. Please note
that the concentrations used refer to the amount of dye present in the nanostructure, as for MSN the
concentration used was equal to 3.5 mg/mL for the series related to the 50 nM concentration of dyes
and equal to 0.35 mg/mL for the 5 nM series (the amount of silica remained almost constant along
the hybrid system series).

To investigate cellular internalization and localization of Green and CB-Green@MSN
and to compare the results with those obtained for Curc, BODIPY 4 and their corresponding
MCM-41 systems, we performed cell labeling and fluorescence microscopy. The results
regarding Curc and Curc@MSN are illustrated in Figure 5. Due to its lipophilicity, Curc
dispersed in the aqueous solvent failed to penetrate the cell membrane, remaining as
luminescent green crystals on the outside of the cells, (left panel of Figure 5) while its
hybrid analogous spread within the cytoplasm with a green light, (right panel), showing
how encapsulation in MCM-41 led to permeabilization, and supporting the ability of the
MSNs to cross the plasmatic membrane without causing any damage to the cell.

Figure 6 illustrates BODIPY 4 and the MCM-41-loaded analogous 4@MSN, both
showing enlightening of red inside the cell but with two different localizations. The
comparison between DAPI stain and 4 labeling of hFOB cells (left panel) clearly suggests
that BODIPY 4 penetrated the nuclear membrane of cells and focused on the nucleus, which
appeared illuminated with a bright red light. The red signals of hybrid 4@MSN, instead,
were mainly localized in the cytoplasm.
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Figure 6. Fluorescence microscope images of hFOB 1.19 incubated with 4 (left) and with 4@MSN
(right). Bar = 1 µm.

Noteworthy, both CB-Green and CB-Green@MSN (Figure 7) illuminate the cellular
environment with high efficiency even at concentrations of the 5 nM order, confirming that
the low dosage of the dye and its hybrid system could not interfere with cell viability. Our
microscope filter (Texas red filter set) did not allow reaching the wavelengths at which the
two systems emitted to the maximum (790 nm), although images appeared bright and well-
defined, thus, indicating that CB-Green and CB-Green@MSN performed significantly as
biocompatible NIR dyes. Finally, it is worth noting that CB-Green illuminated with a red
emission, typical of its acceptor component, BODIPY 4, mainly in the nuclei of hFOB cells,
(left Panel), while CB-Green@MSN was localized in the cytoplasm and, in particular, in
the perinuclear region.(right Panel) The similar localization observed for Curc@MSN and
4@MSN suggests that dimensions of MCM-41 nanoparticles prevented the penetration
of the nuclear membrane, on one hand, offering the possibility of differentiating the
localization of the light with respect to CB-Green within the cellular compartments, on the
other hand.
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3. Material and Methods
3.1. Chemicals

Solvents were purified according to standard procedures. All the syntheses were
monitored by TLC on commercially available precoated plates (silica gel 60 F254), and the
products were visualized with vanillin [1 g dissolved in MeOH (60 mL) and conc. H2SO4
(0.6 mL)] and UV lamp. Silica gel 60 was used for column chromatography.

3.2. Instrumentation

Proton (1H) and carbon (13C) NMR spectra were recorded on a Varian 500 spectrometer
(at 500 MHz for 1H; and 125 MHz for 13C) using DMSO-d6 as solvent. Chemical shifts
were given in parts per million (ppm) (δ relative to residual solvent peak for 1H and 13C),
coupling constants (J) were given in Hertz, and the attributions were supported by heteronu-
clear single-quantum coherence (HSQC) and correlation spectroscopy (COSY) experiments.
Chemical shifts were reported in ppm relative to DMSO-d6 (2.49 ppm). Numbering of
Carbon atoms of compounds 3, 4 and CB-Green are shown in Scheme 1. Combustion
analyses were carried out with a FISONS EA1108 elemental analyzer. UV/Vis absorption
spectra were taken on a Jasco V-560 spectrophotometer. For steady-state luminescence
measurements, a Jobin Yvon-Spex Fluoromax 2 spectrofluorimeter was used, equipped
with a Hamamatsu R3896 photomultiplier. The spectra were corrected for photomultiplier
response using a program purchased with the fluorimeter. For the luminescence lifetimes,
an Edinburgh OB 900 time-correlated single-photon-counting spectrometer was used. As
excitation sources, a Hamamatsu PLP 2 laser diode (59 ps pulse width at 408 nm) and/or
the nitrogen discharge (pulse width 2 ns at 337 nm) was employed. Emission quantum
yields for de-aerated solutions were determined using the optically diluted method. As
luminescence quantum yield standards, we used a trimethylammonium-phenylstyryl BOD-
IPY species (φ = 0.69 in ACN). Microscopy images were acquired using a Leica DM5000B
microscope equipped with DAPI, L5 and Texas Red fluorescence filters, using Leica LAS X
acquisition software.

Experimental uncertainties were as follows: elemental analysis, 0.04%; absorption
maxima, ±2 nm; molar absorption coefficient, 10%.

3.3. Synthesis

Compound 3. [Pd(PPh3)2Cl2] (0.0112 mmol) was added to a degassed solution of
boron difluoro-4-(1E)-2-[5-[[5-[(1E)-2-[4-(dimethylamino) phenyl] ethenyl] -3-methyl-2H-
pyrrol-2-ylidene-](4-iodophenyl methyl]-4-methyl -1H-pyrrol-2-yl-]ethenyl]-N,N-dimethyl
benzenaminate (2) [20] (400 mg, 0.56 mmol) and propargyl alcohol (40 µL, 38 mg, 0.67 mmol)
in DMF/TEA (12 mL, 5:1). In a sealed tube, the mixture was heated, at 80 ◦C, under argon,
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for 4 h, until the disappearance of 2 was observed by TLC (CHCl3/Hexane 90:10). Solvents
were removed under reduced pressure. The reaction crude was dissolved in DCM and
then filtered over celite/silica 1:2. The solution was evaporated to dryness to obtain 3 as a
deep green solid in 90% yield, without needing any purification. Rf : 0.60 (CHCl3/Hexane
90:101H NMR (DMSO-d6): δ 7.61–7.58 (2H, d, J = 7.8, 2× H-5), 7.48–7.40 (8H, m, 2× H-6,
2×H-14, 4×H-18), 7.31 (2H, part B of an AB system, J = 16, 2×H-15), 6.88 (2H, s, 2×H-11),
6.79 (4H, d, J = 8.8, 4× H-17), 5.37 (1H, t, J = 5.9 Hz, -OH), 4.34 (2H, d, J = 5.9 Hz, H2-1), 3.00
(12H, 4× -NCH3-20), 1.41 (6H, s, 2× CH3-13). 13C NMR: δ 152.7 (C- q), 151.5 (C-q), 140.7
(Cq), 137.7 and 113.7 (2× C-14, 2× C-15), 135.1 (Cq), 132.4 (Cq), 132.3 (2× C-5), 129.6 (Cq),
129.2 (2× C-6, 4× C-18,), 124.3 (Cq), 123.6 (Cq), 118.2 (2× C-11), 112.6 (4× C-17), 91.6 and
83.6 (C-2, C-3), 49.9 (C-1), 40.2 (4× C-20), 14.7 (2× C-13). Anal. Calcd. for C40H39BF2N4O
(640,57) C, 75.00; H, 6.14; N, 8.75. Found: C, 74.93; H, 6.12; N, 8.75.

Compound 4. A solution of 3 (50 mg, 0.08 mmol) in abs. toluene (5 mL) under argon
was cooled to 0 ◦C in an ice-bath. PBr3 (31 µL, 70 mg, 0.26 mmol, 3.3 eq) was added
dropwise and the reaction mixture was stirred at 0 ◦C for 10′ and then it was allowed to
warm to rt. The disappearance of 3 was followed by TLC (CHCl3/Hexane 90:10). After 6 h
saturated NaCO3 solution was added. The phases were separated, and the organic layers
were washed with water and brine, dried over MgSO4, filtered and concentrated under
reduced pressure. The reaction crude was purified by silica gel column chromatography
(eluants: CHCl3/Hexane 90:10) to obtain 4 as a deeply green solid, yield 74%. Rf : 0.95
(CHCl3). 1H NMR (DMSO-d6): δ 7.64–7.61 (2H, d, J = 7.9, 2× H-5), 7.47–7.40 (8H, m,
2× H-6, 2× H-14, 4× H-18,), 7.29 (2H, part B of an AB system, J = 15.7, 2× H-15), 6.87 (2H,
s, 2× H-11), 6.78 (4H, d, J = 8.3, 4× H-17), 4.54 (2H, s, H2-1), 3.00 (4× -NCH3-20), 1.39 (6H,
s, 2× CH3-13). Anal. Calcd. for C40H38BBrF2N4 (703,47): C, 68.29; H, 5.44; N, 7.96. Found:
C, 68.49; H, 5.43; N, 7.95.

CB-Green. To a solution of Curc (30 mg, 0.08 mmol) in dry acetone (10 mL), 4 (75 mg,
0.106 mmol) and K2CO3 (22 mg, 0.16 mmol) were added. The mixture was stirred at reflux
temperature for 48 h. The reaction was monitored using TLC (CHCl3/MeCN 99.5:0.5)
following the disappearance of 4. The solvent was removed under reduced pressure. The
crude was purified by column chromatography (eluants: CHCl3 up to CHCl3/MeCN
99.5:0.5) on silica gel. The column afforded compound CB-Green as a green solid, 54%
yield. Rf : 0.50 (CHCl3/MeCN 99.5:0.5). 1H NMR (DMSO-d6): δ 7.65–7.15 and 6.89–6.75
(28H, two m, H-1, H-3, H-4, H-8, H-9, H-13, H-14, H-16, H-19, H-20, 2× H-26, 2× H-27,
2× H-32, 2× H-35, 2× H-36, 4× H-38, 4× H-39), 6.1 (1H, s, H-11), 5.15 (2H, s, H2-22), 3.87
and 3.83 (6H, two s, 2× [-OCH3]), 3.00 (12H, 4× H-41), 1.4 (6H, s, 2× CH3-34). 13C NMR: δ
184.3 and 182.9 (C-10, C-12), 152.7 (Cq), 151.4 (Cq), 149.8 (Cq), 149.0 (Cq), 148.4 (C-q), 141.5
(Cq), 140.7 (Cq), 137.7 and 111.8 (2× C-35, 2× C-36), 136.1(C-q), 135.0 (Cq), 132.6 (2× C-26),
132.3 (C-8, C-14), 129.8 (Cq), 129.2 (2× C-27, 4× H-39), 129.0 (Cq), 126.7, 124.4, 123,6, 123.0,
122.8 and 122.5 (C1, C-3, C-4, C-16, C-19, C-20), 121.5 (Cq), 118.2 (Cq), 117.5 (Cq) 116.1
(2× C-32), 114.1 (Cq), 113.6 (Cq), 112.6 (C-9, C-13, 4× C-38,), 111.3(Cq), 101.4 (C-11), 86.6
and 86.4 (C-23, C-24), 57.1 (C-22), 56.1 (C-7, C-21), 40.4 (4× C-41), 14.8 (2× C-34). Anal.
Calcd. for C61H57BF2N4O6 (990,94): C, 73.94; H, 5.80; N, 5.65. Found: C, 74.15; H, 5.79;
N, 5.67.

Dye-loaded Silica Nanoparticles. Cetyltrimethylammonium bromide (60.5 mg) was
dissolved in 30 mL of water using an ultrasound bath. The dye was dissolved in a minimal
amount of acetonitrile (500 µL) and transferred into the water solution of CTAB under
stirring, after which a homogeneous colloidal suspension was formed. The dyes 4 (0.6 mg),
Curc (0.31 mg) and CB-Green (0.83 mg) were added separately in 1:99 molar ratios in
respect to CTAB. This was then followed by the addition of 2 M aqueous NaOH (0.22 mL,
0.44 mmol). The mixture was heated to 80 ◦C and the silica precursor tetraethylorthosilicate
(283 mg, 0.3 mL, 1.37 mmol) was added, at which point silica particles started to form
quickly. The suspension was kept stirring at reflux for 2 h, then stopped and allowed to
cool down to room temperature. The mixture was filtered under vacuum, washed with
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deionized water and finally dried in a vacuum desiccator. All powders fluoresced strongly
under a UV lamp.

3.4. Cell Culture and Cell Viability Assay

Human fetal osteoblastic cell line (hFOB 1.19) and human bone osteosarcoma epithelial
cells (U-2 OS) were obtained from the American Type Culture Collection (ATCC, Manassas,
VA, United States). HFOB 1.19 were cultured in 1:1 mixture of Ham’s F12 Medium -
Dulbecco’s Modified Eagle’s Medium (Merk Life Science S.r.l., Milan, Italy), supplemented
with 2.5 mM L-glutamine (L-glu, Merk Life Science S.r.l., Milan, Italy), 0.3 mg/mL G418
(ThermoFisher, Waltham, MA USA); 10% Fetal Bovine Serum (FBS, Merk Life Science S.r.l.,
Milan, Italy) and 1% penicillin/streptomycin/amphotericin (PSA, Merk Life Science S.r.l.,
Milan, Italy). U-2 OS were grown in McCoy’s 5a Medium Modified (Merk Life Science
S.r.l., Milan, Italy) supplemented with 2.5 mM L-glu, 10% FBS and 1% PSA. Both cell lines
were incubated in a humidified atmosphere containing 5% CO2 at 37 ◦C. The medium was
replaced twice a week and cells were split at about 80% of confluence. Cell viability assay
was performed by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) (Cell Titer96® Aqueous One Solution Proliferation Assay Kit,
Promega, Madison, WI, USA) according to the manufacturing protocol. For MTS assay,
5 × 103 cells were cultured in a 96-well plate, with specific medium and incubated in a
humidified atmosphere containing 5% CO2 at 37 ◦C for 24 h. Then, compounds and hybrid
systems under study were added separately, at two different concentrations (5 and 50 nM)
and cells re-incubated for 24 h, 48 h and 5 days. After 24 h, 48 h and 5 days, MTS reagent
was added to the culture medium and the plate was incubated for 1 h at 37 ◦C. Finally,
the plate was shacked shortly and the absorbance at 490 nm measured using a synergy
HT plate reader (BioTek Instruments, Inc., Winooski, VT, USA). Each biological system
compound was analyzed in triplicate for each concentration and time. Data were reported
as percentage of the control ± standard deviation.

The HL-60 cells were obtained from ATCC® (CCL-240, Rockville, MD, USA), while
their variant, HL-60R, were derived by exposure to gradually increasing concentrations of
doxorubicin. The molecular characterization of HL-60R cells was carried out previously [26]
The human breast cancer cell lines MDA-MB-231 and the colorectal adenocarcinoma cell
lines Caco-2 were obtained from ATCC® (respectively HTB-26™ and HTB-37™—Rockville,
MD, USA). The HL-60 and HL-60R cells were routinely maintained in Roswell Park Memo-
rial Institute (RPMI) 1640 (HyClone Europe Ltd., Cramlington UK), while MDA-MB-231
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (HyClone Europe
Ltd., Cramlington, UK) supplemented with 10% heat inactivated fetal calf serum, 2 mM
L-glutamine, 100 units/mL penicillin and 100 µg/mL streptomycin (all reagents were from
HyClone Europe Ltd., Cramlington, UK) in a humidified atmosphere at 37 ◦C in 5% CO2.
Cells with a narrow range of passage numbers were used for all experiments. The cultures
were routinely tested for Mycoplasma infection.

Cells were seeded on 96-well plates at a density of 5000 cells/well and incubated
overnight at 37 ◦C. After 24 h, at time 0 the medium was replaced with a fresh complete
medium supplemented with the investigated systems. After 72 h of treatment, 15 µL of
Promega Corp. commercial solution (Madison, WI, USA) containing 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and phenazine
ethosulfate was added to each well and the plates were incubated at 37 ◦C at 5% CO2
for 2 h. Using a microplate reader (iMark Microplate Reader; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), the bio-reduction of the MTS dye was evaluated by measuring the
absorbance of each well at 490 nm. Cytotoxicity was expressed as a percentage of measured
absorbance relative to that of control cells. Data were expressed as mean ± standard error
(S.E.) of at least three different experiments performed in duplicate.
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4. Conclusions

We have described the synthesis of a novel dyad in which the donor curcumin is
bonded to an acceptor BODIPY to yield a bichromophoric system. CB-Green possesses
all the desirable properties of a bioimaging probe: large Stokes shift, long emission wave-
lengths, high fluorescence quantum yield, and biocompatibility. As much as the conjugation
of curcumin to BODIPY results in the loss of some of the inherent advantages of this subunit
(cytotoxicity, antitumor activity, and so on), the new system allows the biological material to
be illuminated in the near-IR by exciting it in the blue as well. This behavior is particularly
interesting from an application point of view because the spectral emission range of the
new species lies within the biological window.

In addition, it presents a specific intracellular staining. CB-Green targets the nucleus
of the studied cell lines, thus supporting the idea that small-size dye molecules are desirable
tools in FI since they enter the cell fast, locate in the target region and, in this specific case,
do not induce any stress to cells up to 5 days. Encapsulation of CB-Green and the free
components of the bichromophoric system, Curc and BODIPY 4, inside MCM-41 silica
nanoparticles allows for all three compounds to mask their lipophilic nature, overpass
the cellular membrane and locate within the cytoplasm without losing brightness. The
dyad maintains a very efficient energy transfer even within the hybrid silica system, which
confirms the viability of the encapsulation strategy for imaging purposes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23179542/s1.
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Abstract: The glymphatic system is a glial-dependent waste clearance pathway in the central nervous
system, devoted to drain away waste metabolic products and soluble proteins such as amyloid-beta.
An impaired brain glymphatic system can increase the incidence of neurovascular, neuroinflammatory,
and neurodegenerative diseases. Photobiomodulation (PBM) therapy can serve as a non-invasive
neuroprotective strategy for maintaining and optimizing effective brain waste clearance. In this
review, we discuss the crucial role of the glymphatic drainage system in removing toxins and waste
metabolites from the brain. We review recent animal research on the neurotherapeutic benefits of
PBM therapy on glymphatic drainage and clearance. We also highlight cellular mechanisms of PBM
on the cerebral glymphatic system. Animal research has shed light on the beneficial effects of PBM on
the cerebral drainage system through the clearance of amyloid-beta via meningeal lymphatic vessels.
Finally, PBM-mediated increase in the blood–brain barrier permeability with a subsequent rise in
Aβ clearance from PBM-induced relaxation of lymphatic vessels via a vasodilation process will be
discussed. We conclude that PBM promotion of cranial and extracranial lymphatic system function
might be a promising strategy for the treatment of brain diseases associated with cerebrospinal fluid
outflow abnormality.

Keywords: photobiomodulation; near-infrared light; glymphatic system; meningeal lymphatic
vessels; amyloid-beta; neurodegenerative diseases; Alzheimer’s disease; Parkinson’s disease

1. Introduction

Photobiomodulation (PBM) therapy is the application of visible and near-infrared
(NIR) light to stimulate cellular processes by changing biochemical activities of mitochon-
drial components at non-thermal and low-level doses [1]. Currently, PBM has obtained
significant credibility and light medicine is fast becoming one of the most-accepted physical
modalities. PBM has been demonstrated to be an effective approach for promoting cellular
proliferation and microcirculation and for relieving pain and edema in various traumatic,
acute, and chronic diseases [2]. Neuromodulation of the brain using transcranial and
intranasal PBM has been shown to improve cerebral hemodynamics along with an increase
in cerebral oxygenation and metabolic capacity [3,4]. Additionally, there is a rapidly increas-
ing body of evidence to support that PBM therapy of the brain can ameliorate neuronal
oxidative stress, neuroinflammation, and apoptosis, while promoting neurogenesis and
synaptogenesis [5,6]. To date, no serious adverse effects have been reported in the literature
for brain PBM therapy; however, caution must be considered with high-power laser sources
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(class 3B and 4) due to the hazard for macular lesions [7]. To deliver PBM to the brain,
transcranial, intranasal, intraoral, intra-aural, and intravascular approaches have been
proposed as non-invasive techniques to deliver photonic energy. Moreover, researchers
have suggested that PBM therapy targeted at remote tissues (such as the abdomen or tibia)
can produce indirect or abscopal effects providing neuroprotection to the brain via systemic
mechanisms [8].

Recent evidence has suggested that the meningeal lymphatic vessels (MLVs) play a
crucial role in maintaining brain homeostasis by draining macromolecules via both cerebral
spinal fluid (CSF) and interstitial fluid (ISF) from the central nervous system (CNS) into the
cervical lymph nodes (cLNs) [9–11]. An impaired cerebral lymphatic system is considered
as a risk factor for neuroinflammatory diseases [12], neurovascular diseases [13], and
impaired recovery from brain injuries [12]. In addition, preclinical studies have shown
impaired meningeal lymphatic function in neurodegenerative diseases such as Alzheimer’s
disease (AD) [9] and Parkinson’s disease (PD) [14]. In fact, impairment of MLVs function
is a contributing factor in the development of AD and accelerates amyloid-beta (Aβ)
aggregation [9]. Starting from 2018, a group of researchers from Russia has made efforts
to test the modulatory actions of PBM therapy on the lymphatic drainage function of the
brain. Their preliminary findings in a mouse AD model shed light on the potential effect of
NIR PBM on the cerebral drainage system through the clearance of Aβ via MLVs [15]. Their
follow-up studies also revealed that a PBM-mediated increase in the blood–brain barrier
(BBB) permeability can result in further activation of the lymphatic clearance of Aβ from
the brain. This action is most likely a result of PBM-induced relaxation of lymphatic vessels
via a vasodilation process [16]. Further experiments outlined the beneficial effects of NIR
PBM on the lymphatic clearance of blood products from the brain, an important strategy
for the prevention of severe consequences after intracranial hemorrhage (ICH) [17].

In this review, we provide an overview of the brain lymphatic drainage system and
its pathways. We also discuss the vital role of the lymphatic drainage system (cranial
and extracranial lymphatics) in removing waste metabolites and toxins from the brain,
maintaining CNS homeostasis and immune responses. We then review the recent animal
research on the neurotherapeutic benefits of PBM on lymphatic drainage and clearance.
Finally, we propose an underlying biological mechanism for the potential impacts of PBM
on the cerebral lymphatic system and highlight this promising new therapeutic approach.

2. Brain Glymphatic Drainage System
2.1. The System, Its Components, and Pathways

Based on physiological findings of communication among different parts of the brain,
the existence of a specific lymphatic drainage system in the brain of vertebrates has been
suggested [18,19]. In 2012, Iliff et al., for the first time, identified a novel structure in
the brain called the glymphatic system [20]. This system is considered as a crucial fluid-
clearance system in the brain [21,22]. Studies on mouse models using different fluorescent
tracers constructed this glymphatic drainage pathway in the brain [23,24].

This system consists of five main functional components, each facilitating the move-
ment of CSF and ISF (Figure 1). The first compartment of the glymphatic system consists of
the production of CSF by epithelial cells of the choroid plexus in the cerebral ventricles and
circulation of CSF in the subarachnoid space, followed by the second, periarterial influx
of CSF into the brain parenchyma. In fact, periarterial influx refers to the entrance of CSF
into the periarterial spaces surrounding the arteries and its penetration deep into the brain
tissue. Arterial pulsation caused by smooth muscle cells intensifies CSF movement inward
along the periarterial space [25]. Exchange of CSF and ISF is the third component of this
system, which occurs in the interstitial space of the brain parenchyma (Figure 2).
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Figure 1. The five components of the glymphatic system. The fluid transport pathway is divided 
into five distinct segments: (1) cerebrospinal fluid (CSF) is produced by the choroid plexus and likely 
by extrachoroidal sources (capillary influx and metabolic water production); (2) arterial wall pulsa-
tility drives CSF deep into brain along perivascular spaces; (3) CSF enters the brain parenchyma 
supported by aquaporin-4 (AQP4) water channels and disperses within the neuropil; interstitial 
fluid (ISF) mixes with CSF, (4) accumulates in the perivenous space, and drains out of the brain via 
(5) meningeal and cervical lymphatic vessels, as well as along cranial and spinal nerves Fluids from 
both the brain and the cribriform plate drain into the cervical lymphatic vessels, which then empty 
into the venous system at the level of the subclavian veins. The olfactory/cervical lymphatic drain-
age route is the primary bulk flow pathway. 

 
Figure 2. Periarterial influx of CSF into the brain tissue (small white arrow). CSF–ISF exchange sup-
ported by AQP4 channels in the vascular end feet plastered along the arterioles. From here, the fluid 

Figure 1. The five components of the glymphatic system. The fluid transport pathway is divided into
five distinct segments: (1) cerebrospinal fluid (CSF) is produced by the choroid plexus and likely by
extrachoroidal sources (capillary influx and metabolic water production); (2) arterial wall pulsatility
drives CSF deep into brain along perivascular spaces; (3) CSF enters the brain parenchyma supported
by aquaporin-4 (AQP4) water channels and disperses within the neuropil; interstitial fluid (ISF) mixes
with CSF, (4) accumulates in the perivenous space, and drains out of the brain via (5) meningeal
and cervical lymphatic vessels, as well as along cranial and spinal nerves Fluids from both the brain
and the cribriform plate drain into the cervical lymphatic vessels, which then empty into the venous
system at the level of the subclavian veins. The olfactory/cervical lymphatic drainage route is the
primary bulk flow pathway.
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Figure 2. Periarterial influx of CSF into the brain tissue (small white arrow). CSF–ISF exchange
supported by AQP4 channels in the vascular end feet plastered along the arterioles. From here, the
fluid leaves the axons and moves towards the perivenous space in a path supported by astrocytes.
Astrocytic AQP4 water channels facilitate this perivenous efflux of interstitial fluid, which drains to
the dural lymphatic vessels.
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Astrocytes are believed to facilitate the fluid movement between periarterial spaces
and the interstitium through water channels such as aquaporins-4 (AQP4) [20,26]. The
fourth component is the glymphatic efflux, which consists of drainage of ISF into the
perivenous spaces. The meningeal lymphatic system is the fifth component and final
downstream clearance of the glymphatic system. MLVs drain waste products and other
solutes from the CNS [9]. This ISF then flows towards the leptomeningeal arteries located
at the cortical surface (sulci) and ultimately moves into the cervical lymphatics [20].

Indeed, this system was named “glymphatic” based on the involvement of glial cells “gl”
and its similar function with the “lymphatic system” [27,28]. The brain glymphatic system has
several essential physiological functions such as drainage of ISF from the parenchymal section
of the brain to nearby lymph nodes. It is also involved in communication with the immune
system, which regulates and monitors brain responses to neuroinflammation [29]. Moreover,
the glymphatic system possesses numerous physiological functions in addition to solute clear-
ance [30]. It is hypothesized that the glymphatic system has a role in rapid lipid transportation
across the blood–brain barrier (BBB) and promote glial signaling [31]. Additionally, CSF is
involved in the transportation of apolipoprotein E, essential for cholesterol transport, and
most notably, synaptic plasticity [32]. CSF influx is also a vehicle for glucose and other vital
nutrients that are necessary for the metabolism of astrocytes and neurons [30].

Lifestyle factors, genetics, and pathological conditions can modulate brain clearance
and influence the risk of developing neurodegenerative diseases [33]. Several factors such
as genetic phenotypes, body posture, aging, and the sleep–wake cycle could influence
these physiological functions [23] so that an impaired cerebral lymphatic system is counted
as a risk factor for neurodegenerative [34], neuroinflammatory [12], and neurovascular
diseases [13] and tumors, as well as impaired recovery from brain injuries [12] (Figure 3).
Pathological conditions can strongly affect the brain lymphatic systems. In various vascular
disorders including hypertension, atherosclerosis, and small vessel diseases [35], any
alteration in the composition of the constituent proteins can result in a significant decline in
vascular plasticity and decrease cerebral blood flow (CBF) into the perivascular pathways.
In arterial stenosis (either cervical or intracranial), blockage of CBF and obstruction of
perivascular or paravascular channels are observed [13], leading to reduced ISF flow
resulting in loss of CSF clearance from the brain. Glymphatic system dysfunction has
been demonstrated to be associated with many neurological diseases such as AD and
PD [14,28]. The glymphatic system has been described as the “final common pathway” for
neurodegenerative diseases [36].
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2.2. MLVs, Olfactory/Cervical Lymphatic Drainage Route, and Their Association with
CSF Circulation

The absence of a conventional lymphatic vasculature in the CNS prompted a series
of studies on rodents and human brains to identify MLVs as the lymphatic system of the
CNS [37,38]. MLVs seem to provide a critical route for drainage of ISF and CSF. Various
macromolecules and immune cells pass from CNS into the lymph nodes located in the
deep cervical area [39–41]. More recently, strong evidence demonstrated that MLVs might
be associated with the regulation of immune responses and also involved in the patho-
genesis of neuroinflammatory diseases [42]. Animal studies have also shown impaired
meningeal lymphatic function in AD [9] and PD [14]. In a neuroimaging study using a dy-
namic contrast-enhanced MRI, patients with idiopathic PD exhibited markedly decreased
flow through the MLVs along the superior sagittal sinus and sigmoid sinus, as well as a
significant delay in deep cLNs (dcLNs) perfusion [43].

Under normal physiological conditions, the olfactory/cervical lymphatic drainage
route serves the primary bulk flow drainage pathway. The ethmoid bone and particularly
the cribriform plate located at the anterior aspect of the brain (between the anterior cranial
fossa and the nasal cavity) is considered a critical extracranial site of CSF outflow [44]. CSF
in subarachnoid space passes through the cribriform plate along the olfactory nerves to the
nasal lymphatics and cLNs. At the end of the route, CSF is deposited into the extracranial
lymphatic system [13]. The continuous circulation and drainage of CSF are critical for
removing CSF metabolic products and maintaining normal neural functions. The outflow
routes of CSF are the arachnoid villi of the dural superior sagittal sinus [45], olfactory
nerves, across the cribriform plate, and into the cervical lymphatic pathway [46].

The cribriform plate is a fenestrated bony plate of the ethmoid that separates the cranial
and nasal cavities (Figure 4). Even though there are lymphatic vessels in the meninges [47],
it has been demonstrated that CSF can drain through the cribriform plate in both humans
and other mammals [48]. The main pathway by which CSF is removed from the skull is
through the cribriform plate associated with the olfactory nerves [49]. The CSF is absorbed
by lymphatic vessels located in the submucosa of the olfactory epithelium, in the nasal
mucosa after passing the cribriform plate, and then drained into the cLNs. Any damage
to the cribriform plate (by traumatic brain injuries or surgical methods) can lead to acute
blockage of CSF outflow and, as a result, increase in resting intracranial pressure (ICP) and
outflow resistance, emphasizing that the olfactory pathway represents the leading site for
the CSF drainage [50]. There is a space between the olfactory sensory axons that provides a
conduit for the outflow of CSF. Any damage to these nerves can also diminish the outflow
of CSF through the cribriform plate [49] (Figure 4).

AQP are a family of small integral membrane proteins that significantly boost the
permeability of cells to water and facilitate the movement of fluid down the pressure
gradient in various tissues, including the brain [51]. So far, 13 AQPs have been found in
mammals (AQP0–12). AQP1 maintains CSF production by the choroid plexus, and it is also
expressed along the periphery of the olfactory bulb, nerve junction, and lining the foramina
of the cribriform plate. Moreover, there are high levels of AQP1, 3, and 5 within the nasal
cavity. These AQPs facilitate the flow of fluid out of the olfactory bulb and subarachnoid
space into the nasal cavity via the extensive network of lymphatic vessels, which play
an essential role in moving fluid throughout the body. AQPs are found in the meninges
and at the cribriform plate and olfactory bulb junction [11]. These vessels crossing the
cribriform plate play a key role in transporting fluid from the cranial cavity to the nasal
cavity olfactory sensory nerves. Following CSF absorption by lymphatics, it is conveyed in
larger ducts through numerous lymph nodes and eventually is deposited into the body’s
lymphatic system. Evidence has also shown that aging decreases the elimination rate of
CSF from the nasal/cribriform plate region [52,53].
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2.3. Sleep and Clearance of the Brain

The glymphatic system uses convective flow between the CSF and ISF to remove toxic
metabolites in/from the brain. CSF enters the brain parenchyma (functional parts) along
a paraarterial route and exchanges with the ISF [54]. The ISF carries extracellular solutes
from the interstitial (extracellular) space in the brain along paravenous drainage pathways
(Figure 1). This activity is dramatically boosted during sleep and is related to increased
interstitial volume, possibly by shrinkage of astroglial cells [55]. Emerging evidence shows
that sleep is the primary driver of glymphatic clearance and is essential for the maintenance
of brain function via the discharge of metabolites and neurotoxic wastes from the brain,
which accumulates in the highly active brain during waking hours [36,56].

Comparing the brain ISF volume during deep sleep to wakefulness, the volume of
the brain’s ISF increases by 40–60% [57]. Astrocytic AQP4 water channels that encircle
the brain’s vasculature contribute to this increase in ISF. This increase in ISF is required
for proper glymphatic function and facilitates the clearance of soluble proteins, waste
products, and excess extracellular fluid. ISF increase leads to a 2-fold faster removal of
neurotoxic waste products such as lactate and Aβ from the brain. This increase in the
clearance of brain waste happens during non-rapid eye movement (NREM) sleep [58],
and the majority of glymphatic activity occurs during deep, slow-wave sleep. Poor sleep
quality and short sleep duration result in an increased amount of Aβ in the CSF as well
as a risk of Aβ plaque formation [59]. In addition, tau levels have been shown to be
increased in the ISF of the hippocampus following sleep deprivation [60]. Evidently, these
neurobiological mechanisms can support the fact that neurodegenerative diseases such as
AD, PD, Huntington disease, and frontotemporal dementias are strongly linked to sleep
disturbances [61]. With the glymphatic system in mind, it is of interest to note that sleep
quality decreases as a function of normal aging, and individuals over 60 years old rarely
enter deep NREM (stages 3). The effectiveness of glymphatic fluid transport is directly
linked to the prevalence of slow-wave activity. Therefore, the age-related impairment in
sleep quality can cause a catastrophic drop in the clearance of brain waste and potentially
increase the incidence risk of neurodegenerative diseases [36].

Recent evidence revealed that endocytosis occurs across the BBB during sleep, and
inhibition of this process causes the need for more sleep [62]. In addition, several studies
have reported that sleep deprivation can increase the activity of several pro-inflammatory
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mediators such as C-reactive protein, interleukin (IL)-1β, IL-6, IL-17, interferon-γ (IFN-γ),
and tumor necrosis factor-alpha (TNF-α). These mediators suppress astrocytic maintenance
of the BBB, causing an increase in its permeability [63,64]. Sleep deprivation has been shown
to decrease influx efficiency along the perivascular space, thus impairing the function of
the glymphatic system and disturbing AQP4 polarization in a mouse model [65].

3. PBM Therapy

PBM therapy or low-level light/laser therapy (LLLT) refers to the non-thermal ap-
plication of visible and/or NIR light to stimulate biological processes [66]. Almost all
PBM therapy procedures are applied in the wavelength range between 400 and 1300 nm
from various light sources (e.g., lasers, light-emitting diodes (LEDs), or broadband light
sources) [67]. One of the most recognized mechanisms for PBM has been suggested by a
Russian photobiologist, Tiina Karu [68]. Her early work discovered that light-cell inter-
action probably should be considered as a light–mitochondria interaction [69]. Further
studies with light at 600–850 nm wavelengths proved her hypothesis that the mitochondrial
respiratory enzyme, cytochrome c oxidase (CCO), is the main photoacceptor responsible
for the light absorption in the cells [70,71]. It is now believed that light energy is absorbed
by metal centers of CCO, resulting in the excitation of electrons [72]. Along with this
photoexcitation, nitric oxide (NO) is photodissociated from the CCO, leading to an increase
in the mitochondrial membrane potential (MMP). This, in turn, promotes an increase in
ATP production and modulates the levels of signaling molecules, including intracellular
Ca2+ and reactive oxygen species (ROS), particularly the superoxide anion (O−

2 ) and its
stable product hydrogen peroxide (H2O2) [2]. As a secondary event, the above-mentioned
primary responses change the intracellular redox potential, the intracellular pH, cyclic
adenosine monophosphate (cAMP) levels, and expression of redox-sensitive factors such
as nuclear factor kappa-B (NF-κB). Following this cascade of events, signal transduction
processes induced by PBM will lead to activation of transcription factors and gene expres-
sion, which eventually will promote many biological functions such as cell metabolism,
cell viability, proliferation, and differentiation [73–75].

Today, PBM is applied as a cutting-edge technology in numerous areas of medicine,
such as wound healing, dentistry, muscle and tendon repair, dermatological conditions,
and neurogenic pain [76]. In addition, recent research has focused on the application of
PBM as a neuroprotective intervention for the treatment of CNS diseases [4,77], providing
further breakthroughs in the field of neurorehabilitation. It has been shown that low levels
of red/NIR light stimulate neuronal functions leading to neuroprotection and prevention
of neuronal death, hypoxia, trauma, or neurotoxicity [4,6]. Transcranial PBM is the non-
invasive delivery of light from external laser or LEDs sources (e.g., hand-held probes or
wearable PBM helmets/headsets) to the head. This photonic energy is transferred onto
subcranial tissues and to an extent, the cortical surface [4]. Intranasal PBM is another
therapeutic approach delivering light energy through the nostrils, which has been shown
to promote brain function in various CNS diseases such as depression, cerebral infarction,
dementia, and Kleine–Levin syndrome [78–83].

3.1. Evidence on Potential Effects of PBM on the Brain Drainage System

Recently, a group of researchers from Russia have carried out a series of animal studies
on the possible beneficial effects of PBM therapy on the lymphatic drainage function of
the brain [15,16,59,84–87]. Their findings have opened up a new idea that PBM of the
cranial and the extracranial lymphatics may be a promising approach for the treatment
of brain disorders associated with CSF outflow abnormality [88]. Herein, we review their
investigations and outline possible mechanisms of neurotherapeutic benefits of PBM on
lymphatic drainage and clearance.

In 2019, they examined the idea that transcranial PBM might stimulate lymphatic
drainage in an animal AD model by demonstrating improvement in the clearance of Aβ

molecules from the brain following PBM therapy [15]. In the first step, they compared
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the effectiveness of four different skull fluencies (18, 25, 32, and 39 J/cm2) of 1268 nm
laser on the reduction in Aβ accumulation in the brain. The skull fluence of 32 J/cm2

(cortical fluence of 4 J/cm2) was selected as an optimal PBM fluence because it was not
associated with an increase in a skull temperature or morphological alterations of the brain
and was significantly effective for the reduction in Aβ depositions in the brain. Although
39 J/cm2 effectively decreased Aβ accumulation, it resulted in a dura mater and arachnoid
membrane injuries as well as a scalp temperature rise of 2 ◦C. In the second step, they
studied the development of AD following the injection of Aβ in the hippocampus of mice
and evaluated the effects of PBM (32 J/cm2) on Aβ distribution in the brain. The confocal
microscopic analysis showed that PBM actively decreased the density of small Aβ plaques,
whereas the density of large Aβ plaques did not differ between the PBM and the untreated
group. The accumulation of Aβ in the brain of PBM-treated mice was also accompanied
by the appearance of Aβ plaques in the dcLNs, compared with the untreated group. In
the third step, they explored the PBM effects on clearance of gold nanorods (GNRs) from
the brain into cervical lymphatics using optical coherence tomography (OCT) in vivo to
monitor the rate of GNRs accumulation into the right dcLN. OCT data showed that PBM-
activated clearance of GNRs was higher for treated mice. Clearance from the cortex, lateral
ventricle, cisterna magna, and hippocampus was higher in the treated mice by 3.7-, 3.9-,
6.7-, and 9.3-fold, respectively. The results of atomic absorption spectroscopy (AAS), which
exhibit the level of GNRs in dcLN, were also correlated with OCT data suggesting that
PBM significantly increased the clearance of GNRs from both deep (hippocampus and
ventricles) and superficial (cisterna magna and cortex) regions of the brain. Results from
the neurological status (tested by startle reflex, round stick balancing, and beam walk tasks)
and the neurobehavioral outcomes (tested by novel object recognition task) also showed an
improvement in the PBM-treated mice compared with AD mice [15].

Given the fact that disruption of MLVs is an aggravating factor in the development of
AD and promotes Aβ deposition in the meninges, in 2020, they investigated the potential
benefits of PBM on lymphatic pumping and contractility, which are considered the main
physiological mechanisms underlying fluid transport and waste clearance from tissues [59].
They started to test the hypothesis that PBM-promoted relaxation of lymphatic vessels via
vasodilation might be one of the underlying mechanisms for increasing the permeability
of lymphatic endothelium, thereby allowing larger molecules to be transported through
to the lymphatic vessels. Their preliminary data revealed that low PBM fluencies (5 and
10 J/cm2) induced relaxation of the mesenteric lymphatics (extracranial and/or abdominal
lymph vessels) in both systole and diastole with a decrease in contraction amplitude (with
maximum response to 10 J/cm2). These low fluencies relaxed the lymphatic vessels, while
higher fluencies of 30 and 70 J/cm2 completely blocked the contractility of the vessels. Their
OCT imaging results also showed an increase in the diameter of the MLVs in systole and
diastole following transcranial PBM. Data also demonstrated dilation of the MLVs and an
increase in the number of macrophages inside the cavity of the vessel after transcranial PBM,
most likely due to an increase in uptake of ISF (lymph). In the next phase, they studied
the effects of the transcranial PBM (skull fluence of 64 J/cm2) on the drainage function of
MLVs by analyzing the clearance of GNRs from the mouse brain. They injected GNRs in
different brain regions as in their previous pilot study [15] (cortex, cisterna magna, right
lateral ventricle, and hippocampus) and monitored the accumulation of GNRs in dcLN
before and after transcranial PBM using OCT in vivo. PBM increased clearance of GNRs
from the cortex to the dcLN by 55.7-fold. From the hippocampus, cisterna magna, and
left ventricle, the clearance of the GNRs to the dcLN was also higher: 14.78-fold, 4.8-fold,
and 2.3-fold, respectively. Their findings provided promising evidence that transcranial
and remote PBM can augment the drainage and clearance function of MLVs, providing a
therapeutic target for neurological disorders such as stroke and brain trauma, as well as
preventing or delaying neurodegenerative diseases [59].

In their third study [87], they explored the effects of transcranial 1268 nm laser PBM on
(1) clearance of two different tracers (GNRs and Evans blue dye (EBD)) from the brain via
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meningeal lymphatic system into the peripheral lymphatic system and (2) on the mesenteric
lymphatics permeability of the mice. Their preliminary data showed that a cortical fluence
of 9 J/cm2 (skull fluence of 32 J/cm2) exhibited a better stimulation of clearing function of
MLVs than 2 and 5 J/cm2. Similarly, OCT data from the 9 J/cm2 group showed a gradual
increase in the speed of GNRs accumulation in dcLN after its injection into the cisterna
magna. PBM-mediated dilation of mesenteric lymphatics vessels was also associated with
the decrease in resistance to the lymph flow. In the next phase, to better understand the
mechanisms underlying the impacts of PBM on the lymphatic vessels, they investigated the
effects of 9 J/cm2 light on the lymphatic permeability to immune cells such as macrophages.
The results revealed that PBM can promote migration of macrophages from the lymphatic
vessels into surrounding tissues, most likely through the decrease in transendothelial
electrical resistance (TEER) integrity and an expression of tight junction (TJ) proteins (e.g.,
CLND, VE-cadherin, and ZO-1) [87].

In the fourth study, they aimed to test the hypothesis that the PBM-mediated opening
of BBB might be one possible mechanism for the activation of Aβ clearance from the
brain in AD mice [16]. First, they studied the effects of 1267 nm PBM with a cortical
fluence of 9 J/cm2 (skull fluence of 32 J/cm2) on Aβ clearance from the mice brain using
the immunohistochemical analysis of Aβ in the dcLNs. PBM-treated mice showed a
pronounced Aβ level in the dcLNs, indicating the efficiency of the PBM for stimulation
of Aβ clearance from the brain. The quantitative analysis also confirmed these results by
representing a higher signal intensity from immunopositive Aβ plaques in the dcLNs in
the PBM-treated mice. Their findings uncovered the lymphatic pathway of Aβ clearance
from the brain which was also associated with the enhancement of the neurobehavioral
status in AD mice. Their follow-up experiments showed that a PBM-mediated increase in
the BBB permeability and subsequent increase in Aβ leakage occurs most likely as a result
of PBM-induced decrease in transendothelial integrity and decrease in the expression of TJ
proteins (e.g., CLND, VE-cadherin, and ZO-1) [16].

Their fifth study examined the lymphatic pathway of red blood cells (RBCs) clearance
from the brain after intraventricular hemorrhage (IVH). They investigated whether tran-
scranial PBM can improve RBCs evacuation from the ventricles to enhance the outcome
after IVH [17]. First, using immunohistochemical and confocal colocalization analysis of
the mouse and human brain samples (the next day after death due to IVH), they showed
that RBCs moved from the ventricles into dcLNs via MLVs, confirming the lymphatic
clearance of RBCs from the brain in the post-hemorrhagic period. They then studied the
efficacy of transcranial 1267 nm PBM with a cortical fluence of 9 J/cm2 (skull fluence of
60 J/cm2) for stimulation of lymphatic clearance of tracers (GNRs and EBD) from the right
lateral ventricle, mimicking the pathway of RBCs elimination from the brain of naïve mice.
The transport of GNRs and EBD into dcLNs after its intraventricular injection was higher
in the PBM-treated mice by 1.4- and 2.6-folds, respectively. In their follow-up experiment,
they directly evaluated the effects of PBM on RBCs clearance from the mice brain after IVH
and found that the number of RBCs transported into the dcLNs was significantly greater in
the PBM group. They postulated that PBM facilitated RBCs drainage from the fluid-filled
ventricles into the subarachnoid space where the RBCs are transported into the MLVs. This
was accomplished by the PBM-mediated change in tone of the MLVs. In the final step,
3 days after surgical injection of blood into the right lateral ventricle, they treated mice with
PBM 3 times in 7 days with a cortical fluence of 9 J/cm2. They found that PBM contributed
to a faster recovery of ICP after IVH, along with a 1.57-fold decrease in mortality and a
significant reduction in the level of stress [17].

In the last and most recent study on AD mice [84], they tested the hypothesis that
transcranial PBM stimulates Aβ clearance from the brain through the activations of cerebral
lymphatic drainage and probably via an increase in cerebral energy metabolism. Applica-
tion of transcranial 1268 nm laser PBM with a cortical fluence of 4 J/cm2 (skull fluence of
32 J/cm2) for 9 days significantly reduced Aβ plaques in the brain of AD mice along with
a significant increase in clearance of Aβ via MLVs. Their further investigation shed light
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upon the possible involvement of PBM-induced improvement in blood oxygen saturation
(SpO2) of the brain on the stimulation of lymphatic Aβ clearance. They suggested that an
increase in oxygen saturation leads to improved mitochondrial ATP production that can
stimulate lymphatic contractility leading to increased drainage and clearing functions of
the meningeal lymphatic system [84].

3.2. PBM and Nitric Oxide

Studies have shown increased blood flow during and after PBM both in animal models
and in humans [89,90]. However, a critical question regarding this escalation of blood
flow has remained open. Does this increased blood flow arise from the PBM-mediated
production of NO? If so, what is the actual source? Is it NO that is photodissociated from
hemoglobin in circulating RBCs, or NO that is photodissociated from other labile NO stores
in the blood vessel wall, or is it derived from the dissociation of NO that has bound to CCO
in the mitochondria? Nevertheless, it has been proposed that red/NIR light appears to
be best for dissociating NO from CCO, thereby reversing the signaling consequences of
excessive NO binding [2].

Impaired cerebral vascular perfusion has been widely known as one of the early
manifestations in most of the CNS diseases [91]. Animal research has shown that PBM
can improve neuronal NO levels and CBF, resulting from activation of endothelial NO
synthase (eNOS) protein [90], and also can increase the blood vessel diameter [92]. It is
also suggested that PBM can affect the regional CBF, most likely mediated by NO and
glutamate [90]. Uozumi et al. found that the transient CBF improvement by PBM was
dependent on the NOS activity and NO levels as well. They showed that transcranial 808
nm laser PBM of the naïve mice increased cortical NO levels (by 50%) immediately after
starting the PBM, and gradually improved CBF in the PBM-exposed (by 30%) and the
opposite hemisphere (by 19%) at 45 min after starting the irradiation [90].

PBM has also been shown to improve endothelial function through the activation of
cellular pathways responsible for the modulation of inflammation and angiogenesis, as
well as vasodilatation [93]. NIR light at 890 nm could significantly increase NO levels (with
a peak at 5 min post-irradiation) in venous blood in healthy individuals [94]. Endothelial
NOS (eNOS) is found in endothelial cells, which are the cells that line the inner surface of
blood vessels as well as lymph ducts. eNOS can be activated by the pulsatile flow of blood
through vessels, leading to a “shear stress” on the membrane of the endothelial cells as
the column of blood in the vessel moves forward and then stops. Indeed, NO produced
by eNOS maintains the diameter of the blood vessel (vasodilation) so that perfusion of
various tissues (skin, bone, muscle, and nerves) is maintained at optimal levels. This
eNOS-mediated NO can also activate the growth of new blood vessels (angiogenesis). NO
relaxes smooth muscle cells and therefore dilates resistance vessels and lymphatics, leading
to an increase in blood supply for repairing tissues and removal of the damaged cells [95].
In fact, increased lymphatic flow removes metabolic waste products and reduces edema.
It has been shown that NO can be produced enzymatically following an increase in NOS
activity after PBM, possibly by elevating intracellular Ca2+ levels [2,96].

As discussed before, it has been reported that PBM-induced relaxation of the mesen-
teric lymphatics endothelium is accompanied by increased permeability of lymphatic
walls as well as a decreased expression of TJ proteins [87]. The TJ proteins are structural
compounds of mature lymphatic vessels and play an essential role in moving ISF and
immune cells through the lymphatic endothelium [88]. In fact, increased permeability of
lymphatic endothelium is the main mechanism allowing for toxins to be transported by
the collecting lymphatics, contacting local immune cells to activate immune responses.
These effects might be related to a PBM-mediated increase in the eNOS activity. In other
words, the PBM-mediated dilation of lymphatic vessels could be due to an increase in
the eNOS activity [97]. Considering the fact that the improvement of endothelial NO
production is a well-recognized mechanism of PBM [97] and that the lymphatic behavior is
actively regulated by NO [98], it appears that PBM activates the NO synthesis in lymphatic
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endothelium isolated cells. Thus, the lymphatic vessel’s contractility may be the possible
underlying mechanisms for PBM-induced lymphatic clearance of macromolecules from the
brain [88].

3.3. PBM and Neuroprotection

Researchers have explored the neuroprotective effects of PBM against toxicity induced
by Aβ [99–102]. A series of studies conducted by Da Xing’s research team has shown
novel findings [99,100,102]. First, they proposed that activated Akt induced by laser
PBM (632.8 nm, 2 J/cm2 at culture surface) interacts with and then inactivates GSK3β
upon Aβ25-35 treatment. Following this step, due to the inhibition of GSK3β, β-catenin
accumulates in the cytoplasm and then translocates into the nucleus. Subsequently, it
acts as a transcriptional cofactor to improve neuronal survival [99]. Then in the follow-up
research using the same laser source [100], they showed that 2 J/cm2 protects SH-SY5Y
cells against Aβ25-35-induced toxicity only at 24 and 48 h post-PBM. After exposure to
Aβ25-35, the cell viability of both SH-SY5Y cells and hippocampal neurons was increased
by PBM in a dose-dependent fashion, representing a significant increase only at the 2 and
4 J/cm2. Their results also revealed that 2 J/cm2 was enough to protect hippocampal
neurons against Aβ1-42 toxicity [100]. Recently, Da Xing and colleagues found that by
increasing the mitochondrial CCO activity and thereby increasing the levels of cAMP and
ATP, laser PBM (632.8 nm, 2 J/cm2 at culture surface) can activate the PKA/SIRT1 signaling
pathway in SH-SY5Y-APPswe cells, leading to decreased Aβ levels [102]. Duggett and
Chazot have also proved the neuroprotection effects of 1068 nm wavelength, proposing
that a 4.5 J/cm2 can protect CAD neuroblastoma cells from Aβ1-42-induced cell death [101].
A 1070 nm PBM (4.5 J/cm2 at scalp surface with 10 Hz pulsed mode) has also been reported
to decrease cerebral Aβ levels and therefore enhance cognitive performance in AD mice
through microglia activation and promotion of angiogenesis. NIR PBM could trigger
microglia rather than astrocyte responses with a change in morphology and increased
colocalization with Aβ. The response of microglia to PBM was negatively correlated with
the Aβ level, proposing that PBM decreases the Aβ deposition, probably via eliciting
microglia activation and recruiting microglia to Aβ burden. The perivascular microglia
were also decreased after PBM therapy, whereas an increase in cerebral vessel density was
observed in PBM-treated AD mice. This increase in vessel density was positively correlated
with clearance of Aβ burden, indicating that 1070 nm PBM can diminish Aβ deposition
most likely through increasing cerebral vessel density [103]. In addition to these, 630 nm
laser PBM therapy has been shown to decrease Aβ-disrupted flow of ISF by smashing Aβ

deposition in the extracellular space and thereby reversing cognitive impairments in an
APP/PS1 mouse model of AD [104].

3.4. Intranasal and Systemic PBM Therapies and Their Effects on the Brain Drainage System

Considering the fact that the blood capillaries are abundant in the nasal cavity and the
blood flow is relatively slow, it is postulated that systemic effects on hematologic cells in the
blood would contribute to the neuro-therapeutic benefits reported by the intranasal PBM
technique [78,81]. Intranasal PBM has been shown to increase CBF [80], decrease blood
viscosity [105], increase hemorheology [105], and increase blood coagulability status [106]—
enhancements in blood rheology that are linked to improved cognitive functioning [107]
and mood [108]. With respect to the brain drainage system, intranasal PBM might also
serve as an effective treatment for obstruction of the cribriform–lymphatic route, thereby
improving the CSF outflow. This is thought to occur because PBM-induced NO can
modulate the lymphatic vessels contraction and subsequent increase in lymph flow [88,109].
Given this, it is speculated that the modulation of blood circulation and drainage function
of the lymphatic system might be the underlying action mechanisms of intranasal PBM in
the previously shown studies on dementia and other neurodegenerative diseases [78].

Recently, the possibility that PBM therapy targeted at a remote tissue (e.g., abdominal
tissue) might elicit systemic mechanisms that provide neuroprotection of the brain is
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of great interest to researchers [83,110,111]. Today, there are a number of convincing
examples of the possible systemic effects of PBM in animal models of AD [112,113] and
PD [74,114,115]. Although the mechanisms underlying the phenomenon of systemic or
indirect effects of PBM are not clear, we propose that the effect of PBM on the lymphatic
system could be one of them. As discussed above, 1267 nm laser PBM of the mice’s
abdominal region results in a relaxation of the mesenteric lymphatics with a decrease in
contraction amplitude leading to subsequent increases in the clearance of GNRs from the
brain, partly via MLVs [59]. PBM therapy targeted to the abdominal region has also been
suggested to change the gut microbiota—with the release of yet unidentified circulating
mediators—promoting a neuroprotective action on the brain [113]. It is also thought that
bone marrow-derived stem cells—in particular, mesenchymal stem cells—can drive remote
PBM-induced neuroprotection on the brain tissue [116,117], as they can easily transmigrate
across the BBB [115,118].

4. Conclusions

Emerging evidence suggests that the MLVs play a key role in maintaining brain home-
ostasis by draining macromolecules via both CSF and ISF from the CNS into the cLNs. An
impaired cerebral lymphatic system is considered a risk factor for neuroinflammatory dis-
eases, neurovascular diseases, and impaired recovery from brain injuries. Animal research
also demonstrates impaired meningeal lymphatic function in AD and PD. In particular,
MLVs dysfunction can accelerate the development of AD through Aβ aggregation. Together,
PBM-mediated promotion of glymphatic and extracranial lymphatic system function might
be a promising candidate for the treatment of various brain diseases associated with CSF
outflow abnormality. Because of good penetration onto the subcranial, brain cortex, and
even into subcortical structures, transcranial PBM can stimulate MLVs, which might be
one of the mechanisms underlying the positive clinical outcomes of PBM with neurodegen-
erative conditions [119,120]. Transcranial PBM can affect the aqueous component of the
CSF/ISF structure because of light’s effect on the structure of the water molecules, creating
a freer-flowing, slippery effect. Another factor is PBM-induced production of NO that can
increase overall blood perfusion, increasing ISF/CSF diffusion components.

It should be noted that the therapeutic effects of transcranial PBM on subcortical
regions of the human brain using biomodulatory wavelengths (e.g., 600–1300 nm) are not
well understood. This is due, in part, to the poor penetration of red and NIR light through
the skull/scalp into the deep brain areas. Given this, delivery of sufficient light dose to
deeper structures in the human brain is still a challenge in the transcranial PBM field.
Recently, nanoparticle engineering, in combination with biophotonic techniques, has been
suggested as a way to overcome this problem. Considering the fact that photons in the
third optical window (1550–1870 nm) have the highest penetration rate into brain tissue, it
is speculated that upconverting nanoparticles (UCNPs) could help in delivering light to the
deep brain by converting these photons to visible and NIR spectrum with higher energies
and a greater biological effect. Of note, UCNPs exhibit good ability to cross the BBB, and
also their low toxicity makes them a promising candidate for application in brain disorders.

Considering potential applications in human subjects, it is speculated that transcranial
PBM can create an increase in surface temperature on the skull, thereby increasing the tem-
perature gradient, creating a heat sink of blood to cool the sleeping brain, if and when the
transcranial irradiation of the light is conducted immediately in bed before sleep. Intranasal
PBM can also be an effective non-invasive approach for the treatment of cribriform plate
obstruction, which is the main reason for the development of various brain pathologies due
to the blocking of CSF drainage. Intranasal PBM reduces the viscosity of the blood. In turn,
this would create less stacking of RBCs (rouleaux formation), which would allow a better
flow of microcirculation through the areas that are smaller than capillaries. In addition,
it has been suggested that brain cells might also benefit indirectly/systemically from the
PBM of circulating blood or different underlying organs. A systemic PBM application using
body pad LED devices across the carotid and or vertebral arteries can facilitate vasodilation
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and increase blood flow to the brain parenchyma in humans. Body pad-style applications
of LEDs over the corpus and or cervical lymph tissue can presumably also increase the
activity of the dcLNs and act as a pulling aspect of glymphatic flow. Applying PBM on the
chest or abdomen area may prove effective in stimulating the mesenteric lymph vessels to
augment lymphatic pull. Finally, PBM being a light energy-based therapy, has a circadian
influence, so the timing of when to apply the red/NIR light is even more critical with
a PBM intervention of the glymphatic and meningeal lymphatic systems. We can only
speculate that future research will clarify the photonic impact of PBM on each of the five
components of the glymphatic system.
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Abstract: In the search for non-chemical and green methods to counteract the bacterial contamination
of foods, the use of natural substances with antimicrobial properties and light irradiation at proper
light waves has been extensively investigated. In particular, the combination of both techniques,
called photodynamic inactivation (PDI), is based on the fact that some natural substances act as
photosensitizers, i.e., produce bioactive effects under irradiation. Notably, curcumin is a potent
natural antibacterial and effective photosensitizer that is able to induce photodynamic activation in
the visible light range (specifically for blue light). Some practical applications have been investigated
with particular reference to food preservation from bacterial contaminants.

Keywords: curcumin; photoactivation; food preservation; antibacterial properties

1. Introduction

The concept of food preservation has its origins in ancient times when our ancestors
tried to find methods to keep food fresh and edible (e.g., sun-drying, salting and pasteuriza-
tion). The possibility of optimally preserving food for long periods is increasingly relevant:
if food products are not subjected to treatments that ensure their proper preservation and
decontamination by microorganisms, they are subject to more rapid deterioration and can
be responsible for serious foodborne infections [1]. Classical food preservation techniques
rely on physical and physicochemical action treatments, such as heat, freezing, radiation,
and ultrasound [2]. However, some disadvantages have been discovered in these proce-
dures, such as reductions in food volume and texture and losses of nutrients and organic
properties, leading to huge overall losses in food products [3].

Therefore, scientific and technological researchers have been increasingly interested
in the study of new antimicrobial materials and new food sanitization methods that can
extend shelf-lives while ensuring their safety for humans. Thanks to their broad spectrum
of activity, natural antimicrobials of plant origin are promising candidates to prevent food
contamination by harmful microorganisms.

Light irradiation is another interesting ‘green’ approach. It has been extensively used
as a food decontaminant via X-rays, ultrasound, UV, and visible light, among others. A
detailed description can be found in the work of Cossu et al. [4].

More recently, light-emitting diodes (LED) in the range of 400–460 nm were found
to very effective against bacteria. The mechanism that is assumed to play a major role in
their effectiveness is the excitation of endogenous porphyrins that catalyze the production
of intracellular reactive oxygen species (ROS), inducing cell oxidation and death [5]. The
different responses of Gram-positive and -negative bacteria could be therefore explained
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by the different contents of porphyrins. To produce effective results in some food matrices,
especially fruits and juices, LED exposition should last several hours unless photosensitizers
(PS) are used. PS are non-toxic molecules that interact with irradiating light by generating
radical species responsible for massive and aggressive oxidation, finally resulting in cell
lysis and death. This effect is enhanced by the presence of molecular oxygen [6].

Both natural antimicrobial properties and PS are shared by curcumin, a natural com-
ponent of Curcuma longa, and its antimicrobial properties against a wide variety of microor-
ganisms, including bacteria and fungi, have been demonstrated in vitro [7]. Curcumin, in
addition to exhibiting remarkable antioxidant, anti-inflammatory, and anticancer activi-
ties [8], benefits from a high availability on the market, safety even at high doses, and low
cost [9]. In addition, due to its ability to emit fluorescence, its antimicrobial efficacy can be
enhanced by photoactivation.

Curcumin is one of the strongest natural PS, with a light absorption peak between
400 and 500 nm suitable for excitation by blue light. Moreover, the irradiation breaks down
the curcumin molecule, thus limiting its presence in the decontaminated final product [10].

However, the potential of this natural extract is limited by its poor water solubility
and instability at physiological pH, leading to poor absorption and rapid degradation by
hydrolysis and molecular fragmentation [7].

2. Principal Microbial Contaminant of Food

Foods responsible for illness, hospitalization, and death include meat, poultry, dairy,
fruit, vegetables, seafood, grains, and nuts. Pathogenic microorganisms, particularly
bacteria or fungi, can contaminate food at different stages such as during production
and processing, as well as during the storage and transportation of the final product. In
the course of replication, some contaminating bacteria can produce virulence factors and
harmful substances such as toxins, which are involved in the pathogenesis of various
infections [11].

The bacterium responsible for most foodborne infections is Staphylococcus aureus, a
Gram-positive, commensal, and opportunistic pathogenic microorganism that can cause
a wide spectrum of infections. S. aureus is known to be resistant to several chemical
and physical factors: in fact, it grows in environments with a temperature ranging from
7 to 48.5 ◦C (optimal: 30–37 ◦C), a pH from 4.2 to 9.3 (optimal: 7–7.5), and a sodium chloride
(NaCl) concentration of up to 15%.

Another etiologic agent of foodborne illness is Escherichia coli, specifically the en-
terohemorrhagic serogroup O157:H7. This Gram-negative species harmlessly colonizes
the gastrointestinal tracts of humans and animals. However, there are strains that have
become pathogenic because they have acquired virulence factors through plasmids, trans-
posons, bacteriophages, and/or islands of pathogenicity. Unfortunately, there is no specific
treatment for E. coli O157:H7 infection, and the use of antibiotics may be discouraged;
consequently, the most widely used approach is supportive therapy to limit symptoms,
halt disease evolution, and prevent systemic inconveniences [12].

Another category of bacteria that has become very important in recent times is rep-
resented by enterococci, which are very resistant by nature and able to survive, even for
long periods of time, in a wide range of hostile environmental conditions. Enterococci are
common commensals of the gastrointestinal tract, play important roles in food maturation
and the development of specific flavors (such as in various cheeses), and can cause spoilage
in some meats. However, these Gram-positive bacteria are the etiological agents of several
nosocomial infections and can occur as food contaminants. Among them, the predominant
species is Enterococcus faecalis, a Gram-positive bacterium often associated with several
pathological conditions including urinary tract infections, bacteremia, meningitis, wound
infections, dental diseases, and neonatal infections [13].

Further details on their characteristics, including how their infections suffer from
the development of antibiotic resistance (which is one of the most severe and harmful
modern-day health problems) are provided in Table 1.
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Table 1. Some of the main bacteria contaminant of food.

Bacteria Gram Contaminate Food Health Damage
Mechanism Antibiotic Resistance

E. faecalis +
Cheeses, fermented

sausages,
andready-to-eat food.

Enterococcal surface
proteins,

hyaluronidase,
gelatinase, and biofilm

production [14].

The most prevalent
antibiotic resistances

were found to be
tetracycline,
minocycline,

erythromycin
kanamycin, and

chloramphenicol [15].

S. aureus +

Fruits, meat, egg
products, milk and its
derivatives, salads, and

baked goods such as
pastries and

cream-filled desserts.

Staphylococcal
enterotoxins (SEs)

causing Staphylococcal
foodborne disease

(SFD) [16,17].

Foodborne strain
methicillin-resistant S.
aureus (MRSA) with

the highest resistance
rate to penicillin G,

ampicillin, and
erythromycin [18,19].

E. coli
(specifically the

enterohemor-
rhagic serogroup

O157:H7)

-

Dairy products,
delicatessen products,
salads, spices, cream
cakes, and fresh fruit

and vegetables.

Shiga toxins,
pathogenicity island
products, and F-like

plasmid
pO157 products.

Colistin had the lowest
prevalence (0.8%) and

amoxicillin had the
highest (70.5%), a

recent and significant
increase in

ciprofloxacin
resistance [20,21].

In addition to bacterial contamination, fungal and viral contamination can seriously
reduce food conservation and threaten human health. Fungal food spoilage plays a pivotal
role in the deterioration of food and feed systems, and some fungi are also able to pro-
duce toxic compounds for humans and animals. The mycotoxins produced by fungi can
cause serious health hazards, including Kashin–Beck disease and cancerogenic, immuno-
toxic, teratogenic, neurotoxic, nephrotoxic, and hepatotoxic effects. Additionally, fungal
spoilage/pathogens can cause losses of the marketable quality and hygiene of foodstuffs,
resulting in major economic problems throughout the world [22–25].

A recent review focused on mycotoxins produced mainly by Aspergillus, Fusarium,
Penicillium and Alternaria fungi that affect cereals and spices, as well as on the need for safe
decontaminants [26,27]. According to Liu et al., most of these mycotoxins are stable, and
non-thermal approaches are required to counteract post-harvest fungi contamination [28].
Fresh food is often contaminated by viruses, such as noroviruses and hepatitis. A review of
Yeargin and Gibson focused on viruses contaminating leafy greens, red fruits, and mollusks
that require specific surveillance [29]. The current prevention strategies were extensively
described in Shukla et al. [30].

The pathogenic bacteria described so far are not the only ones able to contaminate food.
In fact, various food products can be subject to contamination by many other microorgan-
isms responsible for infections. For this reason, in recent times, scientific and technological
research has been increasingly focused on the study of new antimicrobial materials and
new food sanitization methods in order to reduce contamination by microorganisms and
lengthen the shelf-lives of food products while ensuring their safety to humans.

There have been few studies of foodborne pathogens in the literature, but the con-
sequences of exposure through food can be severe and a considerable number of people
suffer from them every year [31].

3. Curcumin: Chemical Characterization

Since ancient times, turmeric/curcumin has been used as a spice, especially in In-
dia and other Asian countries. In addition, it is commonly used for medicinal purposes,
especially to treat inflammatory conditions [32]. Curcumin (C21H20O6; 1,7-bis-4-hydroxy-3-
methoxyphenyl-1,6-heptadiene-3,5-dione, molecular weight = 368,38 g/M) is a polypheno-
lic compound derived from the rhizomes of Curcuma longa L.
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Regarding its chemical structure, curcumin contains two highly polar aromatic rings
connected by means of a seven-carbon aliphatic chain and two α, β-unsaturated carbonyl
groups (β-diketone). This chain is responsible for the hydrophobic nature of curcumin, and
it additionally occurs with two tautomeric conformations: ketone and enol. The presence
of these two forms is due to the intramolecular transfer of hydrogen atoms throughout
the β-diketone molecule. The enol form is energetically more stable in solution and the
solid state than the ketone form due to strong intramolecular hydrogen bonding. The
tautomeric ketone form prevails in acidic/neutral aqueous solutions and cell membranes,
whereas the enolic form is predominantly found in alkaline environments. Several factors
determine the relative contribution of tautomeric forms in solution, including solvent
polarity, temperature, and aromatic ring substitution [7]. According to some advanced
nuclear magnetic resonance (NMR) studies, the dominance of the enolic form of curcumin
in most organic solvents has been confirmed [33]. However, the likelihood of the re-
equilibration of the two forms under specific conditions (e.g., in an acidic environment) is
not excluded. Intramolecular hydrogen transfer determines the conversion of curcumin to
the enolic form in nonpolar, aprotic solvents (such as deuterated chloroform), whereas the
breakdown of an intramolecular hydrogen bond with an intermolecular hydrogen bond in
protic solvents (such as methanol) leads to the conversion of curcumin in the enolic form to
the ketonic form [7]. This step is critical because the poor solubility of curcumin in aqueous
solutions could be due to the presence of these inter- and intra-hydrogen bonds [34].
Generally, the presence of diverse functional groups in a curcumin molecule (such as β-
dicotyl groups, carbon–carbon double bonds, and phenyl rings with various hydroxyl and
methoxyl substituents) determines its various biological activities. For example, curcumin
exhibits a high antioxidant capacity, as it is able to neutralize several reactive species, such
as superoxide anions, nitrogen dioxide radicals, and ROS [35]. The neutralization of these
substances serves to prevent damage to bio-macromolecules. However, curcumin has
both antioxidant and pro-oxidant activity—in fact, it is able to produce cytotoxic reactive
oxygen species when exposed to light [7]. The oxidation mechanism and antioxidant
capacity of curcumin are determined by the number of hydroxyl groups and their position
in the aromatic ring; they also make the enolic form more susceptible to oxidation than the
ketone form.

Though curcumin has been considered to be a promising antibacterial drug with thera-
peutic potential, the major drawbacks of taking curcumin alone appear to be mostly due to
its poor absorption, quick metabolism, and rapid elimination [36]. Curcumin bioavailability
has been a source of controversy in recent years and has been improved by combining
certain compounds to generate a curcumin complex. Piperine, for example, increases
the bioavailability of curcumin by 20 times [37]. Curcumin’s water dispersibility, chemi-
cal stability, bioaccessibility, absorption, and overall bioavailability can all be improved
with micelles and microemulsions. For example, curcumin microemulsions made from
food-grade components such Tween 20, lecithin, vitamin E, and ethanol were found to
improve curcumin water dispersibility by 1000–10,000 times [38]. Additionally, curcumin-
loaded nanoemulsions can be successfully incorporated into commercial food products
such as milk [39], as it was found that the addition of emulsified curcumin to milk reduced
lipid oxidation.

The chemical structure of curcumin is also responsible for its ability to absorb light.
This property is mainly due to the presence of alternating single and double bonds in the
carbon chain. Curcumin possesses a broad absorption spectrum, especially in the visible
region (420 nm), and it is capable of absorbing light up to a wavelength of about 430 nm.
However, the transition to the ketone form of curcumin results in maximum absorption in
the UV region (approximately 389 nm) [7].

4. Mechanisms of Antimicrobial Action of Curcumin

Curcumin exhibits antimicrobial activity, particularly against bacteria, and several
studies have been conducted to demonstrate this antibacterial activity. For example, in
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one study, the antibacterial activity of turmeric oil against Bacillus subtilis, B. coagulans, B.
cereus, S. aureus, E. coli, and Pseudomonas aeruginosa was tested and verified [40]. Curcumin
has also shown inhibitory activity on methicillin-resistant S. aureus (MRSA) strains [41]. The
antibacterial activity of curcumin comes from its ability to inhibit the assembly of the FtsZ
protein in the Z loop, resulting in the blockage of bacterial cell division [42]. In addition,
curcumin possesses anti-biofilm activity against bacteria. This was demonstrated in a study
conducted on plant and animal models (Arabidopsis thaliana and Caenorhabditis elegans)
infected with P. aeruginosa, in which the ability of curcumin to inhibit the production of
genes involved in the early stages of biofilm formation was demonstrated [43].

The mechanism of action of curcumin is mainly based on the perturbation of the
functions of FtsZ, a protein involved in bacterial cell division that is homologous to the
cytoskeletal protein tubulin of eukaryotes. In fact, curcumin can inhibit the assembly of FtsZ
and the Z loop, which are essential for the cytokinesis of bacteria, resulting in the blockage
of bacterial proliferation [42]. In addition, Gram-positive bacteria show greater sensitivity
to curcumin than Gram-negative bacteria. Sensitivity to curcumin varies depending on
the structure of the cell envelope of the bacteria (Figure 1). In fact, Gram-negative bacteria
possess different cellular components that confer this resistance to curcumin [44]; they
possess an inner cytoplasmic membrane surrounded by a thin layer of peptidoglycan
and an outer membrane containing lipopolysaccharides. The outer membrane serves as
a permeability barrier, controls the entry and exit of various substances (such as ions,
nutrients, and environmental toxins), and contributes to osmoprotection. Gram-positive
bacteria possess an inner plasma membrane and a thicker layer of peptidoglycan but lack
a protective outer membrane [45]. This is why Gram-negative bacteria exhibit greater
resistance to antimicrobial agents than Gram-positive bacteria [44].
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Several studies have been conducted to evaluate the antimicrobial activity of curcumin
against different bacterial strains. For example, a study was conducted on MRSA to confirm
the antibacterial activity of curcumin on this Gram-positive bacterium [46]. Curcumin
has been shown to bind to the cell wall, thus altering bacterial integrity. In addition, it
causes damage to the cell membrane: after 8 h of curcumin treatment, transmission electron
microscopy (TEM) was used to observe that a cytoplasmic membrane was damaged and,
as a result, cell lysis occurred [46]. Another study conducted on B. subtilis demonstrated
similar results. Following curcumin treatment, the alteration of several proteins—mainly
involved in bacterial cell division, cell wall biosynthesis, fatty acid synthesis, and central
metabolism—was found. Indeed, fluorescence microscopy showed significant alterations
in bacterial cell morphology [47]. A recent study was conducted on a strain of E. coli
to evaluate the antimicrobial effect of curcumin on this Gram-negative bacterium. At
high concentrations of curcumin, a baptismal response similar to apoptosis was recorded.
Indeed, at these concentrations, curcumin induced an accumulation of ROS, alteration
of membrane potential, depolymerization of the membrane itself, DNA fragmentation,
and cell apoptosis [48]. Therefore, curcumin can inhibit bacterial growth by targeting
the bacterial cell membrane, cell wall, protein, DNA, and other cellular structures or by
inhibiting bacterial growth through the quorum sensing (QS) system (Figure 1).

To monitor cell density and species complexity in a population, QS (a communication
process between microbial cells) uses chemical signals (self-inducers) that are generated and
detected. By coordinating collective activities, QS enables bacteria to behave as a coherent
community [49]. Curcumin inhibits QS activity through a variety of mechanisms (Figure 1).
It can inhibit QS-dependent factors such as exopolysaccharide synthesis in pathogenic
strains such as E. coli, P. aeruginosa, Proteus mirabilis, and S. aureus. Curcumin has also been
shown to diminish several phenotypes associated with QS inhibition such as swimming,
clustering, and motility because the swimming and clustering activities of bacteria are
major harmful aspects of biofilm development in different bacterial strains. Curcumin
can reduce virulence characteristics via the QS system. The signaling molecules of the
QS system can modulate virulence factors [50]. Curcumin also inhibits the production of
biofilms through the bacterial QS system, not by killing bacteria or destroying the mature
biofilm (Figure 1) but by inhibiting the biofilm generation process. Biofilms are bacterial,
extracellular, macromolecule-encased clusters of microbial tissues. Biofilm formation is a
dynamic process that comprises bacterial adhesion, biofilm growth, and maturation, all of
which are regulated by the QS system [51].

5. Enhancement of Curcumin Antimicrobial Effects by Photoactivation

Photoactivation is based on the local or systemic activation of PS by light with an
oxygen source at an appropriate wavelength. The generation of ROS-singlet oxygen and
radical species is a result of this activation. Photodynamic therapy is based on a non-
thermal photochemical process that requires the presence of a photosensitizing agent
(photosensitizer), oxygen, and visible light [52]. The procedure is illustrated in Figure 2.
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Figure 2. The experimental procedure is graphically depicted. Curcumin interferes with harmful
bacterial microorganisms, and the photoactivation of curcumin by means of LEDs enhances the toxic
effect on microorganisms.
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Recently, researchers have reported interest in enhancing the antimicrobial activity
of curcumin by photoexcitation [7,53]. In aqueous solutions, curcumin is photodegrad-
able (light-sensitive) and self-degradable in the dark [54]. However, via illumination
(400–500 nm wavelength), curcumin produces ROS, superoxide anions, and hydroxyl radi-
cals, which have lethal effects on bacterial cells, because it is a natural photosensitizer [53].

Photodynamic inactivation (PDI), which has the benefits of safety, environmental pro-
tection, and low energy consumption, has been highlighted as a promising strategy against
foodborne microorganisms [55,56]. The basic idea of PDI is that particular wavelengths
of light activate PS that then form ROS such as superoxide anions, hydroxyl radicals, and
hydrogen peroxide, which cause cytotoxic responses that lead to cell death [6]. There have
been some attempts to elucidate the mechanism of PDI in foodborne bacteria [57]. ROS may
cause DNA damage by targeting guanine nucleotides according to [58], and the authors
of [59] reported that curcumin-mediated PDI damaged cytoplasmic DNA and proteins.
On the other hand, oxidative bursts of ROS disrupt microorganism homeostasis and the
antioxidant enzyme system generates a key cellular defensive network: particularly su-
peroxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) [60]. Several
studies have demonstrated the photodynamic microbial inactivation of some pathogenic
bacteria by exploiting an LED light source [61]. At a wavelength of 425 nm, LEDs are able
to photoactivate curcumin, as it is a natural photosensitizer and would be very useful in
the decontamination of food surfaces. In contrast to traditional light sources, LEDs have
several advantages: they are very energy-efficient, cost-effective, durable, and emit little
heat. In addition, upon the photoactivation of curcumin, LEDs result in the production of
ROS such as superoxide anions, hydroxyl radicals and many others that lead to bacterial
cell death. Therefore, the combination of PS and LED illumination would result in the
reasonable inactivation of microorganisms on the surface of food. Furthermore, the use of
photoactivated curcumin would be a viable option because it is safe, abundant in nature,
and does not significantly affect the organoleptic characteristics of food products [53].

The food industry, at present, appears to be very interested in curcumin due to its
natural chlorination, antimicrobial and flavoring properties, low cost, and availability.
Moreover, because it is a natural photosensitizer, it could be used against a wide range of
microorganisms to decontaminate the surface of food. This is the reason why it is considered
a “green” and safe alternative compared to common antimicrobial drugs produced by the
pharmaceutical industries [7].

Preliminary data obtained by our group [62] showed that curcumin already has a
robust effect against some bacterial strains, with low minimal inhibition concentration (MIC)
and minimal bactericidal concentration (MBC) values. Moreover, the possible synergistic
effect of curcumin combined with photodynamic treatment for 3 h by blue visible light
(LED) was evaluated on the same bacteria (two Gram-positive bacteria, S. aureus ATCC
29213 and E. faecalis ATCC 29212, and one Gram-negative bacterium, E. coli ATCC 25922);
see Table 2.

Table 2. MIC and MBC of curcumin alone tested against E. faecalis, S. aureus, and E. coli with or
without photodynamic treatment on 3 different bacterial strains.

Bacteria MIC (mg/mL)
No LED

MIC (mg/mL)
3 h LED

MBC (mg/mL)
No LED

MBC (mg/mL)
3 h LED

E. faecalis 0.125 ± 0.063 0.0037 ± 0.0019 >0.25 0.0037 ± 0.0019
S. aureus 0.06 ± 0.03 0.0075 ± 0.063 >0.25 0.0075 ± 0.0038

E.coli 0.125 ± 0.063 0.125 ± 0.063 >0.25 >0.25

The values were confirmed by three independent measures. As the MIC is a discrete
value and the overall sensitivity allows for the discrimination of the doubling and halving
of the stated value, the error on each measure in the table corresponded to 50%.

Finally, the antimicrobial effect of curcumin was directly tested by the same research
group [63] on samples of fresh fruit (blueberries), which were settled in three containers:
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1. blueberries washed with a solution of cyclodextrin (1 mg/mL) (control); 2. blueber-
ries washed with a curcumin and cyclodextrin solution without physical treatment; and
3. blueberries washed with a curcumin and cyclodextrin solution and irradiated daily for
6 h with LED. The three trays, containing a single layer of fruit, were placed in a refrigerator.
Each day, at the same time, 3–4 fruits were randomly collected from each tray, transferred
to tubes filled with sterile water, and shaken for a few minutes. To assess the presence of
microorganisms, the washing water, after fruit extraction with sterile tweezers, was in part
directly plated on Brain Heart Infusion Agar (BHA) for bacterial counts and Sabouraud
dextrose agar (SAB) to assess the fungal presence and in part filtered through a vacuum
filtration unit while changing the unit for each tube, i.e., the filter. Each filter was cut in half:
one half was placed on the BHA, and the other half was placed on SAB. All agar plates
were incubated at 37 ◦C for 24–48 h to permit microbial growth. The following day, the
plates were compared to assess the microbial load in the washing water. To check their
organoleptic characteristics (sight, smell, touch, and taste) the fruits were tasted following
extraction from the water. Specifically, volunteer subjects A, B, C and D were asked to taste
blueberries and evaluate the appearance of the fruit by sight, smell, touch, and taste; they
then assigned a score of 0 if the appearance was altered or 1 if the appearance was normal.

In Figures 3 and 4, a visible reduction in microbial growth, both bacteria or fungi, is
evidenced under the third experimental condition, i.e., blueberries washed with a curcumin
and cyclodextrin solution and irradiated daily for 6 h with LED.
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Figure 3. Microbial growth from filter on BHA and SAB plates: 1. Blueberries washed with a
cyclodextrin solution (control); 2. blueberries washed with a curcumin and cyclodextrin solution;
and 3. blueberries washed with a curcumin and cyclodextrin solution irradiated daily for 6 h with
blue LEDs.
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Figure 4. Direct microbial growth on BHA plates: 1. Blueberries washed with cyclodextrin (control);
2. blueberries washed with a curcumin and cyclodextrin solution; and 3. blueberries washed with a
curcumin and cyclodextrin solution irradiated daily for 6 h with blue LEDs.

Table 3 shows the results of the organoleptic qualities analysis of the three samples.
Sample 1 did not change because it was not rinsed with curcumin. After being washed
with curcumin and not exposed to physical treatments, sample 2 exhibited no organoleptic
alterations. Finally, sample 3 exhibited no changes in organoleptic properties after being
rinsed with curcumin and exposed to blue LEDs for 6 h.

Table 3. Organoleptic aspects of three samples: 1. Blueberries washed with water (control);
2. blueberries subjected to washing with curcumin; and 3. blueberries subjected to washing with cur-
cumin irradiated for 6 h with blue LEDs. V: sight; O: olfaction; T: touch; G: taste; A–D signify subjects
who ate blueberries to evaluate their organoleptic characteristics. 0 = alteration of the characteristic;
1 = no alteration of the characteristic.

1 2 3

Subject V/O/T/G V/O/T/G V/O/T/G

A 1/1/1/1 1/1/1/1 1/1/1/1
B 1/1/1/1 1/1/1/1 1/1/1/1
C 1/1/1/1 1/1/1/1 1/1/1/1
D 1/1/1/1 1/1/1/1 1/1/1/1

6. Further Considerations on Food Treatment

The most efficient approach to reduce the risks of disease outbreaks and postharvest
spoilage is to prevent contamination from primary sources with appropriate sanitation
and decontamination methods. Curcumin can have antimicrobial and antibacterial activity,
and, because it is a natural photosensitizer, this effect can be enhanced by photodynamic
treatment. Various applications have been proposed in recent years, indicating that photo-
dynamic activation can be a very promising sterilization method.

PDI is a technique that relies on the occurrence of non-thermal photophysical and
photochemical reactions, requiring light and PS in the presence of oxygen [64]. It works on
the principle that PS can be activated in certain wavelengths to produce ROS with strong
oxidation to inactivate malignant cells and pathogenic microorganisms [65]. The advantage
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of PDI is that it does not produce toxic chemicals; the only energy required is the light
source, and the possibility of causing microbial resistance is low due to its multi-target
nature [66].

Typical light sources are LEDs, lasers, and halogen lamps, and the wavelength of light
is a crucial factor for PDI. LEDs have the advantages of low cost, wider emission bands,
ease of use, and greater flexibility in irradiation time.

It is known that curcumin may both exhibit antimicrobial properties and produce
photodynamic effects to further potentiate its antimicrobial efficacy [67]. Curcumin and
illumination were found to synergistically inhibit pineapple slice microorganisms [68].

Other encouraging preliminary results have been obtained for red fruits: following
curcumin administration and lighting with LEDs, MIC at a very low concentration of
curcumin—i.e., 0.125, <0.0075, and <0.0037 mg/mL against E. coli, S. aureus, and E. faecalis,
respectively—were found (see Table 2).

Such data showed that curcumin combined with photodynamic treatment by blue vis-
ible light (LED) led to impressive variations in MIC (one or even two orders of magnitude)
in antibacterial activities against Gram-positive bacteria.

Note that the minimal concentration of curcumin required for S. aureus (MIC corre-
sponding to 20.3 µM with LED irradiation) is far lower than that reported in Corrêa et al. [10]
on apples (80 µM) and beef, chicken, and pork meat (40 µM).

In addition, curcumin treatment with and without LED photoactivation was used on
a fruit sample (blueberries), and microbiological and organoleptic (sight, smell, touch, and
taste) investigations showed that it was effective without altering taste (see Table 3).

Microbial decontamination via curcumin photoinactivation has been successfully
applied to oysters [69], showing that the food matrix was minimally oxidated [70] and
could therefore maintain its organoleptic properties. The same procedure was extended to
other seafood [71].

As far as fruit is concerned, experiments were performed on dates and showed that
small curcumin concentrations (few nM) could greatly prolong the shelf-life period [72].
Investigations into apples have also been reported [73].

Very recently, curcumin’s natural properties and their enhancement by photodynami-
cal inactivation have been tested on various fungal strains [74,75] such as Candida albicans,
Aspergillum (niger and flavus), and aflatoxins.

Regarding viruses, the same approach was tested against feline calicivirus (FCV) and
murine norovirus (MNV) with satisfactory results [76].

In general, all the above-mentioned studies show that the effectiveness of PDI is
strongly dependent on the bacterial strain, e.g. particular Gram-negative strains are far
less affected. Unfortunately, very few researchers have investigated why the mecha-
nism of the antibacterial activity of curcumin seems to differ depending on the bacterial
strain being studied. Tyagi et al. [32] showed that curcumin attacks both Gram-positive
and Gram-negative bacteria in a similar manner by causing membrane permeabilization.
Aurum et al. [53] showed that LED illumination alone had negligible antibacterial effects
but photoactivated curcumin exhibited strong bactericidal activities against E. coli. In our
study, a slight minor efficacy was evidenced in E. coli, and this result could be attributable
to the different bacteria inocula, curcumin formulations, and experimental conditions we
used. A study by Shlar et al. [44] provided strong evidence that the mode of biological
activity of curcumin depends on the properties of the delivery system.

These variations are possible due to the different cell wall compositions of Gram-
positive and Gram-negative bacteria. Gram-positive bacteria are easily killed due to their
porous structure and easy penetration of PS. On the other hand, Gram-negative bacteria are
not easily killed due to their outer membrane that gradually block the activity of curcumin.

Similar results have been published by other authors since the first studies [64,77–79],
and it has been speculated that different results have resulted from different membrane
structures. Nevertheless, when curcumin is delivered by nanovectors (which are expected

168



Int. J. Mol. Sci. 2022, 23, 2600

to facilitate membrane crossing [80,81]), the outer membrane of Gram-negative bacteria
protects them from curcumin diffusion and photosensitization.

Curcumin-loaded nanoparticles and chitosan-modified curcumin-loaded nanopar-
ticles were prepared by Agel et al. to quantify their antibacterial photodynamic effects
against Staphylococcus saprophyticus subsp. bovis and E. coli DH5 alpha. The researchers
demonstrated that neither irradiation alone nor curcumin in the absence of light could lead
to significant growth reductions, confirming the photodynamic effect of curcumin. The in-
creased adherence of the chitosan-modified nanoparticles to bacteria and structural damage
upon photodynamic treatment were evident and confirmed the results of in vitro studies.
Moreover, curcumin-loaded nanoparticles in combination with LED irradiation resulted in
a S. saprophyticus survival rate of less than 0.0001% (>6.2 log10 reduction). In the presence
of nanoparticles loaded with chitosan-modified curcumin in combination with light, the
efficacy was greater, with a survival rate of 0.0000045%. In contrast, in the presence of
E. coli, the photoactivated curcumin-loaded nanoparticles showed a survival rate of 0.13%
(CFU only ~2.9 log10) and an increase in antibacterial efficacy with the curcumin-loaded
nanoparticles modified with chitosan with LED, with an up to 5.9 log10 reduction in CFU
(0.00013% survival) [80].

7. Photoactivated Curcumin as ‘Green’ Tool for Food Preservation: Future Perspective

In conclusion, this review discusses the emerging role of curcumin, alone or together
with photodynamic light, in enhancing antimicrobial and antibacterial activity and finding
effective strategies to preserve food. The preliminary results of the proposed research can
be promising in the fight against harmful microorganisms in fruits, potentially improving
food quality.

The development of innovative systems based on natural products and physical
methods (such as PDI) in the food industry is considered a promising future perspective
for alternative “green” techniques in food preservation.

Before proposing applications at the industrial scale, this technique still requires the
optimization of the typical parameters that must be considered in experiments with LEDs,
i.e., the light wavelength (nm), the emission spectra, the irradiance (J·cm−2), and LED
potency (W).

Along with light sources, the temperature and acidity of food affect the efficacy of PS
and antibacterial effects, so attention should be paid to all phases of food treatment and
shelf life. However, due to its low cost and simple applicability, photoactivated curcumin
is a promising and biofriendly technique for preserving food by bacterial contamination.
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Abstract: (1) Background and the aim: The appropriate incubation time in the antimicrobial pho-
todynamic therapy protocol seems to have a huge impact on the efficacy of this process. This is
particularly important in relation to Candida strains, due to the size of these cells and the presence of
the cell wall. The aims of this study were to determine the optimal incubation time needed for the
absorption of toluidine blue by cells of C. albicans, C. glabrata, C. krusei and C. parapsilosis using direct
observation by optical microscopy, and to evaluate the efficacy of TBO-mediated aPDT on planktonic
cells of these strains. (2) Methods: The microscopic evaluation consisted of taking a series of images
at a magnification of 600× and counting the % of stained cells. The in vitro effect of TBO-mediated
aPDT combined with a diode laser (635 nm, 400mW, 12 J/cm2, CW) on the viability of yeast cells
with different incubation times was evaluated. (3) Results: The presence of TBO within the cytoplasm
was observed in all tested Candida strains and at all microscopic evaluation times. However, the
highest percentages of cells were stained at 7 and 10 min. The highest % reduction of CFU/mL after
TBO-mediated aPDT against Candida was obtained for the strain C. albicans ATCC 10,231 and it was
78.55%. (4) Conclusions: TBO-mediated aPDT against Candida was effective in reducing the number
of CFU/mL at all assessed incubation times. However, the most efficient period for almost all strains
was 7–10 min.

Keywords: aPDT; diode laser; TBO; yeasts; oral candidiasis; oral microbiome

1. Introduction

Photodynamic therapy (PDT) is a kind of light therapy [1] which causes irreversible
damage to target cells (diseased host cells or microorganisms) and has been shown to be a
potential approach for cancer treatment [2–4] and for treating microbial infection induced
by Gram-positive and Gram-negative bacteria, including antibiotic-resistant strains [5–8] as
well as yeasts [9,10]. If the cells being destroyed are microorganisms, this form of therapy
is called antimicrobial photodynamic therapy (aPDT).

The basis of PDT is the cooperation of three elements: photosensitizer (PS), light,
and oxygen. These components are harmless by themselves but combined they lead to
selective destruction of pathogenic cells [11]. It is important to take into consideration
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that different PSs have varying absorption maximums. The PS is usually an organic,
aromatic dye molecule capable of delocalizing π electrons and is non-toxic in the absence
of light. It is an external chromophore that absorbs light in the red or near-infrared range
(600–800 nm); wavelengths >800 nm do not have enough internal photonic energy to induce
a photodynamic reaction, while wavelengths <600 nm have less tissue penetration [12]. The
antimicrobial effect of a PS is strictly dependent on its physical properties (absorption peak
(kmax), intensity of absorption (emax), and quantum yield for singlet oxygen) and chemical
parameters (lipophilicity/hydrophilicity balance (logP) and the presence of charged groups
that determine the mechanism of cellular uptake). As a rule, hydrophilicity and the
presence of charged groups are better for cellular uptake [13].

The light sources used for PDT are typically lasers, light-emitting diodes (LEDs),
or lamps with a broad spectrum of wavelengths. Lasers and LEDs seem to be the most
appropriate sources of light. They can provide the most exact match to the absorption
maximum of a PS, which results in less heating of the tissues and an optimal course
of the photodynamic reaction [14]. The absorption peak of the PS changes with the
concentration of the aqueous solution, and therefore when selecting a light source for
therapy or experiments, particular attention should be paid to this parameter [15].

The interest in the possibility of using aPDT for treatment of oral candidiasis results
from the infectious nature of these etiopathogenic factors and the more and more frequent
multiple resistance to popular antimycotics [16]. aPDT against Candida (C.) spp. is more
difficult than against bacteria, related to the larger size of fungal cells (on average 25–50 times
larger than bacterial cells) and their more complex structure [17]. Particularly important is the
additional thick cell wall consisting of glucans, mannans, chitin, and lipoproteins [18–20] and
the presence of a cell nucleus separated from the cytoplasm by a nuclear membrane. Yeast
could also produce antioxidant enzymes such as superoxide dismutase (SOD) and catalase.
SOD converts damaging superoxide radicals (O2

−), one type of reactive oxygen species
(ROS), to the less damaging hydrogen peroxide (H2O2) which can be converted into water
by catalase [21–23]. Moreover, many species of fungi, including Candida spp., have specific
defense mechanisms against aPDT including inhibition of PS uptake, stimulation of its
excretion from the cell, or intracellular metabolism by inducing enzymatic remodeling
of PS particles [23]. Therefore, aPDT against yeasts requires application of only selected
PS which should also be used in higher concentrations, for longer incubation times, and
with higher parameters of the laser physical settings (power density, fluence) [24,25]. One
of the most used PS is toluidine blue ortho (TBO) also known as tolonium chloride, a
basic metachromatic thiazide dye. Its small size, good solubility in water, cationic form,
hydrophilic character, and tendency to form dimers facilitate its binding to microorganisms’
cell membranes [26]. A large difference in affinity for the surface of yeast and host cells
provides selectivity, and no DNA damage to keratinocytes in vitro was observed [27,28].
Its potential to kill yeast cells is to damage the cell wall where PS molecules, thanks to
their cationic form, create ionic bonds between amino groups on the surface [29,30]. As
a result of photoactivation, the oxidation processes change the architecture of the cell so
that the TBO reaches the cell membrane and the cytoplasm [24]. These processes require
longer contact times of TBO with the surface of the yeast cell wall and membrane so that
the large and biochemically complex PS molecules can pass through the narrow Candida
membrane channels. Practically, this translates into use of a sufficiently long incubation
time (pre-irradiation time, PIT) to accumulate a sufficient amount of PS on the surface
of the yeast cell and inside the cytoplasm so that the efficacy of TBO-mediated aPDT is
as high as possible [14]. The selection of the most efficacious photosensitizer, as well
as the laser dosimetry, to be used in the elimination of Candida have been the subject of
many studies [29,30].

The least studied element of the aPDT procedure for treating candidiasis is the optimal
incubation time with the PS. Therefore, the aims of this study were to determine the optimal
incubation time needed for the absorption of TBO by cells of selected Candida strains using
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direct observation by optical microscopy, and to evaluate the efficacy of TBO-mediated
aPDT on planktonic cells of these strains.

2. Results

In the first part of the experiment, direct microscopic evaluation of the absorption of
TBO by cells of Candida, the presence of cells containing photosensitizer was observed in
all the strains and at all sampling times. Figures 1–5 show an exemplary series of original
micrographs for each strain and the same representative series after processing the original
images in ImageJ to increase contrast.
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Figure 1. A representative series of original images (two upper rows) and images after isolating indigo and blue colors 
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arrows indicate yeast cells with gradually disappearing dye in the cytoplasm. American Type Culture Collection (ATCC).  

Figure 1. A representative series of original images (two upper rows) and images after isolating indigo and blue colors and
converting to black in ImageJ (two lower rows) showing the number of Candida albicans ATCC 90,028 cells with absorbed
ortho-toluidine blue (TBO) at individual times relative to the control. Magnification 600×. Scale bars = 50 µm. Black arrows
indicate yeast cells with gradually disappearing dye in the cytoplasm. American Type Culture Collection (ATCC).
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Figure 2. A representative series of original images (two upper rows) and images after isolating indigo and blue colors and
converting to black in ImageJ (two lower rows) showing the number of Candida albicans ATCC 10,231 cells with absorbed
ortho-toluidine blue (TBO) at individual times relative to the control. Magnification 600×. Scale bars = 50 µm. American
Type Culture Collection (ATCC).

Descriptive statistics expressed as the percentage of stained cells visible in the field
of view of the microscope at particular observation times are presented in Figure 6. Large
differences in PS absorption by different strains of the yeast were found. The highest
percentage of TBO-containing cells (mean) was observed in C. albicans ATCC 10,231 and
was −97.53%. C. parapsilosis ATCC 90,018 −47.0%, C. krusei ATCC 6258 −46.29% and
C. glabrata ATCC 90,030 −40.15% were recorded consecutively. The lowest result was
achieved by C. albicans ATCC 90,028 −23.48%. The time required to obtain the maximum
adsorption also differed for individual strains and ranged from 5 min for C. albicans ATCC
90,028, 7 min for C. albicans ATCC 10,231, C. glabrata ATCC 90,030, C. parapsilosis ATCC
90,028, to 10 min for C. krusei ATCC 6258.
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and converting to black in ImageJ (two lower rows) showing the number of Candida glabrata ATCC 90,030 cells with ab-
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Figure 3. A representative series of original images (two upper rows) and images after isolating indigo and blue colors and
converting to black in ImageJ (two lower rows) showing the number of Candida glabrata ATCC 90,030 cells with absorbed
ortho-toluidine blue (TBO) at individual times relative to the control. Magnification 600×. Scale bars = 50 µm. Black arrows
indicate yeast cells with gradually disappearing dye in the cytoplasm. Red arrows indicate representative early aggregation
structures of Candida glabrata ATCC 90,030. American Type Culture Collection (ATCC).

In the next experiments, an evaluation of the photodynamic inhibitory effects on
the growth of planktonic Candida spp. cultures was made after 1, 3, 5, 7, 10 and 15 min
of incubation in all test and control groups. Figures 7–11 show the results as viable
counts (colony-forming units per milliliter) (CFU/mL, mean ± SD). TBO-mediated aPDT
significantly reduced the cell number (CFUs) of all tested Candida strains in comparison to
the other two treatments and to the control group. The reduction depended on the time
of incubation. There was no significant difference between CFU counts of groups (L-P-)
and (L+P-) and (L-P+). These results indicate that laser irradiation alone or the use of
the photosensitizer alone had no fungicidal effect. The highest % reduction of CFU/mL
was obtained for the strain C. albicans ATCC 10,231 and it was 76.89%. Successively for
C. glabrata ATCC 90,030 −61.36%, C. krusei ATCC 6258 −59.39%, C. parapsilosis ATCC
90,018- 46.81%. The lowest result was obtained for C albicans ATCC 90,028 and it was only
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23.01% (Figure 12). Table 1 summarizes comparison of the results achieved in both parts of
our experiment—the efficacy of TBO-mediated aPDT presented as the highest % reduction
of CFU/mL to % of cells stained by the presence of photosensitizer in their cytoplasm
visible in the microscope field for individual Candida strains tested.
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Table 1. Comparison of the results achieved in both parts of our experiment—the efficacy of TBO-mediated aPDT presented
as the highest % reduction of CFU/mL to % of cells stained by the presence of photosensitizer in their cytoplasm visible in
the microscope field for individual Candida strains tested.

Candida Strain
(The Most Efficient Incubation Time) The Highest Reduction of CFU/mL [%] Assessment of TBO Uptake by Cells

over Time [%]

C. albicans ATCC 90,028 (7 min) 23.02 19.93

C. albicans ATCC 10,231 (10 min) 76.89 94.43

C. glabrata (7 min) 61.37 40.15

C. krusei (3 min) 59.40 23.39

C. parapsilosis (7 min) 46.81 47.00
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optical microscope. Data are mean values and standard deviations from six replicate experiments. American Type Culture
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Figure 7. Influence of different incubation times (1–15 min) on the effect of photodynamic inactivation in reduction
of number of viable cells (CFU/mL) of C. albicans ATCC 90,028 in planktonic form. CFU/mL was determined after
TBO-mediated aPDT (L+P+), treatment with light alone (L+P-) or treatment with the photosensitizer alone (L-P+) and
compared to negative control treatment (L-P-). Data are mean values and standard deviations from six replicate experiments.
* p < 0.05, ** p < 0.01. Candida (C.). American Type Culture Collection (ATCC).
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Figure 8. Influence of different incubation times (1–15 min) on the effect of photodynamic inactivation
in reduction of number of viable cells (CFU/mL) of C. albicans ATCC 10,231 in planktonic form.
CFU/mL was determined after TBO-mediated aPDT (L+P+), treatment with light alone (L+P-) or
treatment with the photosensitizer alone (L-P+) and compared to negative control treatment (L-P-).
Data are mean values and standard deviations from six replicate experiments. * p < 0.05, ** p < 0.01,
*** p < 0.001. Candida (C.). American Type Culture Collection (ATCC).
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Figure 9. Influence of different incubation times (1–15 min) on the effect of photodynamic inactivation in reduction of
number of viable cells (CFU/mL) of C. glabrata ATCC 90,030 in planktonic form. CFU/mL was determined after TBO-
mediated aPDT (L+P+), treatment with light alone (L+P-) or treatment with the photosensitizer alone (L-P+) and compared
to negative control treatment (L-P-). Data are mean values and standard deviations from six replicate experiments. Candida
(C.). American Type Culture Collection (ATCC).
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Figure 10. Influence of different incubation times (1–15 min) on the effect of photodynamic inactivation in reduction of
number of viable cells (CFU/mL) of C. krusei ATCC 6258 in planktonic form. CFU/mL was determined after TBO-mediated
aPDT (L+P+), treatment with light alone (L+P-) or treatment with the photosensitizer alone (L-P+) and compared to negative
control treatment (L-P-). Data are mean values and standard deviations from six replicate experiments. Candida (C.).
American Type Culture Collection (ATCC).
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number of viable cells (CFU/mL) of C. parapsilosis ATCC 90,018 in planktonic form. CFU/mL was determined after TBO-
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Figure 11. Influence of different incubation times (1–15 min) on the effect of photodynamic inactivation in reduction
of number of viable cells (CFU/mL) of C. parapsilosis ATCC 90,018 in planktonic form. CFU/mL was determined after
TBO-mediated aPDT (L+P+), treatment with light alone (L+P-) or treatment with the photosensitizer alone (L-P+) and
compared to negative control treatment (L-P-). Data are mean values and standard deviations from six replicate experiments.
* p < 0.05, ** p < 0.01, *** p < 0.001. Candida (C.). American Type Culture Collection (ATCC).
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Figure 12. Influence of different incubation times (1–15 min) on the effect of photodynamic inactivation in % reduction of
CFU/mL of C. albicans ATCC 90,028, C. albicans ATCC 10,231, C. glabrata ATCC 90,030, C. krusei ATCC 6258, C. parapsilosis
ATCC 90,018 in planktonic form. CFU/mL was determined after TBO-mediated aPDT (L+P+). Data are mean values and
standard deviations from six replicate experiments. Candida (C.). American Type Culture Collection (ATCC).

3. Discussion

The initial component of photodynamic therapy protocols for efficient TBO-mediated
aPDT against yeast, the optimal incubation time, appears to have a major impact on
its efficacy. The results of our study confirm this impact, both by direct microscopic
observation of in vivo preparations, allowing real-time evaluation of the amount of TBO
absorbed by selected Candida strains after time intervals, as well as by the efficacy of aPDT
(considered as the reduction in the number of CFU cells/mL) carried out with the same
parameters of laser settings and the same PS concentration, where the only variable was
the incubation time (1–15 min).

The microscopic analysis showed that for C. albicans ACTT 10,231, C. glabrata and
C. parapsilosis the incubation time to obtain the highest number of TBO-containing stained
cells was 7 min, and the remaining strains reached the maximum after 5 min. (C. albicans
ATCC 90,018) or 10 min (C. krusei). However, in both cases after 7 min the mean % of
stained cells was not statistically different from that achieved at the maximum (Figure 6).
In the literature, only the study by Chien et al. included direct observation of C. albicans by
confocal microscopy after 10, 30, 60 min waiting time before irradiation from the moment
of mixing the suspension with 0.2 mM TBO [28]. In the present study, the amount of
TBO was assessed by spectrophotometric measurement. After 10 min a large amount of
dye in the cytoplasm of the cells was noted, by Chien et al. which did not significantly
increase after 30 and 60 min. This observation does not correspond to our results, where in
most of the strains studied (C. albicans 90,028, C. glabrata, C. krusei and C. parapsilosis) PS
gradually disappeared from the cytoplasm after 5 min (Figure 1—black arrows) and 10 min
(Figures 3–5—black arrows) which would confirm the reports of enzymatic alteration of
PS or the possible induction of drug efflux pumps by Candida [13,31]. We also noticed that
C. glabrata uses an additional mechanism of protection against the effects of TBO, consisting
of aggregation of individual cells into large, clustered structures that may prevent the PS
from reaching cells in the center (Figure 3—black arrows). These structures appeared as
early as 3–5 min after the addition of TBO to the medium (Figure 3—red arrows). A similar
mechanism was not observed in the other strains.
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We found only a few published studies evaluating the efficacy of aPDT with TBO in
which one of the variables assessed was the incubation time [24,32,33]. In one of these, a
study by Jackson et al. using a He-Ne laser with a wavelength of 632.8 nm (21 J energy)
and TBO at a concentration of 25 µg/mL, it was found that the most appropriate PIT
to inhibit the growth of planktonic forms of various C. albicans strains (including those
resistant to azoles) is 5 min. A shorter time (2 min) resulted in a very poor efficacy of aPDT.
Of the longer times tested (10, 60 and 180 min), the most favorable was 10 min, and the
result was only slightly worse than that achieved in 5 min. In addition, it was noticed
that during 180 min in the group where the effect of PS alone was assessed without laser
irradiation, TBO had a detrimental effect on the viability of cells [32]. We obtained similar
results in the second part of our experiments; the highest efficacy of aPDT (expressed as
reduction of CFU/mL) was obtained after a 7 min incubation time (C. albicans ATCC 90,018,
C. glabrata, C. parapsilosis) and after 10 min for C. albicans ATCC 10,231 and 3 min for C. krusei
(Figure 12). For C. krusei, the efficacy with a 7 and 10 min incubation time did not differ
statistically from that after 15 min waiting time (Figure 10). The results of the evaluation of
the most favorable incubation time from both parts of our experiment coincide and indicate
a 7–10 min PIT period (Table 1). The differences in the results between individual strains
indicate the importance of the morphological structure of the cell wall and the resulting
sensitivity of the strain to aPDT (like the phenomenon of sensitivity in pharmacotherapy).

A similar 10 min incubation time was recommended in the study by Chien et al., based
on the highest efficiency of photodynamic therapy performed with the use of a 635 nm
LED (fluence 50 J/cm2) and TBO at a concentration of 0.2 mM; extending the PIT to 30 or
60 min did not change the percentage of surviving aPDT cells [24]. Completely different
results were obtained in the study by Donnelly et al. using a Paterson lamp emitting
635 nm light and TBO at a concentration of 5 mg/mL. The highest % reduction of CFU/mL
for planktonic C. albicans was obtained with an incubation time of 30 min while a PIT of
5 min (with the same fluency of 100 J/cm2) resulted in a smaller but statistically significant
difference [33]. The appropriate incubation time seems to be even more important in the
case of experiments carried out on strains organized in a biofilm. This is connected, among
other factors, with the presence of EPS (extracellular polymeric substances) which makes
it difficult for a PS to reach individual cells, and with the variety of yeast strains and
forms [34]. Studies show that aPDT treatment of biofilms requires longer incubation times
and higher TBO concentrations, which results in improved efficacy visible as a reduction
of the number of cells in both the yeast and filamentous forms [35,36] and a significant
reduction in the mass of EPS (LED 635 nm, fluence 50 J/cm2, concentration of TBO 2.5 mM,
PIT 30 min) [37]. In other studies, using planktonic solutions and biofilms of Candida strains
with TBO-mediated aPDT, the PIT was not a variable of the protocol; the authors used
30 s to 180 min with the most common of 5 min (nine studies) [25,32,33,35,36,38–41] or
30 min (seven studies) [24,33,37,42–45]. Other incubation times used in that study were
1 min [46,47], 10 min [48] and 20 min [29]. In two other studies of TBO-mediated aPDT, the
applied PIT was not reported [49,50]. All these studies showed the efficacy of the therapy
as a reduction in the number of cells or % CFU/mL, but only that by Nielsen et al. showed
complete elimination of C. albicans from the planktonic solution (LED 635 nm, 37.7 J/cm2,
400 mW, TBO concentration 0.226 mM, PIT 1 min) [47] and the others showed only a partial
reduction. No statistically significant difference in efficacy versus control was reported
only in the study by Merigo et al. carried out on a C. albicans biofilm (diode laser 650 nm,
fluence 10 J/cm2, 30 mW, concentration of TBO 0.1 mM, PIT 5 min) [41]. The reductions
in growth for the tested Candida strains in our experiment (Figure 12) are not the most
effective in comparison to other published studies [36,47]. However, it was important to us
in this experiment, to evaluate the incubation time itself as the only protocol variable. The
results and experience will be used for other variables of the TBO-mediated aPDT protocol
directed against Candida strains, which are the parameters of laser settings.

The literature also shows a slightly better efficacy of aPDT with TBO against C. albicans
than against other Candida strains [26,32,40,42,45,46,51], especially those showing clinical
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resistance to azoles [24,32,40,45] despite the use of comparable experimental conditions.
In both parts of our experiment also there was a noticeable difference in the percentages
achieved between individual strains (Table 1): in microscopic observation (from 98.1% for
C. albicans ACTT 10,231 to 23.6% for C. albicans ATCC 90,018) and after aPDT (from 78.5%
for C. albicans ATCC 10,231 to 21.56% for C. albicans ATCC 90,018). This large range is
probably due to the differences in structure and metabolic activity of individual strains, and
a similar phenomenon is observed in the sensitivity of Candida strains to various antibiotics
and antifungal drugs [35]. Surprisingly, the biggest difference in our results (both parts of
our experiment) is that between the two different strains of C. albicans used. In many studies
comparing the efficacy of TBO-mediated aPDT against Candida and bacteria, attention is
drawn to the shorter incubation time (1–3 min) required for bacteria, especially Gram-
positive [45,50,52,53] which is related to the different morphological structure of bacteria,
the lack of membrane enzymes, and the easy access of PS [13]. In our experiments in which
a commercial TBO preparation distributed for use in periodontitis and periimplantitis was
used to reproduce a clinical setting, it was noted that the photosensitizer is found inside
individual cells of all tested strains after 30 s and that the number of such cells gradually
increases over time. However, after 3 min the % of the maximum value reached is only
(C. albicans ACTT 10,231 −53.15%, C. albicans ACTT 90,018 −21.2%, C. glabrata −31.23%,
C. krusei −23.7% and C. parapsilosis −19.0%). Therefore, when planning experiments in
animal and clinical models using aPDT to treat oral candidiasis, care should be taken not
to use the short incubation times recommended for bacteria.

4. Materials and Methods
4.1. Organisms and Growth Conditions

This research was carried out on reference strains of Candida fungi from the American
Type Culture Collection (ATCC, Manassas, VA, USA): C. albicans ATCC 90,028, C. albicans
ATCC 10,231, C. glabrata ATCC 90,030, C. krusei ATCC 6258 and C. parapsilosis ATCC 90,018.
These represent the most common strains causing oral candidiasis [52]. Cultures of each
strain were placed separately onto Sabouraud dextrose agar plates with addition of 4%
glucose (BTL, Łódź, Poland) and incubated in atmospheric air at 37 ◦C. After 24 h of
incubation, a sample of colonies was removed from the surface of the plate and suspended
in sterile physiological solution (0.9% NaCl). The number of viable cells in suspension
was counted in a spectrophotometer Densimat (bioMerieux, Marcy I’Etoile, France) at
a wavelength of 950 nm and using the optical density of McFarland standard number
0.5 equivalent to 106 viable cells/mL.

4.2. Photosensitizer and Laser

Toluidine blue ortho—a watery solution of tolonium chloride whose concentration is
proprietary information viscous fluid PAD Smart Solution, (Denfotex, London, UK)—was
used for the sensitization of Candida strains.

The light source used was a diode laser with a wavelength of 635 nm Smart M Pro
(Lasotronix, Piaseczno, Poland), mode-continuous wave (CW), output power of 400 mW,
spot size of approx. 0.5 cm2, flat glass tip 8 mm diameter, energy density (fluence) of
12 J/cm2, time 30 s. These parameters were based on our previous research [46].

4.3. Microscopic Evaluation of the Absorption of Photosensitizer Particles by Planktonic Cells of
Candida Strains in Real Time

First, 50 µL aliquots of a fresh suspension of the Candida strains were transferred with
a sterile pipette to a glass slide and then 5 µL of TBO solution was added. A coverslip was
placed on top, and excess dye was removed with an absorbent paper and towel. For all
the strains, 6 replicates were performed, and images were recorded on a Nikon Eclipse 80i
optical microscope at 600× magnification after 30 s and 1, 3, 5, 7, 10, and 15 min. Images
of the planktonic cells of each strain without the addition of PS were used as controls. To
assess the absorption of TBO by counting the % of stained cells in images corresponding
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to the field of view of the microscope, the original images were further processed and
analyzed in ImageJ [53]; the indigo and blue areas (420–500 nm) in the original image
were isolated and converted to black for better contrast to detect even small amounts
of TBO before counting the cells. Cells with absorbed PS were defined as those whose
cytoplasm was at least 50% full of TBO, and only those whose entire circumference was
visible were counted. The counting was done manually by two independent researchers
and any differences in the scores were resolved through common counting. The results
were used for further statistical analysis.

4.4. Experimental Groups and Photodynamic Inactivation of Candida spp. In Vitro

In total, 720 assays were prepared, 144 for each Candida strain tested. These were
divided into the following experimental groups: (L+P+) laser irradiation with the presence
of photosensitizer (TBO) (n = 6); (L-P+) treated only with TBO without laser irradiation
(n = 6); (L+P-) treated only with laser irradiation without TBO (n = 6); (L-P-) no exposure to
laser light or TBO used as a negative control group (n = 6). In each of the study and control
groups, the influence of different incubation times on the effect of reduction of number
of viable cells (CFU/mL) were assessed as follows: 200 µL of suspension of each Candida
strain were added using a sterile pipette to 24 flat-bottom wells of sterile, black 96-well
microtiter plates with lids (Nunc, Denmark), leaving 1 well empty between successive
samples to avoid cross-diffusion of light. Next, 20 µL of TBO were added to groups (L+P+)
and (L-P+). In groups (L+P-) and (L-P-), 20 µL of physiological solution (0.9% NaCl) was
added. Then the plates were shaken for 1 min, at 350 rpm at 35 ◦C in a thermo-shaker
PST-60HL-4 (Biosan, Riga, Latvia). In the dark, at room temperature, the cover of the plate
was removed and the wells, one by one at the right times (1, 3, 5, 7, 10, and 15 min) were
irradiated according to the described protocol, in groups (L+P+) and (L+P-). During the
irradiation the laser tip with the flat end (gaussian profile) was mounted on a rack just
above the cell suspension (1 mm from the plate surface) and the other wells were covered
with a black, matte screen with a hole whose diameter matched the diameter of the laser
tip to prevent the spreading of light to neighboring regions. Immediately after irradiation,
serial dilutions (10−1 to 10−6) were prepared and 100 µL of each dilution were seeded in
duplicate onto Sabouraud dextrose agar with addition of 4% glucose (BTL, Łodź, Poland)
and incubated for 48 h at 37 ◦C. After incubation, the number of colony forming units
(CFU) were counted with Anacolyte automatic counter (Synbiosis, Cambridge, UK), and
the colony-forming units per milliliter CFU/mL were calculated. All tests were performed
6 times and the mean values were used for further statistical analysis.

5. Statistical Analysis

Values were expressed as means ± standard deviation (SD). Statistical differences were
evaluated by analysis of variance (ANOVA) and post-hoc comparison with the Newman–
Keuls test. A p value of ≤0.05 was considered to indicate a statistically significant difference.
The statistical analysis was performed using the software Statistica v. 7.1 PL (StatSoft,
Krakow, Poland).

6. Conclusions

The optimal incubation time needed for the uptake of TBO by the cells of selected
Candida strains is 7–10 min. This is confirmed both by direct observation by optical
microscopy and by evaluation of the efficacy of TBO-mediated aPDT on planktonic cells of
these strains.
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Abstract: There is an urgent need for materials that can efficiently generate reactive oxygen species
(ROS) and be used in photodynamic therapy (PDT) as two-photon imaging contrast probes. In this
study, graphene quantum dots (GQDs) were subjected to amino group functionalization and nitrogen
doping (amino-N-GQDs) via annealing and hydrothermal ammonia autoclave treatments. The
synthesized dots could serve as a photosensitizer in PDT and generate more ROS than conventional
GQDs under 60-s low-energy (fixed output power: 0.07 W·cm−2) excitation exerted by a 670-nm
continuous-wave laser. The generated ROS were used to completely eliminate a multidrug-resistant
strain of methicillin-resistant Staphylococcus aureus (MRSA), a Gram-positive bacterium. Compared
with conventional GQDs, the amino-N-GQDs had superior optical properties, including stronger
absorption, higher quantum yield (0.34), stronger luminescence, and high stability under exposure.
The high photostability and intrinsic luminescence of amino-N-GQDs contribute to their suitability as
contrast probes for use in biomedical imaging, in addition to their bacteria tracking and localization
abilities. Herein, the dual-modality amino-N-GQDs in PDT easily eliminated multidrug-resistant
bacteria, ultimately revealing their potential for use in future clinical applications.
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Keywords: graphene quantum dot with nitrogen doping and amino group functionalization; photodynamic
therapy; multidrug-resistant methicillin-resistant Staphylococcus aureus; reactive oxygen species; contrast probe

1. Introduction

Materials that are primarily based on graphene have exceptional chemical stability and
mechanical, thermal, and electronic properties. Thus, these materials have great potential
for use in nanodevices. However, currently available graphene-based materials produced
by typical physical and chemical routes, including micromechanical cleavage, reduction
in exfoliated graphene oxide, and solvothermal synthesis, are generally micrometer-sized
graphene sheets, limiting their direct applications in nanodevices [1]. As a result, there is
an urgent need to develop effective routes for cutting large graphene sheets into nanometer-
sized pieces with a well-confined shape, such as graphene nanoribbons and graphene
quantum dots (GQDs) [2]. GQDs are a novel class of carbon materials that are smaller than
10 nm. They were first reported in a 2004 study where single-walled carbon nanotubes
were purified through preparative electrophoresis [3]. GQDs have become increasingly
crucial members of the nanocarbon family owing to their benignity, abundance, and low
cost. Carbon is usually black and has been recently thought to have weak fluorescence
and low solubility in water [4]. As GQDs exhibit strong fluorescence, they have attracted
considerable attention, attaining the moniker “fluorescent carbons” [5]. Compared with
conventional organic dyes, photoluminescent GQDs possess superior properties, such as
aqueous solubility, easy functionalization, high resistance to photobleaching, excellent
chemical inertness, high biocompatibility, and low toxicity [6]. Consequently, their potential
for use in biological labeling, bioimaging, and drug delivery has been widely explored.
GQDs have been found to emit visible to near-infrared (NIR) photoluminescence (PL)
under light excitation, which is of particular interest. NIR PL emissions from GQDs excited
using NIR light are particularly critical for bionanotechnology applications due to body
tissue transparency in the NIR window for water [7]. PL emissions from GQDs can be
efficiently quenched using electron acceptors or donor molecules in solution, which reveal
the excellent electron acceptance and donation abilities of photoexcited GQDs. Owing to
their notable photoinduced electron transfer properties, GQDs may be suitable for use in
photovoltaic devices and light energy conversion, among other applications [8]. GQDs are
also promising nanoprobes for sensitive detection [9].

Doping is crucial for semiconductors as it can considerably change the carrier density
of a material and, thus, completely alter its intrinsic electrical and optical properties [10,11].
Nitrogen (N) doping or functionalization of GQDs is an extremely helpful method for
altering the intrinsic properties of GQDs. N atoms, with atomic sizes comparable to those
of carbon atoms, have five valence electrons and are highly accepting of electrons; thus,
they provide the adjacent carbon atoms in graphene with a comparatively high level of
positive charge density. In molecular systems with an sp2 bond, carbon can be replaced with
nitrogen, which can enable the formation of heterocyclic aromatic compounds. The inherent
features of materials that are based on carbon, including their electronic characteristics
and local and surface chemical features, can be effectively modified by atom doping. N-
atom doping of GQDs (size < 10 nm), which exhibit notable quantum confinement and
edge effects, results in the modulation of the dots’ chemical composition and bandgap.
Because the properties of N-doped GQDs (N-GQDs) can be modulated, these dots should
exhibit improved electrochemical, electrocatalytic, and photochemical activity and possess
tunable luminescence, which is critical for optoelectronic and bioimaging applications [12].
Accordingly, chemical doping can be considered an effective approach for tailoring the
optical, chemical, and electronic properties of graphene. GQDs subjected to amino group
functionalization and nitrogen doping (amino-N-GQDs) have electronic properties strongly
influenced by chemical modifications that enable strong electron donation in primary
amine molecules (a phenomenon referred to as amino group functionalization) [13]. When
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amino-N-GQDs undergo singlet–triplet splitting, the corresponding intersystem crossing
is sufficiently efficient to compete with internal conversion between multiplicity-identical
states, which results in simultaneous PL and the creation of reactive oxygen species (ROS)
involved in photodynamic therapy (PDT) [14].

In PDT, ROS are formed when molecular oxygen reacts with a photoexcited photosensi-
tizer (PS) exposed to a suitable wavelength of light source and energy [15]. Photosensitized
reactions involving oxygen are categorized as type I or II. A light-sensitized (excited) PS
can directly react with a suitable substrate (unsaturated lipids, proteins, or nucleic acids) to
produce unstable radicals through proton or electron transfer (type I reaction), leading to
oxygenated products in the presence of oxygen, such as a superoxide anion radical (O2

−),
hydroxyl radicals (OH.), or hydrogen peroxide (H2O2). Then, they react with molecular
oxygen to form singlet oxygen (1O2) through energy transfer (type II reaction) [16]. Cells or
bacteria can be irreversibly damaged when ROS undergo oxidative reactions with adjacent
biological substrates. In addition to the application of conventional and newly synthe-
sized PSs, the use of materials for PDT is a potentially favorable approach for improving
the efficacy of therapy. However, because materials are used in combination with PSs,
some studies have reported the induction of PDT mechanisms [11,14]. Few studies have
directly employed amino-N-GQDs as PSs for ROS generation in PDT [11,14]. Accord-
ingly, in the present study, amino-N-GQDs were employed in PDT as PSs to eliminate a
multidrug-resistant (MDR) strain of methicillin-resistant Staphylococcus aureus (MRSA), a
Gram-positive bacterium, using a 670-nm continuous-wave laser. A low concentration
(0.5 µg·mL−1) of amino-N-GQDs and a photoexcitation time of 60 s with an energy irradi-
ation dose of 0.07 W·cm−2 were found to result in the elimination of all bacteria [17,18].
However, using GQDs instead of amino-N-GQDs in the same treatment resulted in 37%
bacterial elimination. The properties of the PL (Em: 696 nm)—optimal irradiation pene-
tration, low energy absorption, and slight scattering—emitted in the NIR region revealed
that the derived amino-N-GQDs are promising contrast probes for tracking and local-
izing amino-N-GQD-treated bacteria and could provide further information regarding
the status of the irradiated bacteria. The combination of dual-modality PDT, a contrast
agent, and amino-N-GQDs was determined to be promising for eliminating and tracking
MDR bacteria.

2. Results and Discussion

The modified Hummers method [19] was employed to prepare a graphene oxide sheet,
which was subjected to an ultrasonic shearing reaction to synthesize amino-N-GQDs [20].
The mean lateral size of the amino-N-GQDs was approximately 8.3 nm (Figure S1a), as
determined using low-magnification (Figure 1a) and high-resolution transmission elec-
tron microscopy (HR-TEM) images (Figure 1b). The interlayer spacing of the as-prepared

amino-N-GQDs was 0.213 nm, which corresponded to the d-spacing of the {1
−
100} lattice

planes of graphene (Figure 1b) [6]. Figure 1c displays the crystallinity analysis-derived
X-ray diffraction (XRD) spectrum. The diffraction angle of the amino-N-GQD material was
nearly 2θ = 24.3◦, indicating appropriate layer regularity as well as a well-ordered lamellar
structure exhibiting a 0.360-nm interlayer distance. The interfringe distances were 0.213
and 0.360 nm, which correspond to the in-plane lattice spacing and basal plane distance of
graphite, respectively. The values for amino-N-GQDs are consistent with those reported
previously (0.340–0.403 nm) [5]. However, based on the XRD findings, the basal plane was
not considerably functionalized. This finding aligns with the theory that, compared with
in-plane carbons, graphene has considerably more active edges, and functional groups are
present at the amino-N-GQD edges [15]. The large basal spacing of the amino-N-GQDs
is due to the accommodation of several oxygen species, such as epoxy, hydroxyl, and
amino groups, and alteration of the carbon hexahedron grid plane, resulting in greater
graphene layer spacing. Various peaks were present in the UV-vis absorption spectrum
of the amino-N-GQDs, specifically at 315 nm (n → π* transition of the C=O shoulder
and C–N) and 212 nm (π → π* transition of the aromatic C=C bonds; Figure 1d). The
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absorption peaks in the spectrum of amino-N-GQDs containing oxygen corresponded to
the π electron transition and revealed that the GQDs were successfully doped with N. The
crystallinity of the amino-N-GQDs was investigated using Raman spectroscopy. The peak
at 1384 cm−1 (D band) was identified to be associated with the vibration of the sp3-carbon
atoms in disordered graphite, while the peak at 1606 cm−1 (G band) corresponded with the
vibration of the sp2 hybrid carbon atoms. Further, the integrated D to G band intensity ratio
(ID/IG), which indicates the degree of graphitization, was approximately 0.90, indicating
that the amino-N-GQDs were highly distorted (Figure 1e) [21]. The ID/IG ratios were
used as inputs in the Raman calculations to determine the mean sp2 domain size of the
GQD-based specimens [22]. The estimated size almost matched the one obtained from
HR-TEM, although the value obtained from the Raman calculations (~8.0 nm) was slightly
lower due to the Raman estimation (Equations (S2) and (S3)) [22]. The exposed functional
groups of the amino-N-GQDs were directly analyzed using Fourier-transform infrared
(FTIR) spectroscopy, revealing characteristic bands corresponding to C–O stretching at
approximately 1023 cm−1 (band 1), C–N stretching at approximately 1150 cm−1 (band 2),
N–C=O stretching at approximately 1212 cm−1 (band 3), tertiary alcohol C–OH bonding at
approximately 1448 cm−1 (band 4), a C=C ring at approximately 1611 cm−1 (band 5), N–H
bonding and amide at approximately 1786 cm−1 (band 6), C=O stretching at approximately
1833 cm−1 (band 7), N–H stretching at approximately 2971 cm−1 (band 8), and N–H vibra-
tion at approximately 3455 cm−1 (band 9), ultimately indicating the carbonyl, hydroxyl,
and amino groups exposed on the material (Figure 1f). Because of these exposed functional
groups, the amino-N-GQDs had a surface charge of 16.4 mV (in ddH2O) based on the zeta
potential findings. X-ray photoelectron spectroscopy (XPS) was also performed to evaluate
the surface chemistry of the amino-N-GQDs. The deconvoluted C(1s) spectrum indicated a
non-oxygenated ring (C–C/C=C, 285.0 eV), C–N (286.6 eV), C–O (287.1 eV), and carbonyl
(C=O, 288.0 eV) bonds (Figure 1g). Moreover, the deconvoluted N(1s) spectrum indicated
pyridinic N (398.3 eV), amino N (NH2, 398.9 eV), pyrrolic N (399.6 eV), quaternary N
(400.4 eV), and amide N (O=C–N, 401.2 eV; Figure 1h). The table in Figure 1 summarizes
the bonding composition and atomic ratio of amino-N-GQDs. The characterization results
indicated the successful preparation of amino-N-GQDs.

The continuous increase in MDR bacterial strains is a serious medical problem due to
their ability to develop resistance to antibiotics through different pathways [23]. Because of
the growing resistance of the Gram-positive bacteria, MRSA, to conventional antimicrobial
agents, it is desirable to develop alternative approaches to eliminate MDR bacterial strains.
This study employed an experimental MRSA template. The surface protein, protein A,
on the cell wall of MRSA was considered. Accordingly, the material was coated with an
Abprotein A antibody to form the material, Abprotein A hybrid, assuming it would possess
enhanced specificity, selectivity, and efficiency. A colony-forming unit (CFU) assay was per-
formed to examine material biocompatibility. The number of bacterial cells was calculated
as log10 CFU per milliliter (log10 CFU/mL) and is expressed as a percentage (Figure 2a,b).
The CFU assay revealed that the amino-N-GQDs were highly biocompatible. Additionally,
the toxicity of the material was found to contribute to the elimination of bacteria in PDT.
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Figure 1. (a) Low-magnified transmission electron microscopy (TEM) image; (b) High-resolution (HR) TEM image cap-
tured for a single amino-N-graphene quantum dot (GQD) (mean lateral size = ~8.3 nm; interlayer spacing = 0.213 nm); the 
size distribution of its histogram was determined using dynamic light scattering (DLS) (Figure S1a). (c) X-ray diffraction 
(XRD) pattern of amino-N-GQDs. (d) Raman spectrum of amino-N-GQDs, with the gray and brown lines representing the 
spectrum decomposed and fitted to the D- and G-band peaks (at ~1384 and 1606 cm−1, respectively; black line: raw data; 
pink line: decomposed spectrum). (e) Ultraviolet-visible (UV-vis), and (f) Fourier-transform infrared (FTIR) spectra of 
amino-N-GQDs. (g,h) X-ray photoelectron spectroscopy (XPS) spectrum of amino-N-GQDs obtained to determine the 
changes in the chemical state. In the deconvoluted C(1s) spectrum, the peaks were fitted using the Gaussian function 
corresponding to C–C/C=C, C–N, C–O, and C=O. In the deconvoluted N(1s) spectrum, the peaks were fitted using the 
Gaussian function corresponding to pyridinic N, amino N, pyrrolic N, quaternary N, and amide N. The table summarizes 
the bonding composition and atomic ratio of the amino-N-GQDs. The O(1s)/C(1s) and N(1s)/C(1s) atomic ratios were 
28.4% and 5.2%, respectively. Delivered dose: 0.5 μg·mL−1 to 5 mg·mL−1 material. 

Figure 1. (a) Low-magnified transmission electron microscopy (TEM) image; (b) High-resolution (HR) TEM image captured
for a single amino-N-graphene quantum dot (GQD) (mean lateral size = ~8.3 nm; interlayer spacing = 0.213 nm); the
size distribution of its histogram was determined using dynamic light scattering (DLS) (Figure S1a). (c) X-ray diffraction
(XRD) pattern of amino-N-GQDs. (d) Raman spectrum of amino-N-GQDs, with the gray and brown lines representing
the spectrum decomposed and fitted to the D- and G-band peaks (at ~1384 and 1606 cm−1, respectively; black line: raw
data; pink line: decomposed spectrum). (e) Ultraviolet-visible (UV-vis), and (f) Fourier-transform infrared (FTIR) spectra
of amino-N-GQDs. (g,h) X-ray photoelectron spectroscopy (XPS) spectrum of amino-N-GQDs obtained to determine the
changes in the chemical state. In the deconvoluted C(1s) spectrum, the peaks were fitted using the Gaussian function
corresponding to C–C/C=C, C–N, C–O, and C=O. In the deconvoluted N(1s) spectrum, the peaks were fitted using the
Gaussian function corresponding to pyridinic N, amino N, pyrrolic N, quaternary N, and amide N. The table summarizes
the bonding composition and atomic ratio of the amino-N-GQDs. The O(1s)/C(1s) and N(1s)/C(1s) atomic ratios were
28.4% and 5.2%, respectively. Delivered dose: 0.5 µg·mL−1 to 5 mg·mL−1 material.
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Figure 2. Number of surviving (a) amino-N-GQD–Abprotein A-treated methicillin-resistant Staphylo-
coccus aureus (MRSA) cells (expressed as a percentage) based on the colony-forming unit (CFU) 
counting assay, and (b) MRSA cells (unit: CFU/mL). Delivered dose: OD600 = ~0.05 μg·mL−1 for bac-
teria and 0–1.5 μg·mL−1 for material–Abprotein A. Data are presented as mean ± SD (n = 6). 

The experiment would have been compromised if the amino-N-GQD samples were 
exposed to white light. To prevent the possibility of confounding the PDT process by in-
advertently exposing the amino-N-GQD samples to white light, experiments related to 
PDT were conducted in the dark. Indeed, the viabilities of amino-N-GQD (0.5–1.5 
μg·mL−1)-treated MRSA decreased from approximately 7% to 15%, which was somewhat 
influenced by light illumination (not in the dark) (Figure S2a,b). A low dose (0.5 μg mL−1) 
of amino-N-GQDs that had been incubated for 3 h with MRSA (OD600: ~0.05) at 37 °C in 
the dark was employed in all subsequent experiments. 

To evaluate the antimicrobial potential of the material, PDT experiments were con-
ducted against MRSA using low-dose energy irradiation (0.07 W·cm−2) with an exposure 
time of 0–60 s. In addition, the effect of the photoexcited material, Abprotein A, on the viability 
of MRSA was determined. No bactericidal effects were observed for MRSA alone, with or 
without laser exposure, or on the panel of material-treated bacteria when laser treatment 
was not applied (Figure 3a). After photoexcitation for 30 s, the viability of amino-N-GQD–
Abprotein A was relatively low (approximately 36%); this value corresponded to a reduction 
of approximately 0.449 log10 (Figure S2a). In contrast, the bacterial viability was higher in 
the panel treated with amino-N-GQDs (51%, approximately 0.031 log10 reduction; Figure 
S3a) without antibody coating. This finding indicates that the Abprotein A antibody coated 
the material, resulting in greater selectivity and specificity. After 60 s, the amino-N-GQD–
Abprotein A-treated bacteria were completely eliminated (100% elimination; Figure 3b). Sub-
sequently, we investigated whether bacterial viability was affected by N-bonding compo-
sition and amino functional groups. In identical photoexcitation experiments, the amino-
N-free GQDs (characterizations, Figure 4; Figures S1b, S2a,b, S4 and S5; the characteristics 
of single GQDs and amino-N-GQDs were compared and are shown in Table S1) had lower 
bactericidal ability than the amino-N-GQDs (Figure 3). Specifically, viability levels of 75% 
and 37% (~0.114 and ~0.429 log10 reductions, respectively; Figure S3b) were observed for 
the GQD–Abprotein A-treated MRSA after different laser exposure times. Furthermore, be-
cause lipopolysaccharide (LPS) is a major component of the outer membrane of Gram-
negative Escherichia coli (E. coli), GQD-AbLPS and amino-N-GQD-AbLPS also eliminated E. 
coli (Figures S2c,d, S6 and S7), exhibiting a trend similar to that shown in Figure 3. 

Figure 2. Number of surviving (a) amino-N-GQD–Abprotein A-treated methicillin-resistant Staphylococcus aureus (MRSA) cells
(expressed as a percentage) based on the colony-forming unit (CFU) counting assay, and (b) MRSA cells (unit: CFU/mL).
Delivered dose: OD600 = ~0.05 µg·mL−1 for bacteria and 0–1.5 µg·mL−1 for material–Abprotein A. Data are presented as
mean ± SD (n = 6).

The experiment would have been compromised if the amino-N-GQD samples were
exposed to white light. To prevent the possibility of confounding the PDT process by inad-
vertently exposing the amino-N-GQD samples to white light, experiments related to PDT
were conducted in the dark. Indeed, the viabilities of amino-N-GQD (0.5–1.5 µg·mL−1)-
treated MRSA decreased from approximately 7% to 15%, which was somewhat influenced
by light illumination (not in the dark) (Figure S2a,b). A low dose (0.5 µg·mL−1) of amino-
N-GQDs that had been incubated for 3 h with MRSA (OD600: ~0.05) at 37 ◦C in the dark
was employed in all subsequent experiments.

To evaluate the antimicrobial potential of the material, PDT experiments were con-
ducted against MRSA using low-dose energy irradiation (0.07 W·cm−2) with an exposure
time of 0–60 s. In addition, the effect of the photoexcited material, Abprotein A, on the
viability of MRSA was determined. No bactericidal effects were observed for MRSA alone,
with or without laser exposure, or on the panel of material-treated bacteria when laser
treatment was not applied (Figure 3a). After photoexcitation for 30 s, the viability of amino-
N-GQD–Abprotein A was relatively low (approximately 36%); this value corresponded to
a reduction of approximately 0.449 log10 (Figure S2a). In contrast, the bacterial viability
was higher in the panel treated with amino-N-GQDs (51%, approximately 0.031 log10
reduction; Figure S3a) without antibody coating. This finding indicates that the Abprotein A
antibody coated the material, resulting in greater selectivity and specificity. After 60 s,
the amino-N-GQD–Abprotein A-treated bacteria were completely eliminated (100% elimina-
tion; Figure 3b). Subsequently, we investigated whether bacterial viability was affected by
N-bonding composition and amino functional groups. In identical photoexcitation experi-
ments, the amino-N-free GQDs (characterizations, Figure 4; Figures S1b, S2a,b, S4 and S5;
the characteristics of single GQDs and amino-N-GQDs were compared and are shown
in Table S1) had lower bactericidal ability than the amino-N-GQDs (Figure 3). Specifi-
cally, viability levels of 75% and 37% (~0.114 and ~0.429 log10 reductions, respectively;
Figure S3b) were observed for the GQD–Abprotein A-treated MRSA after different laser
exposure times. Furthermore, because lipopolysaccharide (LPS) is a major component of
the outer membrane of Gram-negative Escherichia coli (E. coli), GQD-AbLPS and amino-N-
GQD-AbLPS also eliminated E. coli (Figures S2c,d, S6 and S7), exhibiting a trend similar to
that shown in Figure 3.
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tained using the CFU assay under a short 670-nm laser excitation (0.07 W·cm−2) for (a) 30 and (b) 60 
s. Delivered dose: OD600 = ~0.05 μg·mL−1 for bacteria and 0.5 μg·mL−1 for material–Abprotein A. Data 
are presented as mean ± SD (n = 6). For amino-N-GQD- and GQD–Abprotein A-treated MRSA with 
photoexcitation, (a) p = 0.045 and p = 0.662, and (b) p < 0.001 and p = 0.046, respectively. For amino-
N-GQD- and GQD-treated MRSA with photoexcitation, (a) p = 0.425 and p = 0.758, and (b) p = 0.019 
and p = 0.376, respectively. * p value was calculated using the Student’s t test (* p < 0.05, ** p < 0.01, 
*** p < 0.001).  

The different incubation times had no influence on the bacterial viability; however, 
the viability level visibly decreased with dose (Table 1). Based on the results, the amino-
N-GQDs performed PDT more efficiently than amino-N-free GQDs, amino-group-free N-
GQDs, and amino-GQDs, indicating their superior efficacy. With respect to the amino-N-
GQD-eliminated bacteria, which were subjected to the same treatment procedure, the ex-
periments with the nitrogen and amino functional groups demonstrated superior bacteri-
cidal capability compared with those without these compositions. 

The aforementioned results correspond to the generated ROS, which originate from 
the PSs of the materials and may be influential in PDT. The oxidative stress of ROS may 
contribute to failure in the normal redox reaction functioning of the biological substrates 
surrounding bacteria treated with photoexcited material and may result in damage to 
DNA, ultimately causing death of the bacteria. Therefore, 1O2 and O2− involved in PDT 
(photoexcited using a 670-nm laser) were detected. The intensity of 1O2 was measured by 
monitoring the fluorescence intensity of the singlet oxygen sensor green (SOSG) reagent 
and trans-1-(2′-methoxyvinyl)pyrene (t-MVP). Moreover, the intensity of O2− was detected 
using the 470-nm absorbance of 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazo-
lium-5-carboxanilide (XTT) and the absorbance of γ-L-glutamyl-L-cysteinyl-glycine (GSH) 
after the bacteria were incubated with the material [15,17]. The materials generated 1 O2 

Figure 3. MRSA viability (%) based on the viable count of material–Abprotein A-treated MRSA obtained using the CFU
assay under a short 670-nm laser excitation (0.07 W·cm−2) for (a) 30 and (b) 60 s. Delivered dose: OD600 = ~0.05 µg·mL−1

for bacteria and 0.5 µg·mL−1 for material–Abprotein A. Data are presented as mean ± SD (n = 6). For amino-N-GQD- and
GQD–Abprotein A-treated MRSA with photoexcitation, (a) p = 0.045 and p = 0.662, and (b) p < 0.001 and p = 0.046, respectively.
For amino-N-GQD- and GQD-treated MRSA with photoexcitation, (a) p = 0.425 and p = 0.758, and (b) p = 0.019 and p = 0.376,
respectively. * p value was calculated using the Student’s t test (* p < 0.05, ** p < 0.01, *** p < 0.001).

The different incubation times had no influence on the bacterial viability; however,
the viability level visibly decreased with dose (Table 1). Based on the results, the amino-
N-GQDs performed PDT more efficiently than amino-N-free GQDs, amino-group-free
N-GQDs, and amino-GQDs, indicating their superior efficacy. With respect to the amino-
N-GQD-eliminated bacteria, which were subjected to the same treatment procedure, the
experiments with the nitrogen and amino functional groups demonstrated superior bacte-
ricidal capability compared with those without these compositions.
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Figure 4. (a) Low-magnified TEM image; (b) HR-TEM image of a single GQD exhibiting the graphene {11
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(mean lateral size = 8.0 nm; d-spacing = 0.213 nm); the size distribution of its histogram was determined using DLS (Figure 
S1b). (c) XRD spectrum of GQDs, indicating a diffraction angle 2θ of nearly 24.3° and revealing a well-ordered lamellar 
structure with favorable layer regularity and an interlayer distance of 0.360 nm. (d) UV-vis spectrum of GQDs. The peak 
at 211 nm corresponds to the π → π* transition of aromatic C=C bonds, whereas that at 312 nm corresponds to the n → π* 
transitions of the C=O shoulder. (e) Raman spectrum of GQDs. The gray and brown lines indicate the spectrum decom-
posed and fitted to D- and G-band peaks (at ~1383 and 1607 cm−1, respectively; black line: raw data; pink line: decomposed 
spectrum). The ID/IG integrated intensity ratio was 0.89. The diameter obtained from the Raman calculations (Equations 
(S2) and (S3)) was approximately 7.8 nm. The estimated size almost matched that obtained from the HR-TEM calculations. 
(f) Deconvoluted C(1s) XPS spectra with Gaussian function-fitted peaks: nonoxygenated ring (C–C/C=C, 285.8 eV), hy-
droxyl (C–O, 286.9 eV), carbonyl (C=O, 288.1 eV), and carboxylate (O=C–O, 289.0 eV) groups. The table summarizes the 
bonding composition and atomic ratio of the GQDs. Delivered dose: from 0.5 μg·mL−1 to 5 mg·mL−1 material. 
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Figure 4. (a) Low-magnified TEM image; (b) HR-TEM image of a single GQD exhibiting the graphene {1
−
100} lattice

plane (mean lateral size = 8.0 nm; d-spacing = 0.213 nm); the size distribution of its histogram was determined using DLS
(Figure S1b). (c) XRD spectrum of GQDs, indicating a diffraction angle 2θ of nearly 24.3◦ and revealing a well-ordered
lamellar structure with favorable layer regularity and an interlayer distance of 0.360 nm. (d) UV-vis spectrum of GQDs.
The peak at 211 nm corresponds to the π → π* transition of aromatic C=C bonds, whereas that at 312 nm corresponds
to the n → π* transitions of the C=O shoulder. (e) Raman spectrum of GQDs. The gray and brown lines indicate the
spectrum decomposed and fitted to D- and G-band peaks (at ~1383 and 1607 cm−1, respectively; black line: raw data;
pink line: decomposed spectrum). The ID/IG integrated intensity ratio was 0.89. The diameter obtained from the Raman
calculations (Equations (S2) and (S3)) was approximately 7.8 nm. The estimated size almost matched that obtained from
the HR-TEM calculations. (f) Deconvoluted C(1s) XPS spectra with Gaussian function-fitted peaks: nonoxygenated ring
(C–C/C=C, 285.8 eV), hydroxyl (C–O, 286.9 eV), carbonyl (C=O, 288.1 eV), and carboxylate (O=C–O, 289.0 eV) groups.
The table summarizes the bonding composition and atomic ratio of the GQDs. Delivered dose: from 0.5 µg·mL−1 to
5 mg·mL−1 material.

Table 1. MRSA viability (%), determined from the viable count of material–Abprotein A-treated MRSA obtained using the
CFU assay under a short 670-nm laser excitation. Data are presented as mean ± SD (n = 6).

0.5 µg·mL−1 GQD N-GQD amino-GQD amino-N-GQD

3 h-
Incubation

6 h-
Incubation

3 h-
Incubation

6 h-
Incubation

3 h-
Incubation

6 h-
Incubation

3 h-
Incubation

6 h-
Incubation

0-s photoexcitation 99 ± 1% 99 ± 2% 100 ± 1% 99 ± 1% 98 ± 2% 99 ± 2% 100 ± 1% 99 ± 1%
30-s photoexcitation 75 ± 4% 76 ± 3% 66 ± 2% 68 ± 3% 67 ± 4% 70 ± 2% 36 ± 3% 35 ± 2%
60-s photoexcitation 37 ± 3% 35 ± 3% 24 ± 2% 23 ± 2% 24 ± 3% 26 ± 2% 0% 0%

1.0 µg·mL−1 GQD N-GQD amino-GQD amino-N-GGD

3 h-
Incubation

6 h-
Incubation

3 h-
Incubation

6 h-
Incubation

3 h-
Incubation

6 h-
Incubation

3 h-
Incubation

6 h-
Incubation

0-s photoexcitation 99 ± 2% 100 ± 1% 98 ± 1% 99 ± 2% 99 ± 1% 98 ± 2% 99 ± 2% 100 ± 1%
30-s photoexcitation 43 ± 3% 44 ± 3% 35 ± 3% 35 ± 4% 34 ± 4% 35 ± 5% 17 ± 2% 16 ± 2%
60-s photoexcitation 19 ± 2% 20 ± 3% 10 ± 1% 11 ± 1% 10 ± 2% 12 ± 3% 0% 0%

The aforementioned results correspond to the generated ROS, which originate from
the PSs of the materials and may be influential in PDT. The oxidative stress of ROS may
contribute to failure in the normal redox reaction functioning of the biological substrates
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surrounding bacteria treated with photoexcited material and may result in damage to
DNA, ultimately causing death of the bacteria. Therefore, 1O2 and O2

− involved in PDT
(photoexcited using a 670-nm laser) were detected. The intensity of 1O2 was measured by
monitoring the fluorescence intensity of the singlet oxygen sensor green (SOSG) reagent
and trans-1-(2′-methoxyvinyl)pyrene (t-MVP). Moreover, the intensity of O2

− was detected
using the 470-nm absorbance of 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide (XTT) and the absorbance of γ-L-glutamyl-L-cysteinyl-glycine (GSH) after
the bacteria were incubated with the material [15,17]. The materials generated 1 O2 and
O2
− in a photoexcitation time-dependent manner (photoexcitation time, 0–60 s; Table S2).

However, false-positive ROS signals may have occurred due to material–ROS reagent
interaction (ROS reagents included SOSG reagent, t-MVP, XTT, and GSH), and these false
positives may have compromised the results [24]. Therefore, material–Abprotein A-treated
MRSA was introduced and monitored (Table 2) to detect the amount of ROS formed from
the laser-irradiated material. The results revealed a trend similar to that shown in Table S2,
and that of material AbLPS-treated E. coli (Table S3). However, the amino-N-GQDs were
associated with greater ROS formation capability than the standard GQDs, regardless of
the detection method. The amount of generated ROS was reduced after treatment with
MRSA and E. coli without antibody coating (Tables S4 and S5). In addition, the antibody
was successfully coated on the material, and its functions were performed favorably. The
material demonstrated its potential application in PDT because of its notable antibacterial
effect. To confirm that ROS were involved in the PDT effect of amino-N-GQDs, ROS
neutralization was achieved using α-tocopherol [25]. The quantity of ROS decreased after
the addition of α-tocopherol, and viability increased, as expected. After this experiment,
amino-N-free GQDs were observed using XPS (Figure 4f). The amino-N-free GQDs were
less capable of forming 1 O2 and O2

− than amino-N-GQDs (Tables 2 and S2–S5). This
result is consistent with the 1O2 phosphorescence signal emitted by the material at 1270
nm (Figure 5a). The amino-N-GQDs generated greater amounts of 1 O2 and O2

− than
amino-N-free GQDs. Moreover, the amino-N-GQDs had a higher Φ∆ (~0.55) than the GQDs
(~0.29; for reference, Φ∆ = 0.64 is the quantum yield (QY) of meso-tetra [4-sulfonatophenyl]
porphine dihydrochloride dissolved in D2O [18]).
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Figure 5. (a) Phosphorescence spectra measured at 1270 nm for amino-N-GQDs and GQDs. De-
livered dose: 0.5 µg·mL−1 for material. (b) Uptake assay of MRSA and amino-N-GQD–Abprotein A,
conducted at 37 ◦C for 10 h. Delivered dose: OD600 = ~0.05 µg·mL−1 for bacteria and 0.5 µg·mL−1

for amino-N-GQD–Abprotein A. Data are presented as mean ± SD (n = 6).
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Table 2. Amount of ROS generated by conducting photoexcitation (0.07 W cm−2; Ex: 670 nm) and by using materials–Ab-
treated bacteria was maintained in the dark and monitored. Delivered dose: OD600 = ~0.05 for MRSA and 0.5 µg·mL−1 for
material. Data are presented as mean ± SD (n = 6) [6,14,22].

1O2 (by SOSG) c

Negative
Control ac

ROS
Neutralization abc

Positive
Control cd

amino-N-
GQD

ROS
Neutralization bc

GQD ROS
Neutralization bc

30-s photoexcitation
60-s photoexcitation

239 ± 10
241 ± 11

241 ± 12
242 ± 9

1956 ± 81
2689 ± 137

1024 ± 39
1735 ± 55 241 ± 12

241 ± 11
505 ± 23
878 ± 30

240 ± 9
242 ± 10

1O2 (by t-MVP) e

Negative
control ac

ROS
neutralization abe

Positive
control cd

amino-N-
GQD

ROS
neutralization be

GQD ROS
neutralization be

30-s photoexcitation
60-s photoexcitation

239 ± 10
241 ± 11

241 ± 12
242 ± 9

1956 ± 81
2689 ± 137

1024 ± 39
1735 ± 55 241 ± 12

241 ± 11
505 ± 23
878 ± 30

240 ± 9
242 ± 10

30-s photoexcitation
60-s photoexcitation

323 ± 19
326 ± 22

322 ± 19
327 ± 21

6043 ± 141
8584 ± 175

4107 ± 102
5362 ± 133

322 ± 21
328 ± 20

2149 ± 57
3006 ± 82

323 ± 20
327 ± 21

O2
− (by XTT) f

Negative
control ac

ROS
neutralization abf

Positive
control cd

amino-N-
GQD

ROS
neutralization bf

GQD ROS
neutralization bf

30-s photoexcitation
60-s photoexcitation

0
0

0
0

1.13 ± 0.08
1.99 ± 0.14

0.85 ± 0.07
1.40 ± 0.11

0.02 ± 0.01
0.03 ± 0.02

0.55 ± 0.06
0.87 ± 0.07

0.02 ± 0.01
0.03 ± 0.01

O2
− (by GSH) g

Negative
control ac

ROS
neutralization abg

Positive
control cd

amino-N-
GQD

ROS
neutralization bg

GQD ROS
neutralization bg

30-s photoexcitation
60-s photoexcitation

0
0

0
0

1.13 ± 0.08
1.99 ± 0.14

0.85 ± 0.07
1.40 ± 0.11

0.02 ± 0.01
0.03 ± 0.02

0.55 ± 0.06
0.87 ± 0.07

0.02 ± 0.01
0.03 ± 0.01

a Negative control: only treat using reagent and laser radiation without using any material (0 µg·mL−1). b ROS neutralization includes nano-
material treatment, laser irradiation, and 30 ppm of antioxidant α-Tocopherol/methyl linoleate. c The singlet oxygen sensor green (SOSG)
reagent (Ex/Em: 488/525 nm) has a specific reactivity to generate fluorescence that is recorded using a PL spectrometer. d Positive control:
treatment of 50 µM of tert-butyl hydroperoxide and laser irradiation. e trans-1-(2′-methoxyvinyl)pyrene (t-MVP) (Ex/Em: 352/465 nm)
can react with 1O2, and form a dioxetane intermediate that generates fluorescence upon decomposition to 1-pyrenecarboxaldehyde. The
process is monitored using a PL spectrometer. f 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) can interact
with O2

− and produce XTT-formazan that generates strong absorption (wavelength: 470 nm). g γ-L-glutamyl-L-cysteinyl-glycine (GSH)
containing a thiol tripeptide can prevent damages to cellular or bacterial components caused by stress of oxidation. The thiol group from
GSH can be oxidized to the disulfide bond, thus converting GSH to glutathione disulfide. GSH oxidation was used to determine the
generated O2

−. Loss of GSH (%) = (difference between of the absorbance of the sample and negative control/absorbance of negative
control) × 100%.

The aforementioned results indicate that N atoms can replace carbon atoms (through
atom doping) in sp2-bonded molecular systems, generating heterocyclic aromatic com-
pounds. Doping is, thus, a productive approach that can be executed to alter the inherent
features of materials that are based on C, including electronic features and local and surface
chemical characteristics [11]. Moreover, the NH2 groups that exist at the edge of function-
alized amino groups and N-atom-doped GQDs have been reported to have the highest
occupied molecular orbital due to a strong orbital interaction with the primary amine [14].
Therefore, the resonance between the delocalized π orbital and the primary amine molecu-
lar orbital narrows the orbital bandgap. Consequently, owing to their extraordinary edge
and quantum confinement effects, the amino-N-GQDs were determined to have different
chemical compositions to the GQDs, enhancing their photochemical, electrochemical, and
electrocatalytic activities in optoelectronic and biomedical applications [2,6]. The increased
1O2 due to the amino-N-GQDs may, thus, have been the result of the triplet state yield of
the amino-N-GQDs and more intersystem crossing [14]. These factors led to the superior
antimicrobial activity of GQDs through the PDT mechanism. TEM was used to obtain
images of MRSA treated with amino-N-GQDs exposed to a laser. After MRSA (Figure 6a)
was incubated with amino-N-GQD–Abprotein A for 3 h (Figure 6b), numerous materials
were adsorbed on the bacterial surface [26]. Bacteria must assimilate nutrients and filter
external ions to maintain and develop cell wall physiological functions. The uptake assay
results revealed that a considerable amount of material was adsorbed on the bacterial
surface [26,27], with a burst rate of approximately 72% within the first 3 h of incubation
(Figure 5b). This rate saturated from 3 to 10 h. Therefore, the material was adsorbed on the
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bacterial surface and consequently constituted an external barrier. After 3 h of incubation,
the material–Abprotein A-treated MRSA did not exhibit any exceptional morphology. How-
ever, the shape of the MRSA changed considerably after 4 days of incubation (Figure 6c),
with a viability equal to nearly 62% (Figure 6e). This finding implies that the bacteria could
not function normally and began to die. In particular, the material exhibited bacteriostatic
or bactericidal abilities after 4 days of incubation. Moreover, after 3 h of additional incuba-
tion, the photoexcited material–Abprotein A-treated MRSA appeared substantially damaged,
which resulted in an abnormal morphology (Figure 6d) corresponding to an elimination
rate of almost 100% (Figure 6e).

The surface groups of the amino-N-GQDs may contribute to intrinsic and defect
state emissions that involve a PL mechanism [2,7,8,11]. Because of the amino functional
groups on the amine-N-GQD surface, radiative electron–hole recombination was induced,
which increased the intrinsic state emission [11,12]. The relative QY of amino-N-GQDs
was estimated to be 0.34 (as reference, QYref = 0.28 for Cy5.5 in dimethyl sulfoxide [26,27]),
whereas its absolute QY [28,29] was estimated to be 0.33. In contrast to the mentioned
amino-N-GQDs, the GQDs were determined to have smaller relative and absolute QYs
of 0.11 and 0.13, respectively. The PL spectrum of amino-N-GQDs strongly emitting NIR
fluorescence at 696 nm, obtained using a fluorescence spectrometer (excitation: 670 nm), is
displayed in Figure 7a. The laser-treated MRSA alone displayed no fluorescence emission
(Figure 7b). When irradiation was applied, fluorescence from the materials on the bacterial
surface was observed (Figure 7c). After 60 s of irradiation, the bacteria exhibited severe
morphological damage. This behavior led to material desorption from the surface of the
bacteria and caused an apparent decrease in fluorescence (Figure 7d). The amino-N-GQDs
in this study also exhibited photostability, as indicated by their emission intensity after
exposure. This photostability resulted in reduced photobleaching (Figure 7e) and high
stability in physiological environments, even after 8 weeks (Table S6, which corresponds to
Figures S8 and S9). MRSA viability was determined by fluorescence and quantification
(Figure 8) [15]. After photoexcitation, the generated ROS required additional incubation
to effectively process the PDT action. The green fluorescence indicative of living bacteria
(Figure 8a) revealed that the bacteria exposed to laser treatment alone with 3 h of addi-
tional incubation were almost completely undamaged, which is consistent with the results
presented in Figures 6a and 7b. The photoexcited amino-N-GQD-AbLPS-treated bacteria
without additional incubation also showed nearly no damage (Figure 8b). After 3 h of
additional incubation, the same panel revealed that the dead bacteria were distinguishable
to an extent (represented by the red fluorescence in Figure 8c), which is consistent with
the results presented in Figures 6d and 7d. Bacterial viability was quantified for further
antimicrobial testing. The viability tests indicated almost complete elimination of the
material-treated bacteria (Figure 8d). Viability was also quantified using a CFU assay
(Figures 3b and S3b) to demonstrate the efficient antibacterial effect of the amino-N-GQDs
in PDT. No other photochemical activity (i.e., photothermal effect) after photoexcitation
was detected in this study.
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Figure 6. TEM images of (a) untreated MRSA; amino-N-GQD–Abprotein A-treated bacteria after (b) 3 
h and (c) 4 days of incubation; (d) material–Ab-treated bacteria after photoexcitation (0.07 W cm−2; 
Ex: 670 nm) for 60 s followed by 3 h of additional incubation to effectively process the photodynamic 
therapy (PDT) action. (e) MRSA viability (%) based on the viable count of material–Abprotein A-treated 
MRSA obtained using the CFU assay in a short excitation period with the same treatment. * p value 
obtained using the Student’s t test (* p < 0.05, ** p < 0.01, *** p < 0.001). Delivered dose: OD600 = ~0.05 
μg·mL−1 for bacteria and 0.5 μg·mL−1 for material–Abprotein A. Data are presented as mean ± SD (n = 6).  

Figure 6. TEM images of (a) untreated MRSA; amino-N-GQD–Abprotein A-treated bacteria after (b) 3 h
and (c) 4 days of incubation; (d) material–Ab-treated bacteria after photoexcitation (0.07 W cm−2; Ex:
670 nm) for 60 s followed by 3 h of additional incubation to effectively process the photodynamic
therapy (PDT) action. (e) MRSA viability (%) based on the viable count of material–Abprotein A-
treated MRSA obtained using the CFU assay in a short excitation period with the same treatment.
* p value obtained using the Student’s t test (* p < 0.05, ** p < 0.01, *** p < 0.001). Delivered dose:
OD600 = ~0.05 µg·mL−1 for bacteria and 0.5 µg·mL−1 for material–Abprotein A. Data are presented as
mean ± SD (n = 6).
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Figure 7. (a) Relative PL spectra of amino-N-GQDs exposed to one-photon excitation (Ex/Em: 
670/696 nm). Gray-level luminescence images of (b) untreated MRSA and (c,d) amino-N-GQD–Ab-
protein A-treated MRSA and material-treated bacteria after photoexcitation for 60 s (0.07 W cm−2; Ex: 
670 nm), respectively. On 3 h of additional incubation, the PDT action would be effectively pro-
cessed. (e) Photostability assessment results. For emission wavelengths of 675–900 nm and as a func-
tion of exposure time (0−60 s), the relative intensity of the integrated area is almost constant, indi-
cating high photostability. Delivered dose: OD600 = ~0.05 μg·mL−1 for bacteria and 0.5 μg·mL−1 for 
material–Abprotein A. Scale bar: 50 μm.  

Figure 7. (a) Relative PL spectra of amino-N-GQDs exposed to one-photon excitation (Ex/Em: 670/696 nm). Gray-level
luminescence images of (b) untreated MRSA and (c,d) amino-N-GQD–Abprotein A-treated MRSA and material-treated
bacteria after photoexcitation for 60 s (0.07 W cm−2; Ex: 670 nm), respectively. On 3 h of additional incubation, the PDT
action would be effectively processed. (e) Photostability assessment results. For emission wavelengths of 675–900 nm
and as a function of exposure time (0−60 s), the relative intensity of the integrated area is almost constant, indicating
high photostability. Delivered dose: OD600 = ~0.05 µg·mL−1 for bacteria and 0.5 µg·mL−1 for material–Abprotein A.
Scale bar: 50 µm.
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Figure 8. Images obtained after 60-s laser photoexcitation exposure (0.07 W·cm−2; Ex: 670 nm) of (a) 
bacteria alone with 3 h of additional incubation, and amino-N-GQD-Abprotein A-treated MRSA (b) 
without additional incubation, and (c) with 3 h of additional incubation. The LIVE/DEAD kit was 
used to stain bacteria before images were captured. (d) Viability (%) determination results. For the 
percentages of live and dead bacteria, *** p < 0.001. * p value was obtained using the Student’s t test 
(* p < 0.05, ** p < 0.01, *** p < 0.001). Delivered dose: OD600 = ~0.05 μg·mL−1 for bacteria and 0.5 μg·mL−1 
for material–Abprotein A. Data are presented as mean ± SD (n = 6). Scale bar: 50 μm. 

3. Materials and Methods 
3.1. Laser Exposure 

A continuous-wave diode laser at 670 nm (Coherent, Inc., Santa Clara, CA, USA) was 
used for the laser irradiation experiments. Material–Ab (0.5 μg·mL−1) was treated with 
MRSA or E. coli (OD600 = ~0.05) and placed in a 96-well cell culture plate (Catalog number 
174925, Thermo Fisher Scientific, Waltham, MA, USA). Thereafter, the material–Ab-
treated-MRSA or -E. coli was incubated at 37 °C in the dark. The laser was focused and 
irradiated on the sample. Relevant experiments were then conducted. 

3.2. Singlet Oxygen Quantum Yield (ΦΔ) Measurement 
ΦΔ was obtained from a previous study. ΦΔ measurements were conducted in D2O at 

355 nm using meso-tetra (4-sulfonatophenyl) porphine dihydrochloride (CAS number 
139050-15-0, Sigma Aldrich Co., St Louis, MO, USA) as a reference (ΦΔ = 0.64) [18]. 

3.3. PL QY Measurement 
The PL QY of the contrast agent is usually the ratio of the emitted photons to the 
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Figure 8. Images obtained after 60-s laser photoexcitation exposure (0.07 W·cm−2; Ex: 670 nm) of (a) bacteria alone with
3 h of additional incubation, and amino-N-GQD-Abprotein A-treated MRSA (b) without additional incubation, and (c) with
3 h of additional incubation. The LIVE/DEAD kit was used to stain bacteria before images were captured. (d) Viability
(%) determination results. For the percentages of live and dead bacteria, *** p < 0.001. * p value was obtained using the
Student’s t test (* p < 0.05, ** p < 0.01, *** p < 0.001). Delivered dose: OD600 = ~0.05 µg·mL−1 for bacteria and 0.5 µg·mL−1

for material–Abprotein A. Data are presented as mean ± SD (n = 6). Scale bar: 50 µm.

3. Materials and Methods
3.1. Laser Exposure

A continuous-wave diode laser at 670 nm (Coherent, Inc., Santa Clara, CA, USA) was
used for the laser irradiation experiments. Material–Ab (0.5 µg·mL−1) was treated with
MRSA or E. coli (OD600 = ~0.05) and placed in a 96-well cell culture plate (Catalog number
174925, Thermo Fisher Scientific, Waltham, MA, USA). Thereafter, the material–Ab-treated-
MRSA or -E. coli was incubated at 37 ◦C in the dark. The laser was focused and irradiated
on the sample. Relevant experiments were then conducted.

3.2. Singlet Oxygen Quantum Yield (Φ∆) Measurement

Φ∆ was obtained from a previous study. Φ∆ measurements were conducted in D2O
at 355 nm using meso-tetra (4-sulfonatophenyl) porphine dihydrochloride (CAS number
139050-15-0, Sigma Aldrich Co., St. Louis, MO, USA) as a reference (Φ∆ = 0.64) [18].

3.3. PL QY Measurement

The PL QY of the contrast agent is usually the ratio of the emitted photons to the
absorbed photons, and is calculated as follows:

QY = QYre f

(
η2/η2

re f

)
(I/A)

(
Are f /Ire f

)
(1)
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where QYref is the QY of Cy5.5 (CAS number 2260669-71-2, Thermo Fisher Scientific,
Waltham, MA, USA) dissolved in dimethyl sulfoxide (DMSO) as a reference, η is the
refractive index of ddH2O = 1.3333 (ηref of DMSO = 1.479), A is the absorbance at the
excitation wavelength, and I is the integrated PL intensity.

All Materials and Methods for this article can be found in the Supplementary Materials.

4. Conclusions

GQDs have been utilized in numerous research fields. However, their use as PSs
to directly generate ROS has not received much attention. In this study, we fabricated
amino-N-GQDs. The amino-N-GQDs could generate ROS and were effectively used in
PDT to eliminate the Gram-positive MDR bacteria, MRSA, at low energy levels within an
extremely short photoexcitation period. Amino-N-GQDs have properties, such as high
absorption efficiency, strong luminescence, and high stability, making them promising
contrast agents for use in biological specimens. Consequently, amino-N-GQDs can be
used to perform dual-modality PDT and bioimaging, providing an alternative means for
efficiently managing malignant and MDR species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22189695/s1.
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Abstract: Apical periodontitis, an inflammatory lesion causing bone resorption around the apex
of teeth, is treated by eradicating infectious bacteria from the root canal. However, it has a high
recurrence rate and often requires retreatment. We investigated the bactericidal effect of antimi-
crobial photodynamic therapy (aPDT)/photodynamic antimicrobial chemotherapy (PACT) using
indocyanine green (ICG)-loaded nanospheres coated with chitosan and a diode laser on a biofilm of
Enterococcus faecalis, a pathogen of refractory apical periodontitis. Biofilm of E. faecalis was cultured
in a porcine infected root canal model. ICG solution was injected into the root canal, which was
then irradiated with a laser (810 nm wavelength) from outside the root canal. The bactericidal
effect was evaluated by colony counts and scanning electron microscopy. The result of the colony
counts showed a maximum 1.89 log reduction after irradiation at 2.1 W for 5 min. The temperature
rise during aPDT/PACT was confirmed to be within a safe range. Furthermore, the light energy
transmittance through the root was at a peak approximately 1 min after the start of irradiation,
indicating that most of the ICG in the root canal was consumed. This study shows that aPDT/PACT
can suppress E. faecalis in infected root canals with high efficiency.

Keywords: antimicrobial photodynamic therapy; indocyanine green; endodontics; Enterococcus
faecalis

1. Introduction

Antimicrobial photodynamic therapy (aPDT)/photodynamic antimicrobial chemother-
apy (PACT) has been attracting attention as a promising method to eradicate pathogens
from infectious lesions [1–3]. In theory with aPDT/PACT, reactive oxygen species (ROS),
which are produced by irradiating light on a photosensitizer, demonstrate a bactericidal
effect and suppress tissue infection. More specifically, the light-irradiated photosensitizer
absorbs light energy and transitions to an excited singlet state in which the energy is en-
hanced. Because this state is unstable, most photosensitizers emit fluorescence and return
to the ground state, but some transition to a triplet state because of the intersystem crossing
of energy. When energy is transferred from a photosensitizer in a triplet state to a nearby
triplet oxygen, the triplet oxygen is excited and becomes a singlet oxygen. This singlet
oxygen destroys bacteria in infectious lesions [1,4,5]. In recent years, the drug resistance
of bacteria caused by the overuse of antibiotics in the treatment of infectious diseases
has become a serious problem. Therefore, the clinical application of aPDT/PACT, which
can prevent the development of drug-resistant bacteria, has advanced as an alternative to
antibacterial agents [6]. Other reported characteristics of aPDT/PACT include the suppres-
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sion of endotoxin and protease activity, biological effects such as the anti-inflammatory
benefits of the light itself, and the absence of side effects such as tissue damage.

Dentistry, along with dermatology, is a field in which aPDT/PACT is actively used [7].
A wide range of research has been conducted on periodontal treatment, treatment of peri-
implantitis, endodontic treatment, treatment of tooth extraction sockets, and applications
in oral cleaning [8–11]. aPDT/PACT has already been commercialized, and clinical ap-
plications continue to be developed in some countries. Methylene Blue (MB) [12,13] and
Toluidine Blue O (TBO) [14,15] are currently used as photosensitizers, but there is still
room for improvement in the extent of their bactericidal effect and their effect against
biofilm, and basic research seeking more effective photosensitizers for dental applications
is currently being conducted.

Endodontic disease and periodontal disease both cause destruction of periapical and
periodontal tissue, including alveolar bone, and are major causes of tooth loss. Apical
periodontitis, which is an endodontic disease that develops with the progress of dental
caries, greatly affects the preservation of teeth. For the treatment of this disease, the
infected root canal is typically disinfected as much as possible using sodium hypochlorite
and calcium hydroxide. However, these medicaments have safety issues because they
are strongly alkaline, and therefore an alternative method is needed. Additionally, the
success rate of treatment even by specialists is reported to be only 70% or less because
of the complexity of the root canal shape and the presence of bacteria that are difficult to
eliminate and which may recur [16]. Enterococcus faecalis is strongly suspected to be related
to refractory apical periodontitis, and this Gram-positive pathogen that remains in the root
canal after endodontic treatment is thought to be one of the causes of recurrence [17].

Because sterilization of the root canal greatly affects the success or failure of infected
root canal treatment, various medicaments have been studied. Sodium hypochlorite,
which has been widely used in the past, is still an indispensable and effective medicament
for chemical cleaning of root canals; however, safety problems such as serious medical
accidents caused by misuse have been reported [18,19]. Calcium hydroxide, which is used
as a disinfectant, is associated with misuse accidents [20], a low bactericidal effect for
some bacterial species, and difficulty in use for root canal treatment of teeth requiring
pulp regeneration treatment. Therefore, the development of a safe root canal cleaning
method that does not use sodium hypochlorite or calcium hydroxide is important, and
aPDT/PACT is considered to be a promising alternative treatment.

In endodontic aPDT/PACT, in addition to MB, TBO, Rose Bengal (RB), and curcumin
(CUR), indocyanine green (ICG) has been used as a photosensitizer, and many studies
have investigated the application of these photosensitizers to cleaning and disinfecting root
canals for their bactericidal and antibiofilm effects. As for photosensitizers other than those,
aPDT/PACT with porphyrin and chlorin has been reported to be effective against E. faecalis
biofilm, suppressing the maturation, and phthalocyanine was also found to be as effective
as conventional aPDT/PACT at a low concentration against E. faecalis biofilms [21–23]. ICG
is a photosensitizer that is considered to be safe for use in humans, with relatively good
results reported for its use in endodontic treatment [24]. Pourhajibagher et al. reported that
ICG has high antimicrobial activity on biofilms compared with other photosensitizers [25].
Furthermore, some studies have reported that the dosage of ICG could be adjusted to
further enhance the bactericidal activity for endodontic pathogens or other bacteria [26,27].
However, because the number of studies is still small and the experimental conditions of
such studies including the concentration and dosage of the photosensitizer, the type of
light source, and the irradiation method differ, the consensus on the effectiveness of ICG is
still unclear.

In recent years, we have been developing an aPDT/PACT system using ICG and a
diode laser to treat marginal periodontitis [28–30]. One feature of our method is the use of
ICG-loaded nanospheres coated with chitosan (ICG-Nano/c) as the original dosage form
of a photosensitizer. The theory behind this method is that the chitosan coating would
positively charge the photosensitizers and improve their binding to negatively charged
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bacteria. In this study, we conducted basic research investigating the bactericidal effect of
this aPDT/PACT system against E. faecalis biofilm, assuming future clinical applications.
Other notable features of this study are the creation of an infected root canal model to
reproduce the biofilm environment and irradiation of laser light from outside the root
canal orifice to improve safety compared with conventional intra-root-canal irradiation.
The effect on the biofilm, the temperature change of the root surface, and changes in the
intensity of the laser light at the apex were evaluated.

2. Results
2.1. Bactericidal Effects aPDT/PACT with ICG-Nano/c on Planktonic E. faecalis

First, the bactericidal effect of the aPDT/PACT system using ICG-Nano/c on plank-
tonic E. faecalis was confirmed by colony counts. Because a bactericidal effect of 99% or
more was observed for planktonic P. gingivalis with 1 min laser irradiation at a peak output
power of 0.7 W (0.49 W/cm2) in previous studies using the current laser equipment, the
same output was used to investigate the bactericidal effect on E. faecalis. When the irradia-
tion time was 1 min, only approximately an 80.6% bactericidal effect was observed (0.71 log
reduction), but 99.4% of the bacteria were killed in 3 min (2.21 log reduction), and 99.8%
were killed in 5 min (2.76 log reduction) (Figure 1A and Table A1a). Next, the bactericidal
effect was evaluated under varied irradiation outputs. When the output was doubled
or tripled, a significant decrease in the number of detected bacteria was observed in a
power-dependent manner (Figure 1B and Table A1b). The effects were 1.99 log reduction
(98.9% killing) at 0.7 W, 5.18 (99.9993%) at 1.4 W (0.98 W/cm2), and 5.96 (99.99989%) at
2.1 W (1.46 W/cm2).
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Figure 1. Bactericidal effect of aPDT/PACT using ICG-Nano/c on planktonic E. faecalis. (A) Bactericidal effect with irradi-
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Figure 1. Bactericidal effect of aPDT/PACT using ICG-Nano/c on planktonic E. faecalis. (A) Bactericidal effect with
irradiation of different durations (1, 3, and 5 min) indicated by viable colony counts. The diode laser was applied with a
0.7 W peak power output without air-cooling. (B) Comparison of the bactericidal effect with different irradiation powers
(0.7, 1.4, and 2.1 W (0.49, 0.98 and 1.46 W/cm2)). The laser operated for 5 min without air-cooling. Data are presented as the
mean ± standard deviation. Asterisks (*) denote p < 0.05 (n = 3).

To confirm that this bactericidal effect was due to aPDT/PACT, a comparison of the
effect was made between groups with and without photosensitizers (Figure 2 and Table A2).
While a significant decrease in the number of colony-forming units (CFUs) was observed
in the aPDT/PACT group with photosensitizers, there was no bactericidal effect in the
laser alone group without photosensitizers (Figure 2A). Additionally, we confirmed if
the bactericidal effect was influenced by heat caused by the laser irradiation. As shown
in Figure 2B, a sufficient bactericidal effect was observed when the laser was used with
air-cooling to reduce the effects of heat. There was a 4.38 log reduction (99.996% killing)
with irradiation at 2.1 W for 5 min.

209



Int. J. Mol. Sci. 2021, 22, 8384Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 17 
 

 

  

(A) (B) 

Figure 2. Confirmation that the bactericidal effect is due to aPDT/PACT. (A) Comparison of bactericidal effects with and 

without photosensitizers. The laser was applied at 2.1 W (1.46 W/cm2) for 5 min without air-cooling. A sufficient bacteri-

cidal effect could not be obtained in the absence of photosensitizers. (B) Bactericidal effect with air-cooling (2 L/min). A 

marked bactericidal effect was obtained, even when air-cooling reduced the effect of heat. Data are presented as mean ± 

standard deviation. Asterisks (*) denote p < 0.05 (n = 3). 

2.2. Bactericidal Effects on E. faecalis Biofilm in the Infected Root Canal Model 

To verify the effect of aPDT/PACT in a biologically similar environment, an infected 

root canal model with an E. faecalis biofilm was prepared, and the sterilization experiment 

was performed. As shown in Figure 3 and Table A3, the number of bacteria detected in 

the root canals of the model was significantly lower in both aPDT/PACT groups than in 

the control group. A 1.89 log reduction (98.7%) was observed when the power of the irra-

diated laser was 2.1 W (1.46 W/cm2), while a 1.21 log reduction (93.9% killing) was ob-

tained at 0.7 W (0.49 W/cm2) irradiation. 

 

Figure 3. Bactericidal effect on E. faecalis biofilm in an infected root canal model. Lasers with dif-

ferent powers (0.7 W and 2.1 W (0.49 and 1.46 W/cm2)) were applied for 5 min with air-cooling. A 

marked bactericidal effect was observed at 2.1 W irradiation. Data are presented as the mean ± 

standard deviation. Asterisks (*) denote p < 0.05 (n = 3). 

2.3. Scanning Electron Microscopy (SEM) Observations of E. faecalis Biofilm on Dentin Blocks 

after Treatment 

An SEM image of the E. faecalis biofilm formed on a dentin block is shown in Figure 

4A. The biofilm, which is composed of bacterial cells and extracellular polymeric sub-

stances, appeared to be spread in a thick sheet form covering the dentinal tubules. Figure 

4B, C shows the images after aPDT/PACT. The biofilm appeared to be thinner and less 

abundant, and the dentinal tubules were exposed, but the morphology of the bacterial 

cells could still be confirmed. Furthermore, the nanoparticles of the photosensitizer were 

also observed to adhere to and aggregate with the remaining biofilm. The thinnest biofilm 

Figure 2. Confirmation that the bactericidal effect is due to aPDT/PACT. (A) Comparison of bactericidal effects with and
without photosensitizers. The laser was applied at 2.1 W (1.46 W/cm2) for 5 min without air-cooling. A sufficient bactericidal
effect could not be obtained in the absence of photosensitizers. (B) Bactericidal effect with air-cooling (2 L/min). A marked
bactericidal effect was obtained, even when air-cooling reduced the effect of heat. Data are presented as mean ± standard
deviation. Asterisks (*) denote p < 0.05 (n = 3).

2.2. Bactericidal Effects on E. faecalis Biofilm in the Infected Root Canal Model

To verify the effect of aPDT/PACT in a biologically similar environment, an infected
root canal model with an E. faecalis biofilm was prepared, and the sterilization experiment
was performed. As shown in Figure 3 and Table A3, the number of bacteria detected in the
root canals of the model was significantly lower in both aPDT/PACT groups than in the
control group. A 1.89 log reduction (98.7%) was observed when the power of the irradiated
laser was 2.1 W (1.46 W/cm2), while a 1.21 log reduction (93.9% killing) was obtained at
0.7 W (0.49 W/cm2) irradiation.
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Figure 3. Bactericidal effect on E. faecalis biofilm in an infected root canal model. Lasers with different
powers (0.7 W and 2.1 W (0.49 and 1.46 W/cm2)) were applied for 5 min with air-cooling. A marked
bactericidal effect was observed at 2.1 W irradiation. Data are presented as the mean ± standard
deviation. Asterisks (*) denote p < 0.05 (n = 3).

2.3. Scanning Electron Microscopy (SEM) Observations of E. faecalis Biofilm on Dentin Blocks
after Treatment

An SEM image of the E. faecalis biofilm formed on a dentin block is shown in Figure 4A.
The biofilm, which is composed of bacterial cells and extracellular polymeric substances,
appeared to be spread in a thick sheet form covering the dentinal tubules. Figure 4B,C
shows the images after aPDT/PACT. The biofilm appeared to be thinner and less abundant,
and the dentinal tubules were exposed, but the morphology of the bacterial cells could still
be confirmed. Furthermore, the nanoparticles of the photosensitizer were also observed to
adhere to and aggregate with the remaining biofilm. The thinnest biofilm was observed in
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blocks treated with NaOCl, where the dentinal tubules could be clearly visualized in the
blocks (Figure 4D).
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Figure 4. Scanning electron microscope images of E. faecalis biofilm after aPDT/PACT and NaOCl
treatments. (A) Biofilm without irradiation is shown as a control. (B) Biofilm after aPDT/PACT with
laser irradiation at 0.7 W. (C) Biofilm after aPDT/PACT with laser irradiation at 2.1 W (1.46 W/cm2).
(D) Biofilm after treatment with NaOCl. All images are displayed at a magnification of ×5000. The
length of the bar represents 1 µm.

2.4. Effect of Cooling on Temperature Elevation of the Root Surface during Laser Irradiation

For future clinical application of this aPDT/PACT system to human root canals, it is
necessary to avoid damage to the tissues around the roots caused by heat generated by
the laser irradiation. The temperature elevation of the root surface of extracted teeth was
investigated with air-cooling and intermittent irradiation (Figure 5). When aPDT/PACT
using a photosensitizer was performed with an output power of 2.1 W (1.46 W/cm2)
without cooling, the temperature of the root surface increased by up to 15 ◦C. However,
with cooling of the root surface at the same output, the maximum elevation in temperature
was 8 ◦C. The maximum elevation in temperature was reached 60 s after the start of
irradiation and then gradually decreased. However, when the root canal was filled with
physiological saline without a photosensitizer, the temperature rose only 2.5 ◦C even when
irradiated at 2.1 W. The temperature rose to the same level as when saline was used at
0.7 W.

2.5. Measurement of the Light Energy Transmitted through the Tooth Root

In aPDT/PACT, a singlet oxygen is generated by adding light energy to the photo-
sensitizer pigment. However, when the photosensitizer is exposed to light, the pigment is
thought to gradually decompose, and its function as a photosensitizer is diminished. In the
aPDT/PACT method used in this study, a photosensitizer was injected into the root canal,
and then light was irradiated from outside the orifice of the root canal. The light is mostly
absorbed by the photosensitizer in the root canal and the dentin of the root canal wall but
partly passes through the root. As the pigment is decomposed by light, the light energy
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absorbed by the photosensitizer decreases, and as a result, energy transmitted through the
tooth root increases.
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Figure 5. Temperature transitions on the root surface of extracted human teeth during laser irradiation. In the group without
air-cooling, the laser was applied continuously for 5 min. In the air-cooled groups, the laser operated intermittently for
5 min with a 10 s rest period every minute. The average of the highest temperatures within a heat distribution captured by
thermography is indicated in the polygonal line graph (n = 5).

Therefore, the change in energy transmitted through the tooth root was measured
during irradiation for 5 min to investigate whether the pigment decomposed (Figure 6A).
Less energy was transmitted through the roots when the root canal was filled with saline
than when the root canal was empty. At 5 s after irradiation, the level of energy that
was transmitted through the root filled with ICG-Nano/c was approximately half of that
transmitted through the root filled with saline. The level of energy that was transmitted
gradually increased and was approximately equal to that of the control at 60 s (Figure 6B).
Measurements were taken up to 340 s (a total of 5 min irradiation and 40 s rest), and the
amount of transmitted energy was almost flat after 140 s (Figure A1).
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3. Discussion

In this study, we investigated the bactericidal effect of aPDT/PACT using ICG-Nano/c
on E. faecalis, a widely known pathogen of endodontic lesions such as refractory apical
periodontitis. E. faecalis is also a pathogen of urinary tract infections [31], and its broad
spectrum of resistance to antibiotics such as vancomycin is regarded as a public health
problem [32]. Genomic analysis of vancomycin-resistant strains revealed that E. faecalis de-
velops drug resistance by horizontal gene transfer mechanisms including transposons [33].
Therefore, sterilization methods that do not rely on antibiotics are required for the extermi-
nation of this bacteria. Our aPDT/PACT method showed a sufficient bactericidal effect on
E. faecalis without dependence on antibacterial agents, which is of clinical significance.

The bactericidal effect on planktonic bacteria was investigated in relation to the ir-
radiation energy and irradiation time. Our previous studies on a pathogen of marginal
periodontitis confirmed that the aPDT/PACT method has a bactericidal effect of a 2 log
reduction (1 min) to a 5 log reduction (5 min) against planktonic cells of Porphyromonas gin-
givalis [28]. However, when testing the bactericidal effects on planktonic cells of E. faecalis
with the same output (0.7 W, duty cycle of 50%, 0.49 W/cm2) in this study, the effect was
less than a 1 log reduction at 1 min and approximately a 2 log reduction even at 5 min; this
was considered to be weaker than the effect on P. gingivalis. Therefore, when the energy
output of the laser was increased to three times the original setting (2.1 W, 1.46 W/cm2), the
same level of bactericidal effect as on P. gingivalis could be obtained. The reason why higher
energy was required to exert a sufficient bactericidal effect on E. faecalis is considered to
be related to the difference in the antioxidative mechanisms of both bacteria. E. faecalis is
a Gram-positive facultative anaerobic bacterium, which is more resistant to oxygen than
Gram-negative obligate anaerobic bacteria such as P. gingivalis, and numerous antioxidative
enzymes have been identified in E. faecalis [34]. E. faecalis possesses manganese-containing
superoxide dismutase, which is a classical ROS scavenging enzyme [35], and catalase of
E. faecalis converts hydrogen peroxide to water and oxygen in a heme-dependent man-
ner [36]. Additionally, E. faecalis is known to produce extracellular free radicals and exert
pathogenicity [37]. Thus, because E. faecalis has various functions to resist oxidative stress,
a higher output than that for P. gingivalis may have been required to achieve a sufficient
bactericidal effect.

Many previous studies have focused on the bactericidal effect of aPDT/PACT against
monospecies biofilms of E. faecalis, with variable results. Zand et al. reported that no living
bacteria were detected in the biofilm-formed dentin block after aPDT/PACT treatment
with TB [38]. Kishen et al. showed a bactericidal effect of a 5 log reduction by aPDT/PACT
using MB and RB [39], and Akbari et al. showed a 2.81 log reduction with nanographene
oxide including ICG [27]. However, a number of studies have reported that the bactericidal
effect of aPDT/PACT on E. faecalis biofilm was less than 90%. According to Oda et al.,
aPDT/PACT with MB and CUR resulted in detection rates of living bacteria of 29.80% and
26.20%, respectively [40]. Golmohamadpour et al. applied three types of metal–organic
frameworks including ICG for aPDT/PACT, resulting in detection rates of living bacteria
from 45.12% to 62.67% [41]. Furthermore, potassium iodide-potentiated PDT with MB
and RB increased bactericidal effects to 86.50% and 91.50%, respectively, in a study by
Li et al. [42]. In this study, we used aPDT/PACT with ICG-Nano/c in an infected root
canal model consisting of an E. faecalis monospecies biofilm in root canals. We detected a
significant decrease in bacterial count, with a bactericidal effect of 98.7% (1.89 log reduction)
(Figure 3). Because of differences in methodologies such as laser conditions, analysis
methods, and biofilm production, a simple comparison of studies cannot be easily made,
but it is apparent that aPDT/PACT with ICG-Nano/c produces a significant bactericidal
effect. However, the bactericidal effect in our study did not exceed 99%. It was previously
reported that mature (weeks old) biofilms experience a significantly lower bactericidal
effect compared with immature (days old) biofilms [43]. Because we used an infected root
canal model that involves a 3-week-old biofilm, the maturation of the biofilm may have
impacted the extent of the bactericidal effect of aPDT/PACT.
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Although quantitative measurement was not performed, we were able to observe an
apparent biofilm reduction on SEM images (Figure 4). Extracellular polymeric substances
form at least 90% of the total biofilm mass and enhance the structural complexity and
strength of the biofilm [44]. Hence, extracellular polymeric substances are among the first
lines of defense against antibiotic and biocide diffusion and thus reduce photosensitizer
penetration. Various components of extracellular polymeric substances are subject to attack
by ROS [45], which form from aPDT/PACT. The effect of ROS damage to the E. faecalis
biofilm is evidenced by SEM imaging [46]. Chitosan can also damage the extracellular
polymeric substances and disrupt the structure of biofilm [47]. Thus, it can be hypothesized
that the chitosan in ICG-Nano/c and the ROS resulting from irradiation cause damage to
the extracellular polymeric substances in biofilm.

The laser output used in aPDT/PACT on the E. faecalis biofilm was 2.1 W (duty cycle
of 50%, 1.46 W/cm2), which was higher than that of a commercially available general
aPDT/PACT system. It is known that ICG generates heat when excited by laser light [48].
Additionally, because laser light barely passes through the root dentin, the energy absorbed
by dentin is converted into heat at a high rate. Therefore, the irradiated site was air-
cooled to avoid heat injury, in consideration of future clinical applications. Previous
research focusing on the temperature increase of the root canal surface caused by the
vertical condensation root canal filling technique [49,50] and on the effect of elevated bone
temperatures on living organisms [51] has established that a 10 ◦C increase in the root
surface temperature may damage the periodontal tissues, cementum, periodontal ligament,
and alveolar bone. In this study, we found that the temperature of the root surface reached
a maximum at 60 s after irradiation in aPDT/PACT, but even the maximum output of
2.1 W averaged a temperature increase of only 8 ◦C. Additionally, after the maximum
temperature elevation was observed, the temperature dropped immediately as a result
of the 10-s resting time and air-cooling. Furthermore, the temperature of the root surface
gradually decreased. These results are within the critical temperature elevation range of
10 ◦C. Therefore, little damage would have been sustained by the periodontal tissue given
that the maximum temperature range lasted only 10–20 s.

When the empty root canal was irradiated with a laser, 0.06 W of energy was transmit-
ted through the root (Figure 6). Because the irradiation energy was set to a peak output of
2.1 W and a duty cycle of 50%, the theoretical average energy irradiated on the root was
1.05 W. Therefore, approximately 94% of the energy was absorbed by the root dentin. In
the root canals filled with ICG-Nano/c solution, the transmitted energy of the laser was
0.02 W at 5 s after the start of irradiation but gradually increased thereafter to 0.04 W at
1 min. This was almost the same value as when physiological saline was placed in the
root canal. This result indicates that the ICG-Nano/c absorbed laser energy immediately
after the start of irradiation, but the absorbance decreased over time. ICG decomposes in
light [52]. The polymethine chain of ICG exposed to light forms a dioxane ring producing
singlet oxygen, which is further decomposed into a carbonylated molecule. Therefore, the
decrease in energy absorption is thought to be caused by the decomposition of ICG-Nano/c
in the laser light, and its function as a photosensitizer is gradually lost. If most of the
photosensitizer in the root canal is consumed within 1 min of the start of irradiation, 5 min
of irradiation is longer than necessary. The reason why the bactericidal effect increased
in a time-dependent manner against the planktonic E. faecalis in Figure 1 may be that a
sufficient amount of photosensitizer was present around the bacteria. To establish a clinical
application of this method in the future, it will be necessary to investigate the bactericidal
effect under changing conditions, such as a smaller interval for the irradiation time and
multiple injections of photosensitizer.

Cleaning the root canal with hypochlorous acid produces high bactericidal activity,
and this medicament is still widely used today. In this study, hypochlorous acid showed a
high biofilm removal effect (Figure 4D). However, the outflow from the apical foramen is
regarded as a problem, and there is a demand for a safer method. Furthermore, conven-
tional aPDT/PACT for bacterial decontamination of root canals recommends inserting the
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tip of the optical probe into the root canal, which raises safety concerns. The advantage
of the method used in this study is that a high bactericidal effect equal to that of previous
studies can be obtained without inserting a probe into the root canal. Irradiation was
performed from 1 cm above the root canal orifice. It can be concluded that this method of
aPDT/PACT functions well without inserting the laser tip into the root canal, as evidenced
by the consumption of most of the photosensitizer injected into the root canal. Our findings
suggest that this method is safer than conventional methods.

One limitation of this study is that it only validates the bactericidal effect against a
single bacterial biofilm. Because biofilm usually consists of a complex bacterial population,
it is possible that the reaction in actual root canals may not be the same as in the case of a
single bacterial biofilm. Additionally, the effect of this method on apical periodontitis is
unclear because no clinical evaluation was conducted. In fact, as can be seen in Figure 4D,
our method shows less bactericidal effect than NaOCl. However, there is still room for
improvement in this method, such as multiple injections of photosensitizer, and many
problems remain to be solved to achieve clinical application. In our future research, we
plan to optimize the method and evaluate its effect in clinical studies.

4. Materials and Methods
4.1. Preparation of ICG-Nano/c

ICG-Nano/c was Prepared by the Emulsion Solvent diffusion method in oil [53],
following a protocol from Nagahara et al. [28].

4.2. Bacterial Strain

Enterococcus faecalis was used as the test organism because it is often found in persistent
and retreatment cases [54]. The E. faecalis ATCC 19,433 strain was grown aerobically on
brain–heart infusion (BHI) agar plates (Bacto; DIFCO Laboratories, Franklin Lakes, NJ,
USA) at 37 ◦C. Single colonies were then inoculated into BHI broth and cultured aerobically
to the mid-log phase at 37 ◦C. The number of bacteria was adjusted with sterilized saline
spectrophotometrically to a cell density of approximately 108 CFU per mL (optical density
of 0.1 at 600 nm) before subsequent experiments. To summarize, 5 mg of ICG (Ophthagreen;
Santen Pharmaceutical, Osaka, Japan), 100 mg of poly (lactic-co-glycolic acid), and 100 mg
of Span80 (Kanto Chemical Co., Inc., Tokyo, Japan) solution, which was dissolved in 3 mL
acetone and 1 mL of methanol, was added at 2 mL/minute to 100 mL of 2% hexaglycerin-
condensed ricinoleate containing triglyceride and n-hexane. The total mixture was stirred
at 35 ◦C for 3 h under a vacuum (400 rpm). It was then centrifuged to remove oil and
n-hexane. After centrifugation, nanospheres were mixed with 50 mL of a solution of 2%
poly-vinyl alcohol/0.5% chitosan to form a chitosan coating. The mixture was further
centrifuged at 26,960× g for 10 min at 4 ◦C. The nanosphere cluster was suspended in
mannitol solution to separate each particle and frozen at −45 ◦C for 2 h. Preparation of
ICG-Nano/c was completed by freeze-drying for 48 h. Properties of the produced ICG-
Nano/c were (1) it contained 5 mg/g ICG, (2) the average nanosphere size was 560 nm.
ICG-Nano/c solutions were freshly made in sterilized saline at 20 mg/mL and used at a
final concentration of 10 mg/mL.

4.3. Laser Application

LIGHTSURGE SQUARE (Osada, Tokyo, Japan) was used as a diode laser with a
central wavelength of 810 ± 20 nm that can output up to 3 W. Other features of this laser
are: (1) light is distributed through the fiber-optic applicator, (2) the diameter of the fiber
core is 600 µm, and (3) the spread angle of emitted light is 20.49◦. In this study, we set
it to a repeated pulse mode with a pulse width of 100 msec, 50% duty cycle, and used it
under various conditions (peak power outputs: 0.7–2.1 W, 0.49–1.46 W/cm2, irradiation
time: 1, 3, 5 min). The light probe was placed 10 mm above the surface of the samples. The
irradiation spot area was set to a diameter of 0.956 mm.
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4.4. Preparation of the Infected Root Canal Model

An infected root canal model was prepared using extracted porcine teeth (Figure 7).
Specifically, the roots of the first and second molars were separated and extracted, and
the root length was adjusted to 13 mm. The root canals were then cleaned and shaped
up to #60 with a K file (MANI, Inc., Utsunomiya, Japan) using conventional methods,
chemically cleaned with sodium hypochlorite solution and EDTA solution, and sterilized
in an autoclave. The apical foramen was closed with an immediate polymerization resin
(Ortho Crystal; JM Ortho, Tokyo, Japan) and fixed in a polymerase chain reaction tube. The
E. faecalis bacterial solution was inoculated into the root canal and cultured at 37 ◦C for
21 days. During the culture period, the medium was changed three times a week.
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of the infected root canal model. (B) Photograph of the infected root canal model. The root was
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cleaned mechanically and chemically, and then the root was autoclaved before it was fixed in a PCR
tube with immediate polymerization resin. A bacterial solution of E. faecalis was inoculated in the
root canal and incubated for 21 days at 37 ◦C.

4.5. Bactericidal Assay on Planktonic Cells

The experimental group was treated with aPDT/PACT as follows: 100 µL of the
bacterial solution and 100 µL of the ICG-Nano/c solution prepared to 20 mg/mL with
sterile saline (ICG-Nano/c final concentration: 10 mg/mL) were added to a microtube
and irradiated with the laser at intensities of 0.7, 1.4, and 2.1 W for 1, 3, and 5 min. After
serial dilution, the total solution was spread on BHI agar plates, and a colony count was
performed. There were three samples per condition. Two control groups were set up
as follows: (1) a positive control group in which the same amount of sterile saline was
added instead of the ICG-Nano/c solution and no laser irradiation was performed and (2)
a laser alone group in which the same amount of sterile saline was added instead of the
ICG-Nano/c solution and laser irradiation was performed.

4.6. Bactericidal Assay on the Biofilm in the Infected Root Canal Model

Using the completed infected root canal model, the components of the medium were
washed away with 2 mL of sterile saline using a syringe (Terumo Syringe 2.5 mL SS-02SZ;
Terumo, Tokyo, Japan) and an irrigation needle (Nishika Rootclin Needle 23G; Nishika,
Yamaguchi, Japan). The root canals were then dried with paper points (#60) (Morita
Paper Point; J. MORITA CORP., Suita, Japan). ICG-Nano/c solution was added to the
experimental group (final concentration 10 mg/mL), and laser irradiation was performed
while blowing air (2 L/min) from a nozzle built into the tip of the light probe. The
irradiation intensities were 0.7 and 2.1 W. The irradiation time was 5 min, and irradiation
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was stopped for 10 s every minute. The two control groups were set up in the same way as
the assay for planktonic cells. Paper points (#55) were placed for 1 min in the root canals.
After the paper points were removed, serial dilution and colony counting were performed.
There were three samples per condition.

4.7. SEM Observations of Biofilm on Dentin Blocks after aPDT/PACT Treatment

A dentin block (5 mm × 5 mm × 2 mm) was prepared from extracted human teeth.
The block was chemically cleaned with sodium hypochlorite solution and EDTA solution,
sterilized in an autoclave, immersed in the E. faecalis bacterial solution, and cultured
aerobically at 37 ◦C for 21 days. After the block was washed with 5 mL of sterile saline using
a syringe, aPDT/PACT treatment was performed on the experimental group. Irradiation
was performed under the same conditions described in Section 4.6. Control groups were
also set up with the same conditions described in Section 4.6. As NaOCl treatment, dentin
blocks were placed in 3% NaOCl solution (Dental Antiformin; Nishika, Yamaguchi, Japan)
for 1 min.

The samples were washed with 5 mL of sterile saline and fixed with a mixture of 4%
paraformaldehyde and 5% glutaraldehyde for 24 h at 4 ◦C. The samples were washed again
in the same manner, dehydrated with an ascending ethanol series (50, 60, 70, 80, 90, 95,
100, 100%), replaced with t-butyl alcohol, and freeze-dried for 4 days using a freeze-dryer
(EYE4 FDS-1000 type; Tokyo Rika Kikai Co. Ltd., Tokyo, Japan). Subsequently, platinum
was vapor-deposited using a sputtering device (JUC-5000; JEOL, Tokyo, Japan), subjected
to conductive treatment, and observed under SEM (JXA-8530FA; JEOL).

4.8. Confirmation of the Cooling Effect on the Root Surface during Laser Irradiation

Two-thirds of the crowns of extracted human mandibular premolars were removed,
the pulp chamber was opened, and the root canals were cleaned and shaped up to #60 with
a K file using conventional methods. The root canals were chemically cleaned with sodium
hypochlorite solution and EDTA solution and sterilized in an autoclave as described above.
ICG-Nano/c solution (10 mg/mL) was injected into the root canals of the experimental
group, and sterile saline was injected into the root canals of the control group. Irradiation
was performed with or without air-cooling under the conditions described in Section 4.6.
During laser irradiation, the temperature of the tooth root surface was measured with a
thermographic camera (InfReC Thermo GEAR G100; Nippon Avionics, Yokohama, Japan)
at a shooting distance of 15 cm. The minimum detection limit was 270 µm at this shooting
distance. The frame time was 60 Hz and thermal images were recorded every 10 s.

4.9. Measurement of the Light Energy Transmitted through the Tooth Root

Tooth root samples were prepared as described in Section 4.8. A laser irradiated
the samples from the top of the roots, and the transmitted light that passed through the
root was measured with a power meter (Nova; Ophir Optronics Solutions Ltd., Jerusalem,
Israel) set at the apex. ICG-Nano/c solution (10 mg/mL) was injected into the root canals
of the experimental group, and sterile saline was injected into the root canals of the control
group. The tip of the laser probe was placed above the upper edge of the root canal so
that the guide circle was matched to the outer circumference of the root. The irradiation
conditions were the same as described in Section 4.6. The value displayed on the power
meter was recorded every 5 s.

4.10. Statistical Analysis

The data were tested for normality (Shapiro–Wilk and Kolmogorov–Smirnov), and
a normal distribution was confirmed. Therefore, the data were further analyzed with a
parametric test (Tukey’s test) to compare irradiation conditions and CFU counts, using
SPSS v15.0 (IBM, Armonk, NY) with significance accepted at p < 0.05.

217



Int. J. Mol. Sci. 2021, 22, 8384

5. Conclusions

In this in vitro study, we present an aPDT/PACT method using ICG-loaded nanospheres
coated with chitosan for the treatment of infected root canals. We produced a biofilm
of the endodontic pathogen E. faecalis in an infected root canal model and examined
the bactericidal effect on the biofilm. Our results showed that the viable cell counts of
E. faecalis were reduced by more than 98% without an unsafe temperature rise in the root.
Morphological observation by SEM confirmed a clear reduction of biofilm on the dentin
block, but the removal was not complete. The laser light transmitted through the roots
increased over time and had almost reached a maximum at 1 min, likely because of the
consumption of photosensitizer in the root canal. For future clinical application of this
method, it will be necessary to improve the bactericidal activity, perhaps by injecting the
photosensitizer multiple times.
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Appendix A

The tables below show the actual values of data indicated in Figures 1–3.

Table A1. Bactericidal effect of aPDT/PACT using ICG-Nano/c on planktonic E. faecalis. Actual
values of data indicated in Figure 1 are shown. (a) Bactericidal effect with irradiation of different dura-
tions. The diode laser was applied with 0.7 W peak power output without air-cooling. (b) Bactericidal
effect with different irradiation powers. The laser operated for 5 min without air-cooling.

a Control 1 min, 0.7 W 3 min, 0.7 W 5 min, 0.7 W

CFU/mL Average 1.19 × 108 2.31 × 107 7.33 × 105 2.00 × 105

SD 0.18 × 108 0.41 × 107 3.05 × 105 2.00 × 105

log10 8.07 7.36 5.87 5.3
log reduction 0.71 2.21 2.77
% reduction 80.59 99.38 99.83

b Control 0.7 W, 5 min 1.4 W, 5 min 2.1 W, 5 min

CFU/mL Average 1.21 × 109 2.31 × 107 8.00 × 103 1.33 × 103

SD 0.26 × 109 0.41 × 107 7.21 × 103 0.41 × 103

log10 9.09 7.10 3.90 3.12
log reduction 1.99 5.18 5.96
% reduction 98.98 99.9993 99.99989
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Table A2. Confirmation that the bactericidal effect is due to aPDT/PACT. Actual values of data indi-
cated in Figure 2 are shown. (a) Comparison of bactericidal effects with and without photosensitizers.
The laser was applied at 2.1 W for 5 min without air-cooling. (b) Bactericidal effect with air-cooling
(2 L/min). The laser was applied for 5 min.

a Control Laser Only ICG-Nano/C
with Laser

CFU/mL Average 5.58 × 108 8.29 × 108 3.33 × 102

SD 3.50 × 108 1.65 × 108 1.15 × 102

log10 8.74 8.92 2.52
log reduction −0.17 6.22
% reduction −48.4 99.99994

b Control 0.7 W, 5 min 2.1 W, 5 min

CFU/mL Average 8.00 × 107 4.80 × 106 3.27 × 103

SD 1.69 × 107 2.98 × 106 3.12 × 103

log10 7.9 6.88 3.51
log reduction 1.22 4.38
% reduction 94.0 99.9959

Table A3. Bactericidal effect of aPDT/PACT with IGC-Nano/c on E. faecalis biofilm in an infected
root canal model. Actual values of data indicated in Figure 3 are shown. Lasers with different powers
were applied for 5 min with air-cooling.

Control 0.7 W, 5 min 2.1 W, 5 min

CFU/mL Average 2.63 × 105 1.60 × 104 3.40 × 103

SD 1.46 × 105 0.4 × 108 2.15 × 103

log10 5.42 4.2 3.53
log reduction 1.21 1.88
% reduction 93.93 98.70
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Abstract: The tremendous therapeutic potential of photobiomodulation therapy in different branches
of medicine has been described in the literature. One of the molecular mechanisms for this treatment
implicates the mitochondrial enzyme, cytochrome C oxidase. However, the efficacy and consistency
of clinical outcomes with photobiomodulation treatments has been fiercely debated. This work
was motivated by this need to improve photobiomodulation devices and delivery approaches. We
designed a novel hand-piece with a flat-top beam profile of irradiation. We compared the beam profile
versus a standard hand-piece and a fibre probe. We utilized isolated mitochondria and performed
treatments at various spots within the beam, namely, the centre, left and right edge. We examined
mitochondrial activity by assessing ATP synthesis with the luciferin/luciferase chemiluminescent
method as a primary endpoint, while mitochondrial damage was assessed as the secondary endpoint.
We observed a uniform distribution of the power density with the flat-top prototype compared
to a wide Gaussian beam profile with the standard fibre and standard hand-piece. We noted
increased production of ATP in the centre of all three beams with respect to the non-treated controls
(p < 0.05). Both the fibre and standard hand-piece demonstrated less increase in ATP synthesis at
the edges than the centre (p < 0.05). In contrast, ATP synthesis was increased homogenously in the
flat-top handpiece, both in the centre and the edges of the beam. Fibre, standard hand-piece and
the flat-top hand-piece prototype have discrete beam distribution characteristics. This significantly
affected the mitochondrial activity with respect to their position within the treated areas. Flat-top
hand-piece enhances the uniformity of photobiomodulation treatments and can improve the rigour
and reproducibility of PBM clinical outcomes.

Keywords: phototherapy; light therapy; low-level laser therapy; ATP; mitochondria respiratory
chain; light-emitting diode; near-infrared light; energetic metabolism

1. Introduction

The ability of visible and near-infrared light (NIR) to influence body healing has
been described by several ancient civilizations [1]. The first scientific description by
Prof. Endre Mester about fifty years ago outlined the effects of low dose laser interaction
with tissues describing the non-thermal therapeutic benefits of biophotonics energy [2–4].
Since then, growing evidence has demonstrated that visible and near-infrared light can
modulate metabolism in various life forms, from bacteria and protozoa to animals and
humans [5]. While all life forms need energy for survival, unlike plant-cell, the animal cell
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does not appear to directly employ light as a metabolic source of energy [6]. Nonetheless,
there are several specialized cells in the human body capable of photoreception that
harness light to enable vision and circadian rhythm [7]. Additionally, several biological
molecules are capable of interacting with visible and NIR light wavelengths. These include
oxyhaemoglobin, melanin, cytochrome and metalloproteins, sulphur-protein, water and
lipids [8].

A major site for light interaction has been noted to involve the mitochondria [8]. These
interactions can result via direct interaction of cytochromes belonging to the respiratory
chain. Alternatively, they can indirectly impact biophysical properties of water, lipids
and voltage-gated ion channels as well as changes in calcium homeostasis and membrane
fluidity [8–10]. In other words, the photon can transfer its energy to the photoacceptor
in the mitochondria that leads to an electronically excited state and production of energy
substrates such as ATP [11,12]. Thus, this ability to modulate the cellular metabolism and
functions via non-ionizing and non-thermal light treatments is termed photobiomodulation
(PBM) therapy; popularly termed low-level light/laser therapy or cold laser treatments.

A growing literature has noted the popularity of photobiomodulation therapy in
discrete branches of medicine from performance enhancement, supportive cancer care to
neurorehabilitation. There has been significant recent progress in our understanding of
PBM mechanisms, extending beyond the initial effects on the mitochondria to cell mem-
brane receptors and ion transporters as well as an extracellular growth factor, TGF-β1 [13].
However, the standardization and the repeatability of the photobiomodulation process is
currently under debate [1,9–11,13–15]. Two major parameters that can influence this have
been identified. First, the variation in tissue optical properties such as scattering due to
their microstructure, wavelength-dependent absorption of photon-energy, skin colour and
thickness affects the transmittance and reflectance of laser light [16–18]. These parameters
are not assessed directly in vitro lab studies. Therefore, a coherent translation of the results
from in vitro to clinical patients is limited. Second, the photobiomodulation parameters do
not directly correlate with precise light and cellular photoacceptor interaction. These can
drastically vary with even small changes in the photon-energy delivered [11].

Hanna et al., [19] recently demonstrated that by moving the hand-piece from contact
to many centimetres away from the target, the treatment power varies with the use of a
standard gaussian hand-piece with respect to a flat-top beam delivery system. The same
authors also reported improved cell growth and differentiation with treatments using the
flat-top hand-piece than the standard probe. They attributed this response to the more
homogenous power distribution within the treatment area through the flat-top probe.
However, this has not yet been experimentally demonstrated. This study was designed to
address this issue. We examined the beam profiles of a novel hand-piece with a flat-top
beam profile compared to a standard hand-piece and fibre probe. Next, we investigated the
effects of the three probes on isolated mitochondria by assessing ATP generation in various
areas of the laser beam, namely in the centre and at the edges on either side. Finally, we
also examined the effects of various treatment doses with the three probes on potential
mitochondrial damage.

2. Materials and Methods
2.1. Experimental Design and Purpose

The experiments followed standardized methods for mitochondria isolation, PBM
treatments and ATP synthesis evaluation as noted in our prior works with a few modifica-
tions [11,20,21]. We aimed to compare the effectiveness of laser treatments on the entire
treatment spot-size area. The primary endpoint was the impact of the beam power distribu-
tion on mitochondrial activity. The secondary endpoint was the induction of mitochondrial
damage. An iLux, Real-Time MecOS 2.0, (Mectronic Medicale S.R.L., Grassobbio, Berg-
amo, Italy) was employed to perform treatments through probes such as fibre, standard
hand-piece and the novel flat-top hand-piece prototype.
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As the flat-top hand-piece keeps the spot-size area constant from contact to many
centimetres [19], this was kept constant at 1 cm2 with all probes set up. A 635-nm red
light pointer (>0.5 mW) was used to measure probe spot-size areas on a graph, and the
correct distance to obtain it was evaluated with a spacer (2 cm) (Figure 1A). Therefore, a
circular area of 1 cm2 was outlined on a square microscope coverslip for transmitted light
microscopy (2.4 cm on each side). The coverslip had a thickness of 0.13 mm and optical
properties in accordance with ISO 8255 and ISO 8255-1. The two sides of the coverslip were
suspended at 3 cm from an absorbing material mat positioned at the bottom.
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centre or the edge of the laser beam circular area, according to the experimental purpose. The drop was then irradiated with
an 808-nm laser light (diameter 1.13 cm; spot-size 1 cm2) through a fibre, a standard hand-piece, or the flat-top hand-piece.
(B) Primary and secondary endpoints were evaluated as ATP synthesis through the luciferin/luciferase chemiluminescent
method. Image created with BioRender.com.

A 50 µL drop, approximatively 1/3rd of laser beam, of isolated mitochondria enriched-
fraction, was pipetted in the centre or on edge (left and right) (Figure 1). The circular area
was then illuminated with an 808-nm laser light (spot size 1 cm2) through a fibre, a
standard hand-piece, or the flat-top hand-piece prototype. A power meter Pronto-250
(Gentec electro-optics, Inc. Canada) was employed to monitor the power at the target
and 2 cm from away. Then, the laser with power set at 1 W, which allowed for the gen-
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eration of the power density of 1 W/cm2 and energy and fluence of 60 J and 60 J/cm2,
respectively. The treatments were performed in continuous wave mode for 60 s. For the
controls, treatments were performed with the same experimental set-up, but with the
device switched off (0 W, 60 s). The laser parameter was chosen in accordance with our
prior work on isolated mitochondria [21]. Due to possible undesirable thermal effects, ad-
verse events were avoided by monitoring the irradiation with a thermal camera FLIR ONE
Pro-iOS (FLIR Systems, Inc. designs, Portland, OR, USA, dynamic range: −20 ◦C/+400 ◦C;
resolution 0.1 ◦C) during treatments. Our previous study showed the power of 1 W treat-
ments with similar parameters stimulates the mitochondria complex III and IV [21]. This
study examined ATP production with the luciferin/luciferase chemiluminescent method
(Figure 1B). The reliability of the experimental set-up was evaluated with the dosimetry for
the isolated mitochondria model, described by our team in previous work [22]. To avoid
operator bias, the treatments and the data analyses were performed by different operators
in a blinded manner.

2.2. Design of the Flat-Top Hand-Piece

The prototype of the hand-piece with flat-top beam profile relies on the probe with
an international industrial patent (n.00001425863). Basically, fibre and hand-pieces em-
ployed in laser treatments have a non-uniform distorted beam profile resulting in their
divergent power density distribution [21,23]. Improvements may be obtained through
beam collimation with an alignment between the fibre’s spot delivering light (Figure 2A)
and the focal point of a positive lens (Figure 2a,b). However, this approach does not ensure
true collimation due to two issues. The first issue is that a large optical fibre size has a
longer focal length of the lens resulting in a more diffractive effect. Hence, the beam is
not truly collimated, but tends to diverge (partially collimated). The second issue is the
fibres routinely used in devices for phototherapy. The optical fibre may transmit light
radiation through a series of continuous internal reflections across its length. This feature
may support the homogeneous distribution of the power density on the spot size enabling
reasonable non-distortive magnification to expand the spot size. However, these critical
reflections require fibres parameters incompatible with current clinical devices.
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To improve the distribution of the photons on the spot-size area and meet the fea-
tures of the iLux, real-time MecOS 2.0, a novel integrated optical system was introduced
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(Figure 2c,d). This system does not use filters or artifices to modify photon intensity and
density, and generates a standard Gaussian beam energy profile. A simplified scheme
of the novel hand-piece with a flat-top beam profile, project PRG004.20.02 (Bosco Ot-
tica srl, Castel Rozzone, Bergamo, Italy), is shown in Figure 2. First, the alignment
of the fibre’s spot delivering light (Figure 2A) with the focal point of the positive lens
(Figure 2a,b) generates partial collimation. Then, a second afocal optical group was intro-
duced (Figure 2c,d), which reduces the residual divergence and improves the collimation
of the beam and, consequently, the flatness of the wavefront.

2.3. Characterization of the Probes Beam Profile

The power density distribution of the beam was characterized with a camera Spiri-
con SP928 equipped with the software BeamGage Professional (Ophir Spiricon Europe
GmbH, Darmstadt, Germany). The measuring tool shows a palette of colours; the power
density was measured in a point reflected as purple = 0.1 W/cm2; fuchsia = 0.3 W/cm2;
blue = 0.6 W/cm2; light blue = 0.9 W/cm2; green = 1 W/cm2; yellow = 1.6 W/cm2;
orange = 2.0 W/cm2; Red = 2.2 W/cm2.

2.4. Mitochondria Enriched-Fraction Isolation

Bovine liver from two males and females was acquired at the slaughterhouse, Ceva,
Torino, Italy. These specimens were less than 1 year old and were bred for human con-
sumption following the directives of the Italian Ministry of Agricultural, Food and Forestry
Policies. As the animals were not bred or sacrificed at the University of Genoa, ethical
committee approval was deemed unnecessary. Specimens were collected and immediately
processed after slaughter, following all safety rules. To isolate mitochondria enriched
fraction, the bovine livers were washed in PBS and homogenized in a buffer solution
containing: 0.25 M sucrose, 0.15 M KCl, 10 mM Tris-HCl pH 7.4 and 1 mM EDTA. The
homogenate was then centrifuged at 800× g for 10 min. The supernatant sample was
filtered and centrifuged at 12,000× g for 15 min. The pellet was resuspended in another
buffer containing: 0.25 M sucrose, 75 mM mannitol, 10 mM Tris-HCl pH 7.4, 1 mM EDTA.
Lastly, the supernatant was centrifuged at 12,000× g for 15 min and the mitochondrial
pellet was resuspended in the same buffer [11,20,21,24].

2.5. Evaluation of Mitochondrial ATP Synthesis

To evaluate the ATP production through the ATP synthase (Fo-F1 ATP synthase),
mitochondria enriched-fraction treated with or without the 808-nm laser were diluted
in a solution containing: 100 mM Tris-HCl pH 7.4, 100 mM KCl, 1 mM EGTA, 2.5 mM
EDTA, 5 mM MgCl2, 0.2 mM di(adenosine-5′) penta-phosphate, 0.6 mM ouabain, ampicillin
(25 µg/mL), 5 mM KH2PO4 and 5 mM pyruvate + 2.5 mM malate, used as respiratory
substrates. The ATP synthesis started after the addition of 0.1 mM ADP and was mon-
itored for 2 min, in a luminometer (Glomax 20/20, Promega, 20126 Milan, Italy) by the
luciferin/luciferase chemiluminescent method [11,20,21,23]. An ATP standard solution
between 10−9 and 10−7 M was used for calibration.

2.6. Statistical Analysis

Statistical analyses were performed with GraphPad Prism software version 7 (Graph-
Pad Software, La Jolla, CA, USA). All parameters were tested by one-way ANOVA followed
by the Bonferroni test. Data are expressed as mean ± standard deviation (SD) from 3 to
5 independent determinations performed in duplicate. In the figures, SD is shown as error
bars. An error probability with p < 0.05 was selected as significant.

3. Results
3.1. Characterization of the Probes Beam Profile and Irradiation

Power density is differentially distributed when 1 W of power (1 W/cm2 power
density) is irradiated through a fibre (A), a standard hand-piece (B) and the flat-top hand-
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piece (C) within the 1 cm2 treatment spot area (Figure 3). As indicated in the material
and methods section and on the figure, different colours indicate differences in power
density distribution. The green colour (1 W/cm2) is distributed on only the 27–30%
and 39–41% of the irradiated area when a fibre or a standard hand-piece was employed
(Figures 3 and 4). The remaining areas demonstrated power density in the range of
0.6–0.1 W/cm2. Conversely, a wider area of ~90% of green colour was described during
irradiation through the flat-top hand-piece. Additionally, in the centre of both the spot sizes
generated through fibre and standard hand-piece irradiations, higher energy distribution
was pointed out by red, orange and yellow colours. Therefore, a distribution of the power
density such as a wide-Gaussian beam profile can be considered for fibre and standard
hand-piece, compared with a more uniform profile observed with the flat-top prototype.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 10 
 

 

2.5. Evaluation of Mitochondrial ATP Synthesis 
To evaluate the ATP production through the ATP synthase (Fo-F1 ATP synthase), 

mitochondria enriched-fraction treated with or without the 808-nm laser were diluted in 
a solution containing: 100 mM Tris-HCl pH 7.4, 100 mM KCl, 1 mM EGTA, 2.5 mM EDTA, 
5 mM MgCl2, 0.2 mM di(adenosine-5′) penta-phosphate, 0.6 mM ouabain, ampicillin (25 
μg/mL), 5 mM KH2PO4 and 5 mM pyruvate + 2.5 mM malate, used as respiratory sub-
strates. The ATP synthesis started after the addition of 0.1 mM ADP and was monitored 
for 2 min, in a luminometer (Glomax 20/20, Promega, 20126 Milan, Italy) by the lucif-
erin/luciferase chemiluminescent method [11,20,21,23]. An ATP standard solution be-
tween 10−9 and 10−7 M was used for calibration. 

2.6. Statistical Analysis  
Statistical analyses were performed with GraphPad Prism software version 7 

(GraphPad Software, La Jolla, CA, USA). All parameters were tested by one-way ANOVA 
followed by the Bonferroni test. Data are expressed as mean ± standard deviation (SD) 
from 3 to 5 independent determinations performed in duplicate. In the figures, SD is 
shown as error bars. An error probability with p < 0.05 was selected as significant. 

3. Results 
3.1. Characterization of the Probes Beam Profile and Irradiation 

Power density is differentially distributed when 1 W of power (1 W/cm2 power den-
sity) is irradiated through a fibre (A), a standard hand-piece (B) and the flat-top hand-
piece (C) within the 1 cm2 treatment spot area (Figure 3). As indicated in the material and 
methods section and on the figure, different colours indicate differences in power density 
distribution. The green colour (1 W/cm2) is distributed on only the 27–30% and 39–41% of 
the irradiated area when a fibre or a standard hand-piece was employed (Figures 3 and 
4). The remaining areas demonstrated power density in the range of 0.6–0.1 W/cm2. Con-
versely, a wider area of ~90% of green colour was described during irradiation through 
the flat-top hand-piece. Additionally, in the centre of both the spot sizes generated 
through fibre and standard hand-piece irradiations, higher energy distribution was 
pointed out by red, orange and yellow colours. Therefore, a distribution of the power 
density such as a wide-Gaussian beam profile can be considered for fibre and standard 
hand-piece, compared with a more uniform profile observed with the flat-top prototype. 

According to Hanna et al. [19] and also in our experimental set-up, the irradiation 
with the flat-top hand-piece keeps power constant in contact mode and at 2 cm from the 
target (1.03 ± 0.02 W vs. 1.01 ± 0.03 W; p > 0.05). Irradiation with fibre or the standard hand-
piece experienced a statistically significant decrease of 0.23 and 0.22 W, p < 0.05. A statis-
tically significant increment of the drop temperature was observed after irradiation (~2.1 
°C), but the thermal increase was similar with the three probes (p > 0.05). 

 
Figure 3. Characterization of the fibre (A), standard hand-piece (B) and the novel flat-top hand-piece prototype; (C) beam 
profile through a camera Spiricon SP928 equipped with the software BeamGage Professional. Setting the instrument for 
an irradiation with 1 W the main colours displayed are: purple = 0.1 W/cm2; fuchsia = 0.3 W/cm2; blue = 0.6 W/cm2; light 
blue = 0.9 W/cm2; green = 1 W/cm2; yellow = 1.6 W/cm2; orange = 2.0 W/cm2; red = 2.2 W/cm2. 

Figure 3. Characterization of the fibre (A), standard hand-piece (B) and the novel flat-top hand-piece prototype; (C) beam
profile through a camera Spiricon SP928 equipped with the software BeamGage Professional. Setting the instrument for an
irradiation with 1 W the main colours displayed are: purple = 0.1 W/cm2; fuchsia = 0.3 W/cm2; blue = 0.6 W/cm2; light
blue = 0.9 W/cm2; green = 1 W/cm2; yellow = 1.6 W/cm2; orange = 2.0 W/cm2; red = 2.2 W/cm2.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 10 
 

 

 
Figure 4. Schematic representation of the laser beam profile (A–C) and the drop’s area irradiated by the power density of 
1 W/cm2, green colour, (A’–C’) Image created with BioRender.com. 

3.2. Evaluation of Mitochondrial ATP Synthesis 
ATP synthesis in isolated mitochondria was assessed following PBM treatments with 

various probes. The mitochondria in the centre of the laser beam with all three probes 
demonstrated increased ATP production compared to the non-treated control (p < 0.05) 
(Figure 5). However, PBM treatments performed with fibre or standard hand-piece on the 
mitochondria placed at the edges of the beam had a significantly less increase in ATP 
synthesis compared to the centre of the beam (p < 0.05). This difference was more evident 
in the fibre group compared to the standard hand-piece (p < 0.05). In contrast, the flat-top 
hand-piece group demonstrated increased ATP synthesis in both the centre and edges 
uniformly throughout the beam area. 

 
Figure 5. Effect of the photobiomodulation on mitochondrial ATP synthase activity. The isolated 
mitochondria were placed at the centre or edges of the laser treatment spot (1 cm2) and the treat-
ments were performed using a fibre, flat-top hand-piece or a standard hand-piece. All samples were 
treated with PBM 808 nm laser in continuous wave mode with 1 W, 1 W/cm2, 60 J and 60 J/cm2 for 
60 s. Untreated control samples were placed in a similar set-up with laser at 0 W for 60 s. Data are 
expressed as mean ± SD. A significant difference between the ATP production of the mitochondria 

Figure 4. Schematic representation of the laser beam profile (A–C) and the drop’s area irradiated by the power density of
1 W/cm2, green colour, (A’–C’) Image created with BioRender.com.

According to Hanna et al. [19] and also in our experimental set-up, the irradiation
with the flat-top hand-piece keeps power constant in contact mode and at 2 cm from the
target (1.03 ± 0.02 W vs. 1.01 ± 0.03 W; p > 0.05). Irradiation with fibre or the standard
hand-piece experienced a statistically significant decrease of 0.23 and 0.22 W, p < 0.05. A
statistically significant increment of the drop temperature was observed after irradiation
(~2.1 ◦C), but the thermal increase was similar with the three probes (p > 0.05).
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3.2. Evaluation of Mitochondrial ATP Synthesis

ATP synthesis in isolated mitochondria was assessed following PBM treatments with
various probes. The mitochondria in the centre of the laser beam with all three probes
demonstrated increased ATP production compared to the non-treated control (p < 0.05)
(Figure 5). However, PBM treatments performed with fibre or standard hand-piece on
the mitochondria placed at the edges of the beam had a significantly less increase in ATP
synthesis compared to the centre of the beam (p < 0.05). This difference was more evident
in the fibre group compared to the standard hand-piece (p < 0.05). In contrast, the flat-top
hand-piece group demonstrated increased ATP synthesis in both the centre and edges
uniformly throughout the beam area.
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Figure 5. Effect of the photobiomodulation on mitochondrial ATP synthase activity. The isolated
mitochondria were placed at the centre or edges of the laser treatment spot (1 cm2) and the treatments
were performed using a fibre, flat-top hand-piece or a standard hand-piece. All samples were
treated with PBM 808 nm laser in continuous wave mode with 1 W, 1 W/cm2, 60 J and 60 J/cm2 for
60 s. Untreated control samples were placed in a similar set-up with laser at 0 W for 60 s. Data are
expressed as mean ± SD. A significant difference between the ATP production of the mitochondria
in the centre vs. the edge is indicated by the symbol * and ****, respectively p < 0.05 and 0.0001, ns
indicates a no-significant difference.

4. Discussion

Photobiomodulation involves changes in cellular metabolism through the transfer
of energy from photons to its photoacceptors [8]. The pivotal role of mitochondria in the
translation of biophotonic energy to biochemical changes has been previously demon-
strated [11,20,21,25–27]. However, the rigour of the photobiomodulation clinical outcomes
has been questioned. The device technology used for photobiomodulation delivery plays a
critical role in improving treatment standardization [24]. Indeed, our data point out that
power density delivery is affected by the probes used for these treatments. In this study,
we noted that despite both the fibre and standard hand-piece delivering the correct power
density, only a surface area less than 50% of the laser spot size was effectively illuminated.
Further, the distribution of the different power densities on the treatment spot size was
more non-uniform for the fibre compared to a standard hand-piece. Strikingly, flat-top
prototype delivered the most consistent power distribution over 90% of the treatment area.
Furthermore, the flat-top hand-piece was able to maintain constant power from contact
to a couple of centimetres away allowing for improved clinical consistency during PBM
treatment delivery as previously reported by Hanna et al. [19]. This evidence supports
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the notion that the effectiveness of photobiomodulation therapy could be significantly
influenced by both the probes employed and the delivery technique of the operator. The
significant improvement in mitochondrial activity with the flat-top hand-piece prototype
demonstrated a homogenous treatment spot size in the centre and on either sides. This
contrasted with the significant differences in the fibre and standard hand-piece groups
indicating that the biological responses were most uniformly achieved with the current
flat-top prototype. Improvements in the laser device, fibre and collimating procedure with
the lens and probe design could further significantly improve the rigour and consistency
of PBM clinical treatments.

As noted in our previous work, PBM responses involve complex events resulting
from the absorption and scattering of the photons and the generation of an electromagnetic
field [22]. This work was based on three-dimensional modelling of photon waves inter-
acting within the mitochondrial droplet generated between the laser to the coverslip. The
differences in the beam power density distribution during treatment with the three probes
may impact these interactions affecting the overall photobiomodulation responses. Addi-
tionally, recent work from our group observed a limited dose range of a 980 nm diode laser,
which affects the complexes III and IV as well as ATP production and oxygen consumption
of mitochondria [11]. Slight variations (0.1 W) in the treatment power appeared to drasti-
cally modulate the photobiomodulation outcomes. Basically, 0.8–1.1 W kept mitochondria
coupled and induced increments of ATP production by increments of complex III and IV
activities. In contrast, 0.1–0.2 W uncoupled the mitochondria and had an inhibitory effect of
ATP synthesis and increment of oxidative stress, while 0.3–0.7 and 1.2–1.4 W did not appear
to affect these responses. These data suggest a major limitation in the reproducibility of
photobiomodulation responses lie in a non-homogeneous distribution of the laser energy.
Variations in an area of only 1 cm2 appeared to induce drastically different photobiomodu-
latory responses (positive, null or negative) in these in vitro studies. Therefore, we would
expect significant differences in groups of neighbouring cells and overall tissues when this
therapy is used in clinical in vivo scenarios.

This work has some strengths and limitations. A single spot size of 1.13 cm in
diameter was used allowing for a limited drop volume of isolated mitochondria sufficient
to assess ATP. Further reduction of the drop diameter or an increment of the laser spot-
size as well as reducing treatment power could highlight further, perhaps more dramatic,
differences. However, the use of three-dimensional dose modelling [22], the temperature
monitoring during treatments [11], the standardised ATP synthesis evaluation of treated
mitochondria [11,20,21] and the careful assessment of the treatment power at the target
surface with a power meter [19], enabled comparisons of the three discrete probe designs
and were clear strengths.

5. Conclusions

To summarize, our data demonstrated that the fibre, standard hand-piece and the
flat-top hand-piece prototype have different beam energy distribution features. These
differences significantly affected our primary endpoint, which was mitochondria activity
with respect to their position in the treatment spot size. Our second endpoint showed that
even at a power of 1 W, there was no damage to mitochondrial function. These results
provide evidence that flat-top hand-piece allows improved photobiomodulation treatment
reproducibility, especially in clinical scenarios where the distance from the target surface
may vary during treatments and the wide affected area needs uniform irradiation to better
experience the photobiomodulation effects.
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Abstract: In recent years, antimicrobial photodynamic therapy (aPDT) has received increasing
attention as a promising tool aimed at both treating microbial infections and sanitizing environments.
Since biofilm formation on biological and inert surfaces makes difficult the eradication of bacterial
communities, further studies are needed to investigate such tricky issue. In this work, a panel of
13 diaryl-porphyrins (neutral, mono- and di-cationic) was taken in consideration to photoinactivate
Pseudomonas aeruginosa. Among cationic photosensitizers (PSs) able to efficiently bind cells, in this
study two dicationic showed to be intrinsically toxic and were ruled out by further investigations.
In particular, the dicationic porphyrin (P11) that was not toxic, showed a better photoinactivation
rate than monocationic in suspended cells. Furthermore, it was very efficient in inhibiting the
biofilms produced by the model microorganism Pseudomonas aeruginosa PAO1 and by clinical strains
derived from urinary tract infection and cystic fibrosis patients. Since P. aeruginosa represents a
target very difficult to inactivate, this study confirms the potential of dicationic diaryl-porphyrins as
photo-activated antimicrobials in different applicative fields, from clinical to environmental ones.

Keywords: diaryl-porphyrins; antimicrobial photodynamic therapy; aPDT; Pseudomonas aeruginosa;
biofilm

1. Introduction

In recent years, in clinical field, the attention was focused on “ESKAPE” pathogens
for their ability to “escape” from antimicrobials’ action. The term “ESKAPE” arises from
the following six name species: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneu-
moniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp [1]. These
bacterial species are associated with most of nosocomial infections and the highest risk of
mortality [2]. All of them have been recently reported by the World Health Organization
(WHO) in the list of the 12 bacterial species against which new antibiotics are urgently
needed [3]. In particular, P. aeruginosa, thanks to its wide genome (5–7 Mbp), displays a
wide capacity to use various carbon sources and adapts to several environments including
soils, waters, sewages and is a common part of the microflora of different animals. In addi-
tion, the highest part of its genome is dedicated to regulatory genes and networks that are
fundamental for the response and adaptation to different and changing environments [4].
In humans, it causes severe acute or chronic infections in a variety of tissues and body sites,
including skin, middle-ear, eyes and urinary tract, especially in immunocompromised pa-
tients [5,6]. P. aeruginosa is a leading cause of nosocomial infections, including, i.e., urinary
tract catheter-associated infections (CAUTIs), central-line associated bloodstream infections
(CLABSIs) and ventilator-associated pneumonia (VAP), as well as chronic lung infections
in cystic fibrosis patients [7,8]. The major cause of persistent P. aeruginosa infections is the
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presence of biofilm, formed on tissues or on the surface of surgical implants or medical
devices. P. aeruginosa cells attach on a surface through twitching motility driven by type
IV pili and develop microcolonies. At this step, they secrete exopolysaccharides (Psl, Pel
and alginate) and other components such as polypeptides and extracellular DNA. During
biofilm maturation, the community acquires its typical three-dimensional structure that
planktonic cells can leave for colonizing other surfaces [9]. As a whole, biofilm formation
and production of many virulence factors (i.e., pyocyanin, pyoverdine, elastases, proteases,
rhamnolipids, exotoxin A) contribute to pathogenicity in P. aeruginosa [10]. Furthermore,
P. aeruginosa is characterized by an outer membrane that acts as a selective barrier to prevent
the antibiotic entrance, in addition to several non-specific porins that govern membrane
permeability [11]. In addition, a wide variety of efflux pumps (i.e., mexAB-OprM, MexCD-
OprJ, MexEF-OprN) are responsible for the resistance to different classes of antibiotics
(β-lactams, quinolones and aminoglycosides) [12]. The production of extended-spectrum
β-lactamases and enzymes modifying aminoglycosides worsen the spread of multidrug
resistant strains [13].

In this alarming scenario, the visible-light based techniques are gathering attention.
The main approach exploiting visible light as an anti-infective agent is antimicrobial photo-
dynamic therapy (aPDT) [14]. The photodynamic process is based on the simultaneous
presence of three components: a source of light energy, a photosensitive compound and
molecular oxygen. Upon the photoexcitation of a photosensitizer (PS) with an appropriate
light wavelength, several reactive oxygen species (ROSs) are released: hydroxyl radical
(OH.), hydrogen peroxide (H2O2), superoxide anion (O2

-) and singlet oxygen (1O2). The
elicited oxidative stress compromises the integrity of macromolecules, including lipids,
proteins and nucleic acids, and cellular structures leading to microbial cell death [15,16].
An interesting advantage of this technique is based on the efficacy observed against both
sensitive and antibiotic resistant strains [17]. In addition, several studies highlight the
potential of aPDT on microbial biofilms [18–21]. Until now, several photosensitizers have
been taken into consideration for the inhibition and/or eradication of P. aeruginosa biofilms.
Methylene blue, belonging to phenothiazine compounds, was successful as antibiofilm
PS [22]. Curcumin, a well-known natural PS, inhibited the biofilm formation of P. aerug-
inosa, reducing the EPS (extracellular polymeric substance) production by 94% [19]. A
PS belonging to the boron-dipyrro-methene (BODIPY) class, upon activation with green
light, was efficient not only in inhibiting, but also in eradicating biofilms of P. aeruginosa
PAO1 [23]. Among the most investigated dyes in the photodynamic field, the family of
porphyrins showed a promising potential in biofilm treatment. For example, the 5,10,15,20-
tetrakis [4 -(3-N,N-dimethylammoniumpropoxy)phenyl]porphyrin (TAPP) inhibited the
biofilm formation of P. aeruginosa [24]. A recent study showed the efficacy of cationic
zinc-porphyrins in disrupting and detach the matrix of 16–18 h-old biofilms of P. aerugi-
nosa [25]. Porphyrins are widely distributed in nature in both prokaryotic and eukaryotic
organisms as components of cytochromes, heme groups and chlorophylls, and are involved
in many biological processes, such as photosynthesis and oxygen or electron transport [26].
The extensive electron delocalization on the macrocycle ring is responsible for the intense
absorption of porphyrins in the visible range. Their typical spectrum is characterized by a
higher absorption band around 420 nm, known as Soret band, and weaker bands between
500 and 600 nm (Q bands), making porphyrins suitable PSs to be activated by different light
sources, including wide-spectrum emission lamps, sunlight, light-emitting diodes (LEDs)
and lasers [27]. Along with this aspect, porphyrins show strong photosensitizing abilities,
due to their long-lived triplet state and notable yield of singlet oxygen production, making
these compounds almost ideal photosensitizers [28]. Further, the chemical synthesis of
porphyrins is relatively simple and cost-efficient and generally involves the condensation
of pyrroles with suitable aldehydes. The resulting tetra-pyrrolic ring is a versatile skele-
ton bearing four different substituents in meso-positions, meaning that high number of
combinations could lead to the production of different molecules with desired chemico-
physical features [27]. Photosensitizers should not be toxic and mutagenic in the dark
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towards both eukaryotic and prokaryotic cells. In literature, conflicting observations have
been reported on dark toxicity of the most investigated porphyrin, tetracationic TMPyP
(5,10,15,20-Tetrakis(1-methyl-4-pyridinio)-porphyrin tetra(p-toluenesulfonate). Eckl as-
sumed that the dark toxicity of TMPyP, observed in several bacterial species, could be
attributed to photoinactivation effects caused by any residual light in a laboratory. When
keeping the bacteria under dark conditions (<10 nW cm2), no dark toxicity in Escherichia
coli was detected for a very high concentration of TMPyP (250 µM) and incubation times up
to 24 h [29]. On the other hand, P. aeruginosa strains isolated from Fibrosis Cystic patients
were sensitive in the dark to porphyrins [30].

Among synthetic porphyrins, diaryl-porphyrins, bearing two substituents in two
meso-positions, were shown to be efficient PSs both in antitumoral and in antifungal appli-
cations [31,32]. In the present study a panel of 5,15 meso-substituted diaryl-porphyrins was
assayed for anti-biofilm activity. The compounds were chosen due to their different degree
of amphiphilicity, molecular symmetry and charge and were tested against P. aeruginosa.

2. Results
2.1. Panel of Diaryl-Porphyrins

A panel of novel diaryl-porphyrins, synthetized by our group and previously tested
as antimicrobials [33] antifungals [32] and antitumorals [31,34], was investigated for anti-
Pseudomonas activity (Table 1). The neutral and asymmetrical P1 and P2 bear in meso-
positions (positions 5 and 15) a pentafluorophenyl group, associated with a C4 or C8
para-bromoalkyloxy-phenyl group, respectively. In compounds P3 and P5, the C4 or
C8 bromoalkyloxy-phenyl chain is associated with a phenyl group in position 5. The
symmetrical P4 and P6 bear two phenyl groups with para-bromobutoxy and two para-
bromooctanoxy chains, respectively. The positive charge of cationic diaryl-porphyrins
derives from a pyridinium group. All monocationic PSs are asymmetrical molecules
bearing a phenyl (P7, P8) or a pentafluorophenyl group (P9, P10) in position 5 and a
pyridinobutoxy-phenyl (P7, P9) or pyridinooctanoxy-phenyl group (P8, P10) in position 15.
The three dicationic symmetric porphyrins are characterised by benzyl group as alkylating
group of the pyridyl substituent (P11), or alkoxy-linked pyridinium at the end of four (P12)
or eight (P13) carbon chains.

Table 1. List of diaryl-porphyrins (P1-P13) used in this study.

PS Chemical Structure Chemical Denomination Ref
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PS. Each experiment has been repeated at least three times with independent cultures. 

2.2. Diaryl-Porphyrins Binding and Photoinactivation Rates 
As an optimal interaction between PS and microorganism is required for the follow-

ing oxidative stress elicited by irradiation [36], the binding rate of porphyrins to microbial 
cells was evaluated. The yield of PS binding was strictly related to diaryl-porphyrin 
charge. After 1 h of dark incubation, neutral PSs (P1-P6) showed a very low affinity, less 
than ~8% of PS binding except P2 with a binding yield of ~15% (Figure 2). On the other 

5,15-Di[4-(4-pyridinooctanoxy)phenyl]-
21H,23H-porphyrin [31]

Intrinsic Toxicity of Diaryl-Porphyrins

The effect of diaryl-porphyrins under dark incubation was investigated because the
“ideal” PS should not display intrinsic toxicity. The reduction of microbial viability in
the presence of photosensitizer without irradiation should be avoided [35]. Since PSs are
dissolved in DMSO, it was evaluated that, under the tested conditions, the solvent did
not impair microbial growth (Figure 1). Indeed, P. aeruginosa was almost insensitive to
neutral and monocationic porphyrins up to the longest tested dark incubation (6 h). On the
other hand, two of the three dicationic PSs were intrinsically toxic. The observed killing
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effects increase with longer incubation times: after 6 h of dark incubation, P12 impaired
the growth of sample at ~104 CFU/spot and P13 at ~103 CFU/spot (Figure 1).
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Figure 1. Analysis of intrinsic toxicity of diaryl-porphyrins (P1-P13). PSs were administered at a
concentration of 10 µM to samples of P. aeruginosa PAO1 at decreasing concentrations (from 109 up
104 CFU/mL). After dark incubation for 10 min, 1 and 6 h, volumes of ~5 µL of each sample were
replica plated on LB agar. After overnight incubation at 37 ◦C, the growth spots were checked. In the
second column, Log10 reduction values represent the mean of three independent experiments for
each dark incubation. Representative images reported in the last column refer to growth spots at the
corresponding bacterial denisities (from 107 to 102 CFU/spot) upon 6 h of dark incubation with the
tested PS. Each experiment has been repeated at least three times with independent cultures.

2.2. Diaryl-Porphyrins Binding and Photoinactivation Rates

As an optimal interaction between PS and microorganism is required for the following
oxidative stress elicited by irradiation [36], the binding rate of porphyrins to microbial cells
was evaluated. The yield of PS binding was strictly related to diaryl-porphyrin charge.
After 1 h of dark incubation, neutral PSs (P1–P6) showed a very low affinity, less than
~8% of PS binding except P2 with a binding yield of ~15% (Figure 2). On the other hand,
positively charged compounds (P7–P13), both mono- and dicationic, were able to strongly
interact with P. aeruginosa cells (Figure 2).
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diaryl-porphyrins was investigated under irradiation of a LED emitting at 410 nm and 
fitting with typical Soret band of porphyrins. Since P. aeruginosa is sensitive to light at 410 
nm [37], a light dose without toxic effect (20 J/cm2) was chosen for the activation of por-
phyrins. After 1 h of dark incubation with diaryl-porphyrins to favor the interaction be-
tween PS and cell, bacteria were irradiated. The administration of neutral porphyrins (P1-
P6) to P. aeruginosa did not affect cell viability upon activation by blue light, neither at the 
lowest cell concentration (102 CFU/spot) (Figure 3). 

 
Figure 3. Photodynamic activity of diaryl-porphyrins on P. aeruginosa PAO1 evaluated by the 
photo-spot test. The neutral (Ø), monocationic (+) and dicationic (++) porphyrins were admin-

Figure 2. Binding assay of diaryl-porphyrins (P1–P13) to P. aeruginosa PAO1. Bacterial cells at
108 CFU/mL were dark incubated for 1 h with neutral (Ø), monocationic (+) and dicationic (++)
porphyrins administered at a concentration of 30 µM. Samples were centrifuged (10,000× g, 5 min)
and the visible spectra of the supernatants were recorded. The rate of bound PS was inferred. Three
independent experiments have been performed and the mean ± standard deviation of percentage of
PS bound to cells is reported for each diaryl-porphyrin.

Since the dark toxicity is not desired in aPDT applications, P12 and P13 were excluded
from the following investigations. The antimicrobial potential of the remaining diaryl-
porphyrins was investigated under irradiation of a LED emitting at 410 nm and fitting
with typical Soret band of porphyrins. Since P. aeruginosa is sensitive to light at 410 nm [37],
a light dose without toxic effect (20 J/cm2) was chosen for the activation of porphyrins.
After 1 h of dark incubation with diaryl-porphyrins to favor the interaction between PS
and cell, bacteria were irradiated. The administration of neutral porphyrins (P1–P6) to
P. aeruginosa did not affect cell viability upon activation by blue light, neither at the lowest
cell concentration (102 CFU/spot) (Figure 3).
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Figure 3. Photodynamic activity of diaryl-porphyrins on P. aeruginosa PAO1 evaluated by the photo-
spot test. The neutral (Ø), monocationic (+) and dicationic (++) porphyrins were administered at
a final concentration of 10 µM to samples of P. aeruginosa PAO1 at decreasing concentrations (from
109 up 104 CFU/mL). After 1 h dark incubation, volumes of ~5 µL of each sample were replica
plated on LB agar and irradiated under 410 nm light (20 J/cm2). Cells were incubated at 37 ◦C O/N
and growth spots were checked and representative images are reported in the last column. Log10
reduction values represent the mean of at least three independent experiments.
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Higher concentrations (up 30 µM) of neutral PS failed in photoactivation (data not
shown). Among the four monocationic porphyrins, P7 10 µM caused a Log10 reduction of
~2.5 unit. It is noteworthy that longer chain (8 carbon) in P8 or the presence of 5 Fluoro
atoms on phenyl residue in 5 positions in P9, compromised completely the photoactivation.
The dicationic P11 displayed an activity twofold higher than monocationic P7 (Figure 3).
Thus, at the end of this screening, the dicationic diaryl-porphyrin P11 resulted the best
candidate to photoinactivate the suspended form of P. aeruginosa: a significant decrease
of more than 4 Log units (from 108 to 104 CFU/mL) was obtained upon PDT treatment
(Figure 4).
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todynamic therapy (PDT) is a promising approach to tackle bacterial infections in biofilm 
lifestyle, both in inhibiting biofilm formation and/or eradicating formed biofilms. Not-
withstanding, few studies have been carried out employing porphyrins for the photody-
namic treatment of microbial biofilms, and moreover no reports describe the inhibition of 
P. aeruginosa biofilms by photoactivation of porphyrins. Thus, the potential of P11 in in-
hibiting the formation of biofilms was tested on PAO1 strain and two clinical isolates, P. 
aeruginosa UR48 isolated from a patient with catheter-associated urinary tract infections 
(CAUTI), and BT1 from the sputum of a cystic fibrosis (CF) patient [38,39]. Among the 
chosen strains, BT1 formed a biofilm with the highest biomass value (OD590~27), while 
PAO1 and UR48, 7 and 12, respectively (Figure 5). Since cells forming the adherent phase 
of all the considered strains showed a comparable density (~108 CFU/well), it can be in-
ferred that CF isolate was able to hyperproduce extracellular components of matrix bio-
film. Upon administration of DMSO 2.5%, and even more P11 30 µM dissolved in DMSO, 
an increase of crystal violet staining was observed in PAO1. Since no changes in cellular 
concentrations of planktonic and adherent phases were observed, DMSO could induce 
the formation of extracellular matrix. However, in all the strains, the combination of P11 

Figure 4. Photodynamic inactivation of P. aeruginosa PAO1 by P11. Bacterial samples at ~108 CFU/mL
suspended in water were incubated in the dark for 1 h with P11 10 µM. After dark incubation, cells
were irradiated under light at 410 nm (20 J/cm2) and cellular viability was checked. Values, presented
as CFU/mL, are the mean of at least three independent experiments and the bars represent standard
deviations. Statistical analyses were performed by one-way ANOVA *** p < 0.0001).

2.3. Photodynamic-Inhibition of Biofilm Formation

The ability to form structured communities, both on inert surfaces and biological
tissues, renders P. aeruginosa particularly tolerant to conventional antibiotic therapies.
Photodynamic therapy (PDT) is a promising approach to tackle bacterial infections in
biofilm lifestyle, both in inhibiting biofilm formation and/or eradicating formed biofilms.
Notwithstanding, few studies have been carried out employing porphyrins for the photo-
dynamic treatment of microbial biofilms, and moreover no reports describe the inhibition
of P. aeruginosa biofilms by photoactivation of porphyrins. Thus, the potential of P11 in
inhibiting the formation of biofilms was tested on PAO1 strain and two clinical isolates,
P. aeruginosa UR48 isolated from a patient with catheter-associated urinary tract infections
(CAUTI), and BT1 from the sputum of a cystic fibrosis (CF) patient [38,39]. Among the
chosen strains, BT1 formed a biofilm with the highest biomass value (OD590~27), while
PAO1 and UR48, 7 and 12, respectively (Figure 5). Since cells forming the adherent phase of
all the considered strains showed a comparable density (~108 CFU/well), it can be inferred
that CF isolate was able to hyperproduce extracellular components of matrix biofilm. Upon
administration of DMSO 2.5%, and even more P11 30 µM dissolved in DMSO, an increase
of crystal violet staining was observed in PAO1. Since no changes in cellular concentrations
of planktonic and adherent phases were observed, DMSO could induce the formation of
extracellular matrix. However, in all the strains, the combination of P11 and blue light
irradiation (30 J/cm2) caused a relevant and statistically significant inhibition of biomass
adhesion. Similarly, the cellular concentrations of planktonic and adherent subpopulations
were significantly lower than control samples (Figure 5).
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the standard deviation. Statistical analyses were performed by one-way ANOVA (*p < 0.05; 
***p < 0.0001). 

The photoinactivation protocol was also applied to P. aeruginosa PAO1 strain express-
ing the green fluorescent protein (GFP) under arabinose induction. Before confocal laser 
scanning microscope (CLSM) analysis, GFP expression was induced by arabinose to high-
light viable cells with functional and active protein machinery. In the control biofilms the 
detection of GFP signal can be appreciated and no signal was observed under the combi-
nation of photosensitizer and light at 410 nm (Figure 6). The obtained results support the 
effectiveness of PDI mediated by diaryl-porphyrins in inhibiting biofilm formation. 

Figure 5. Inhibition of biofilm formation of P. aeruginosa PAO1 (A–C), UR48 (D–F) and BT1 (G–I)
upon photodynamic treatment with diaryl-porphyrin P11. Overnight cultures of P. aeruginosa PAO1,
UR48 and BT1 strains were diluted 500-fold in M9 minimal medium added with glucose (10 mM)
and casamino acids (0.2% V/V) reaching a concentration of ~107 CFU/mL and inoculated in 12-well
microplate. P11 was added at a final concentration of 30 µM and incubated in the dark for 1 h. Upon
irradiation with a final dose of 30 J/cm2 (100 mW/cm2, 300 s), bacteria were grown O/N at 37 ◦C
to form biofilm. The graphs report values of the optical density at 590 nm (OD 590) after biofilm
staining with crystal violet (A,D,G), values of adherent population density (CFU/well) (B,E,H)
and planktonic population concentration (CFU/mL) (C,F,I). Dark control samples are represented
as black bars and light-treated samples as striped bars. Data represent the mean of at least three
independent experiments ± the standard deviation. Statistical analyses were performed by one-way
ANOVA (* p < 0.05; *** p < 0.0001).

The photoinactivation protocol was also applied to P. aeruginosa PAO1 strain express-
ing the green fluorescent protein (GFP) under arabinose induction. Before confocal laser
scanning microscope (CLSM) analysis, GFP expression was induced by arabinose to high-
light viable cells with functional and active protein machinery. In the control biofilms
the detection of GFP signal can be appreciated and no signal was observed under the
combination of photosensitizer and light at 410 nm (Figure 6). The obtained results support
the effectiveness of PDI mediated by diaryl-porphyrins in inhibiting biofilm formation.
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as controls. Confocal images of dark controls are shown in panels (A,C,E), while irradiated samples 
are shown in panels (B,D,F). Images of biofilms are shown in volume view, and in xy, xz and yz 
projections (scale bar = 10 µm). 
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Figure 6. Inhibition of biofilm formation by P. aeruginosa PAO1-GFP by dicationic diaryl-porphyrin P11. GFP-tagged PAO1
cells were inoculated on coverslip glass and treated with P11 30 µM for 1 h in the dark. Cells were irradiated with light at
410 nm (30 J/cm2) and incubated at 37 ◦C in static to let form biofilm. After overnight incubation, GFP expression was
induced and biofilm formed on glasses was analyzed by confocal microscopy. Untreated and DMSO-treated biofilms are
included as controls. Confocal images of dark controls are shown in panels (A,C,E), while irradiated samples are shown in
panels (B,D,F). Images of biofilms are shown in volume view, and in xy, xz and yz projections (scale bar = 10 µm).

2.4. Photodynamic-Eradication of Formed Biofilms

If biofilm inhibition is a crucial step in infection prevention, the control of infection
through eradication of mature biofilm remains the most arduous challenge. Therefore,
the effect of porphyrin-mediated photodynamic treatment was evaluated on 24 h-old
biofilms formed by the model strain PAO1. PDT experimental conditions were set as
follows: upon 24 h of biofilm growth, porphyrin P11 (30 µM final concentration) was gently
administered to the samples, without modifying the biofilm environment and, after 1 h of
dark incubation, samples were irradiated with light at 410 nm (30 J/cm2). DMSO-treated
samples and dark controls were included in each experiment. The total adherent biomass
did not significantly change upon DMSO or P11 administration, in both light and dark
conditions, as compared to the untreated dark sample. Interestingly, activation of P11 by
blue light caused a significant decrease of 2 Log units in both adherent and planktonic
populations (Figure 7B,C). These results suggested a mild anti-biofilm effect on the cellular
component of biofilm, both sessile and planktonic, of the dicationic diaryl-poprhyrin P11.

On the other hand, the photoinactivation protocol (P11 30 µM, 30 J/cm2) applied to
a 24 h grown biofilm of P. aeruginosa PAO1 expressing GFP showed a clear antimicrobial
effect. In the control biofilms, a comparable fluorescent signal was detected (Figure 8A–E),
and in the photoinactivated biofilm the fluorescent signal almost disappeared (Figure 8F).
It can be hypothesized that the treatment impaired cell functions, including the activity of
the cellular protein synthetic machinery. Even if the viability of sessile bacteria was slightly
compromised, most of the cells seemed to be damaged immediately after PDT treatment.
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Figure 7. Assay of eradication of P. aeruginosa PAO1 biofilm by porphyrin P11. Overnight cultures
of P. aeruginosa PAO1 were diluted 500-fold in M9 minimal medium added with glucose (10 mM)
and casamino acids (0.2% V/V) reaching a concentration of ~107 CFU/mL and inoculated in 12-well
microplate to let form biofilm. 24 h-old biofilm was treated with PS at a concentration of 30 µM.
After dark incubation for 1 h, biofilm was irradiated (30 J/cm2). After irradiation, the adherent
biomass (OD590) (A) and viable counts from sessile (CFU/well) (B) and planktonic phases (CFU/mL)
(C), respectively, have been evaluated. Data represent the mean of at least three independent
experiments ± the standard deviation. Statistical analyses were performed by one-way ANOVA
(* p < 0.05).
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Figure 8. Assay of P. aeruginosa PAO1-GFP biofilm eradication with dicationic diaryl-porphyrin P11. A 24 h-old PAO1-GFP
biofilm grown on coverslip glass was treated with P11 (30 µM final concentration) and irradiated with 410 nm blue light at
30 J/cm2. Upon induction of GFP expression, confocal analyses have been performed. Biofilms (24 h) of untreated and
DMSO-treated samples were included in the experiment. Dark controls are shown in panels (A,C,E), while irradiated
samples are depicted in panels (B,D,F). Images of biofilms are shown in volume view, and in xy, xz and yz projections (scale
bar = 10 µm).

3. Discussion

Since P. aeruginosa is a pathogen difficult to eradicate for its resistance to antibiotics
and tolerance to antimicrobial treatments, it is very interesting to acquire information on its
sensitivity to novel drugs, independently from photodynamic applications. The dicationic
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compounds showed different activities: the porphyrins, P12 and P13, bearing substituents
with longer chains (4 carbon and 8 carbon) in 5 and 15 positions were toxic, while P11
bearing a benzyl chain in the same positions was not intrinsically toxic. Therefore, the
presence of an alkyl chain that increases the degree of lipophilicity can favour the cross
and perhaps the injury of the outer membrane that represents the ideal target for new
approaches [40].

In literature, conflicting observations have been reported on dark toxicity of the most
investigated porphyrins [29,30]. It is noteworthy that P12 and P13 show a higher Soret band
than the other diaryl-porphyrins under investigation in this study (Figure 9), and it cannot
be ruled out that the occasional exposure to wide spectrum daylight for experimental
set-up could be sufficient to elicit a mild photo-oxidative stress.
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It can be hypothesized that the positive charge on P11 is strongly delocalized, in fact
the pyridine nucleus is directly coordinated with the tetrapirrole system of porphyrin. The
greater charge distribution should disadvantage a strong interaction of diaryl-porphyrins
with anionic counterparts of the cell wall of both Gram-negative and Gram-positive bacteria.
Instead, P12 and P13 show a strongly localized charge only in the pyridine positioned far
from the tetrapyrrole nucleus, this may suggest a strong electrostatic interaction with the
bacterial cell wall. The electrostatic interaction may be sufficient to disassemble cell wall
integrity, impairing bacterial viability, independently from irradiation.

Moreover, the eukaryotic microorganism Candida albicans showed to be sensitive in
the dark to most cationic and dicationic diaryl-porphyrins tested in this study, irrespective
of Soret band height [32]. Cormick reported that tri- and tetracationic porphyrins were
more tightly bound to C. albicans cells than anionic porphyrins, supporting the requirement
of positive charge on porphyrins to promote the electrostatic interaction with the yeast
cell wall [41]. Indeed, the net negative charge of yeast cell wall is conferred by a robust
polysaccharide skeleton linked to mannoproteins and chitin [42]. Since diaryl-porphyrins
were intrinsically toxic to P. aeruginosa and C. albicans in a different rate, irrespective of their
absorbance spectrum, their potential activation by indoor light cannot be considered as the
only factor appointed for intrinsic toxicity.

On the basis of the obtained results, several considerations may be carried out about
efficiency of binding and photo-inactivation yields. Neutral diaryl-porphyrins were not
able to bind tightly to P. aeruginosa cells, as the most part of PSs was recovered in the
supernatant, and furthermore, upon irradiation, no killing was observed. On the other
hand, cationic compounds (P8, P9, P10), even if tightly bound to the cell wall, did not
elicit any photooxidative stress upon irradiation. Thus, a good binding is not necessarily
the only requirement for a successful photoactivation process in P. aeruginosa. The factor
that could affect the potential activity of PSs is the capacity of PSs to bind and penetrate
the cell wall and, possibly, reach cytoplasmic targets. In this regard, Sulek reported that
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cationic TMPyP was not efficient in photoinactivating E. coli cells, and it was necessary to
administer verapamil, an efflux pump inhibitor, to potentiate the antibacterial effect [43].
The inhibitor could increase PS’s accumulation in the bacteria cell of molecules attached
to cell wall via electrostatic interactions. A damage of the outer surface of the outer
membrane of Gram-negative bacteria could be less dangerous than that of the inner
part of the same envelope or the cytoplasmic environment. The photoactivation of P11
impaired the cell wall of E. coli: the outer membrane of approx. 90% of the treated cells
appeared fuzzier and lacked the pronounced margin of the envelope of control cells, and
60–70% of the cells underwent envelope and cytoplasmic changes with the arising of
honeycomb-like structures [33]. Thus, the impairment of the cell wall seems relevant and
necessary upon photodynamic treatment. The outer membrane forms a barrier that impairs
neutral PS binding and penetration. The high yield of binding of cationic diaryl-porphyrins
(80–100%) could be ascribable to the electrostatic force displayed between negative-charged
lipopolysaccharides on the outer layer of the outer membrane and positively charged PSs.
As previously reported by other authors, one or more positive charges are required on
the PS structure for a good interaction with Gram-negative bacteria [43]. The mechanism
of binding of cationic PSs with bacteria is the so-called “self-promoted uptake” pathway.
This pathway involves the binding of the cationic molecules to LPS that results in the
progressive displacement of divalent cations (Ca2+, Mg2+) electrostatically bound to the
LPS, thereby weakening the outer membrane. The destabilization of the LPS coat results
in the formation of “cracks” in the permeability barrier, and divalent cations neutralize
the negative character of cell membrane and eliminate electrostatic repulsion between PS
and the bacterial envelope [43]. Furthermore, a partial hydrophobic feature associated
to C4 and C8 substituents of P12 and P13 could facilitate the cross of the cytoplasmic
membrane. A certain degree of amphiphilicity was reported as peculiar and advantageous
for porphyrins in photodynamic applications [43]. Neutral PSs that do not interact with
P. aeruginosa, neither affect its viability upon dark incubation.

As reported in literature, it was necessary to employ high concentration of TMPyP
(225 µM) to induce 4-fold reduction in P. aeruginosa biofilms and cause detachment of
the biofilm from the substratum [44]. Another PDI study using a lower concentration of
TMPyP (20 µM) under 64.8 J/cm2 demonstrated that in P. aeruginosa polysaccharides of the
biofilm matrix may be a primary target of photodynamic damage [45]. Patel et al. reported
that a cationic zinc (II) porphyrin, ZnPor, at low concentration (~20 µM), resulted in the
extensive disruption and detachment of the matrix of 16–18 h-old biofilms of P. aerugi-
nosa [25]. However, it has been recently hypothesized that the presence of negative charges
in the EPS matrix could protect bacteria from the interaction with positively charged PSs.
Furthermore, larger molecules are disadvantaged in the penetration through the biofilm
matrix if compared to smaller ones [46]. Since no standard procedures are yet available
for biofilm studies as guidelines for MIC evaluation value (minimal inhibitory concentra-
tion) [47], comparisons can not be made between different experimental approaches. In
our case, stringent conditions were applied in antibiofilm PDT and no changes in biofilm
environment were made upon biofilm growth. The diaryl-porphyrin P11 (30 µM) caused
a 2-Log unit depletion of both adherent and planktonic populations of PAO1 biofilm. In
addition, confocal analyses allowed to observe the biofilm adherent population immedi-
ately upon photo-treatment. PDT provoked a certain damage to embedded PAO1 cells,
suggesting that they could be more sensitive to other antimicrobial agents delivered upon
photodynamic treatment. The embedding of porphyrins in nanoparticles or polymeric
coatings could be exploited both for skin disinfection and surface sanitization [48,49].

In conclusion, this study confirmed that the dicationic diarylic porphyrin P11 that
previously showed to be efficient in inhibiting both Gram-negative E. coli and P. aeruginosa
and Gram-positive Enterococcus faecalis and S. aureus, is optimal to inhibit the formation
of P. aeruginosa biofilm. Since a mild effect on formed biofilm was obtained, these results
could pave the way through the development of combined antibiofilm strategies where P11-
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mediated PDT in addition to other antimicrobial approaches could successfully eradicate
P. aeruginosa biofilms.

4. Materials and Methods
4.1. Photosensitizers

A panel of 13 diaryl-porphyrins previously described [31,33,34] has been used in this
study (Table 1). As shown in Figure 1, P1–P6 porphyrins are neutral molecules, P7–P10 are
monocationic and P11–P13 di-cationic, respectively. PSs were dissolved in DMSO (Sigma
Aldrich, Milano, Italy) at a final concentration of 1 or 0.5 mM, as requested, and stored at
4 ◦C until needed.

4.2. Microbial Strains and Culture Conditions

Three different strains of P. aeruginosa were considered for this study: P. aeruginosa
PAO1 as model pathogen to photoinactivate [4] and two clinical strains previously con-
sidered: UR48 from urinary tract infection [39] and BT1 from cystic fibrosis patient [38].
P. aeruginosa strains were grown in Luria Bertani (LB) (Sigma Aldrich, Milano, Italy) on an
orbital shaker at 200 rpm, or in solid media (15 g/L agar) at 37 ◦C. For biofilm formation,
P. aeruginosa strains were grown in M9 minimal medium added with glucose (10 mM)
(Sigma Aldrich, Milano, Italy) and casamino acids (0.2% V/V) (Sigma Aldrich, Milano,
Italy) at 37 ◦C in static conditions. When necessary, the bacterial concentration was deter-
mined by viable count technique. Briefly, an aliquot of each sample was ten-fold serially
diluted and a 10 µL of each diluted and undiluted sample was inoculated on LB Agar. After
overnight incubation at 37 ◦C, the colony count was performed and the corresponding
cellular concentration expressed as CFU/mL was calculated.

4.3. Light Source

The lighting unit device is equipped with a head composed by 25 high power LEDs
with maximum emission peak at 410 nm blue light, suitable for the activation of porphyrins
and allows the uniform irradiation of a square area of 75 mm × 75 mm. The system is
powered by a specific PC based control system, which allows the setting of irradiation time
and irradiance values for a precise evaluation of the radiation fluence rate.

4.4. Photo-Spot Test Assay

The spot test previously optimized [50] was used to screen the intrinsic toxicity and
the photoactivity of diaryl-porphyrins. Upon overnight growth in LB, P. aeruginosa PAO1
culture (~109 CFU/mL) was suspended in phosphate buffer saline (PBS-KH2PO4/K2HPO4
10 mM, pH 7.4) and 10-fold serially diluted from ~109 to ~104 CFU/mL in 96-well plates.

To investigate the intrinsic toxicity of PSs, undiluted and diluted bacterial suspensions
were incubated in the dark with PSs 10 µM. After 10 min, 1 h or 6 h of dark incubation,
volumes of ~5 µL of each sample were replica plated on LB agar. Untreated samples
and DMSO treated samples were included as controls. After O/N incubation at 37 ◦C,
the growth of treated samples was compared to control growth spots of decreasing cell
density (from ~107 to ~102 CFU/spot, respectively). For example, if the growth spot at
102 CFU/spot was not observed, a 2-log unit decrease was recorded. Similarly, a 3-log
unit was recorded if the spot at 103 CFU/spot was not observed. Thus, higher values
correspond to higher dark toxicity. The experiments have been repeated at last three times
with independent cultures.

To investigate the photo-inactivation rates of diaryl-porphyrins, the PSs were admin-
istered at a final concentration of 10 µM to samples of P. aeruginosa PAO1 at decreasing
concentrations (from 109 up 104 CFU/mL), as previously described. After 1 h dark incuba-
tion, volumes of ~5 µL of each sample were replica plated on LB agar and irradiated under
410 nm light (20 J/cm2). After O/N incubation at 37 ◦C, the growth spot was checked and
compared to untreated control of decreasing cell density (from ~107 to ~102 CFU/spot, re-
spectively). For example, if the growth spot at 102 CFU/spot was not observed, a 2-log unit
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decrease was recorded. Similarly, a 3-log unit was recorded if the spot at 103 CFU/spot was
not observed. Thus, higher values correspond to higher antimicrobial efficiency. Photo-spot
tests were performed at least in triplicate.

4.5. Photoinactivation of Suspended Cells

Upon overnight growth of P. aeruginosa PAO1, cells were ten-fold diluted in sterile
deionized water, to reach approximate concentrations of 108 CFU/mL. Porphyrins were
added to cell suspension at a final concentration of 10 µM. Untreated cells, DMSO-treated
cells and not irradiated controls were also included. Cells were incubated in the dark for
60 min and then irradiated (20 J/cm2). Soon after irradiation, the number of viable cells
was evaluated by viability count, as previously described. Photoinactivation experiments
were performed at least in triplicate.

4.6. Photodynamic Treatment of Biofilms

The effect of diaryl-porphyrins in inhibiting the biofilm formation of P. aeruginosa
was evaluated as follows. Overnight cultures of P. aeruginosa PAO1, UR48 and BT1 strains
were diluted 500-fold in M9 minimal medium added with glucose (10 mM) and casamino
acids (0.2% V/V) reaching a concentration of ~107 CFU/mL and inoculated in 12-well
microplate. Porphyrins were added at a final concentration of 30 µM and incubated in
the dark for 1 h. Upon irradiation with a final dose of 30 J/cm2 (100 mW/cm2, 300 s),
bacteria were grown O/N at 37 ◦C to form biofilm. In order to evaluate the effect of the
different treatments on the cellular viability of suspended and adherent populations, the
planktonic phase was axenically collected and adherent cells were recovered by scraping
and suspended in 1 mL of PBS. Viable counts—expressed as CFU/mL in cell suspensions
and as CFU/well in adherent biomass were estimated by a plate count technique, as
previously described. The total adherent biomass was quantified by crystal violet (CV)
staining. Briefly, planktonic biomass was removed and wells were washed once with 1 mL
PBS. One millilitre of 0.1% (W/V) CV was added to each well for approximately 20 min to
stain the biofilm, after which the CV was removed and each well was gently washed with
1 mL PBS. The remaining CV, which indicated the amount of biofilm present, was dissolved
in acetic acid 30% for 10 min. The amount of solubilized dye was spectrophotometrically
measured at 590 nm.

To evaluate the eradication of biofilm, overnight cultures of P. aeruginosa PAO1 were
diluted 500-fold in M9 minimal medium added with glucose (10 mM) and casamino acids
(0.2% V/V) reaching a concentration of ~107 CFU/mL and inoculated in 12-well microplate
to let form biofilm. 24 h-old biofilms were treated with PS at a concentration of 30 µM, dark
incubated for 1 h and irradiated (30 J/cm2). After irradiation, the adherent biomass (OD590)
and viable counts from sessile (CFU/well) and planktonic phases (CFU/mL), respectively,
have been evaluated as previously described.

In both experimental setups (inhibition of biofilm formation and eradication of formed
biofilm), a panel of the following controls was included: DMSO treated and not irradiated
biofilm (+DMSO; -light), DMSO treated and irradiated biofilm (+DMSO; +light), PS treated
and not irradiated biofilm (+PS; -light), untreated and irradiated biofilm (-PS; +light) and
untreated and not irradiated biofilm (-PS; -light). All experiments were independently
repeated at least three times.

4.7. Confocal Microscopy Analyses

Anti-biofilm activity of porphyrins on Pseudomonas aeruginosa PAO1 was analyzed
using PAO1_pVOGFP recombinant strain, in which GFP fluorescent protein is expressed
under the control of pBAD arabinose inducible promoter [51]. Overnight culture of P. aerug-
inosa PAO1_pVOGFP was diluted 500-fold in M9 minimal medium added with glucose
(10 mM) and casamino acids (0.2% V/V) reaching a concentration of ~107 CFU/mL and
inoculated on coverslip glass positioned in 35 mm Petri dish. P11 30 µM was added at a
final concentration of 30 µM and incubated in the dark for 1 h. Upon irradiation with a
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final dose of 30 J/cm2 (100 mW/cm2, 300 s), bacteria were grown O/N at 37 ◦C to form
biofilm. Planktonic phase was removed and GFP expression was induced for 1 h at 37 ◦C
by the addition of fresh medium containing arabinose 0.1% W/V. Finally, the coverslip
was placed on a microscope glass slide for the acquisition of the adherent biofilm images.
To evaluate the eradication, the recombinant strain was inoculated as previously described
in this section and let form biofilm on coverslip glass. A 24 h old biofilm, after 1 h dark
incubation with P11 at 30 µM, was irradiated (30 J/cm2). After irradiation, GFP expression
was induced for confocal analysis.

All microscopic image acquisitions were performed on a Leica TCS SP5 CLSM (Leica
Microsystems, Wetzlar, Germany) equipped for GFP visualization (excitation laser at
488 nm). Images were obtained using a x63 objective lens. Simulated 3D images of
P. aeruginosa biofilm were generated using the free open-source software ImageJ (National
Institute of Health, Bethesda, MD, USA).

4.8. Photosensitizer Binding Assay

All the photosensitizers were tested for their ability to bind bacterial cells. Upon
overnight growth of P. aeruginosa PAO1, cultures were centrifuged at 5000× g for 10 min
and the supernatants were removed. Pellets were resuspended and 10-fold diluted in
sterile deionized water to obtain samples at 108 CFU/mL. The bacterial concentration was
evaluated by a plate count technique. Porphyrins at the concentration of 30 µM were added
to the cells and samples were incubated for 1 h at 37 ◦C in the dark. This concentration was
optimal to detect absorbance spectrum of all the tested porphyrins. Untreated cells, PSs
treated cells and cells added with DMSO 4% (V/V) were included as controls. After dark
incubation, samples were centrifuged (10,000× g for 5 min) and the visible spectra of the
supernatants were recorded (k = 380–700 nm). A calibration plot (µM vs. OD) was obtained
for each PS. The amount of PS not bound to bacterial cells was inferred interpolating the
data on the calibration plot. The percentage of each PS bound to P. aeruginosa cells is
represented as the mean ± standard deviation of at least three independent experiments.

4.9. Statistical Analyses

Photoinactivation experiments on suspended cells and biofilm formation by each
microbial strain were performed at least three times with independent cultures, and
statistical analyses were assessed by one-way ANOVA. If homogeneity of variance was not
observed, post hoc test was performed.

Author Contributions: Conceptualization, V.T.O. and E.C.; methodology, V.T.O., E.M. and F.B.; irradi-
ating apparatus, LED parameters check and LED software, N.T. and F.G.; experimental investigation,
E.M. and F.B.; data curation, V.T.O. and E.C.; writing—original draft preparation, E.C. and V.T.O. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rice, L.B. Federal Funding for the Study of Antimicrobial Resistance in Nosocomial Pathogens: No ESKAPE. J. Infect. Dis. 2008,

197, 1079–1081. [CrossRef]
2. Ma, Y.; Wang, C.; Li, Y.; Li, J.; Wan, Q.; Chen, J.; Tay, F.R.; Niu, L. Considerations and Caveats in Combating ESKAPE Pathogens

against Nosocomial Infections. Adv. Sci. 2019, 7, 1901872. [CrossRef]
3. Mulani, M.S.; Kamble, E.; Kumkar, S.N.; Tawre, M.S.; Pardesi, K.R. Emerging Strategies to Combat ESKAPE Pathogens in the Era

of Antimicrobial Resistance: A Review. Front. Microbiol. 2019, 10, 539. [CrossRef]
4. Stover, C.K.; Pham, X.Q.; Erwin, A.L.; Mizoguchi, S.D.; Warrener, P.; Hickey, M.J.; Brinkman, F.S.L.; Hufnagle, W.O.; Kowalik, D.J.;

Lagrou, M.; et al. Complete genome sequence of Pseudomonas aeruginosa PAO1, an opportunistic pathogen. Nature 2000, 406,
959–964. [CrossRef] [PubMed]

5. Nordmann, P.; Naas, T.; Fortineau, N.; Poirel, L. Superbugs in the coming new decade; multidrug resistance and prospects for
treatment of Staphylococcus aureus, Enterococcus spp. and Pseudomonas aeruginosa in 2010. Curr. Opin. Microbiol. 2007, 10, 436–440.
[CrossRef] [PubMed]

247



Int. J. Mol. Sci. 2021, 22, 6808

6. Migiyama, Y.; Yanagihara, K.; Kaku, N.; Harada, Y.; Yamada, K.; Nagaoka, K.; Morinaga, Y.; Akamatsu, N.; Matsuda, J.;
Izumikawa, K.; et al. Pseudomonas aeruginosa Bacteremia among Immunocompetent and Immunocompromised Patients: Relation
to Initial Antibiotic Therapy and Survival. Jpn. J. Infect. Dis. 2016, 69, 91–96. [CrossRef] [PubMed]

7. Driscoll, J.A.; Brody, S.L.; Kollef, M.H. The Epidemiology, Pathogenesis and Treatment of Pseudomonas aeruginosa Infections.
Drugs 2007, 67, 351–368. [CrossRef] [PubMed]

8. El Zowalaty, A.; Al Thani, A.A.; Webster, T.J.; Schweizer, H.P.; Nasrallah, G.; Marei, H.; Ashour, H. Pseudomonas aeruginosa:
Arsenal of resistance mechanisms, decades of changing resistance profiles, and future antimicrobial therapies. Future Microbiol.
2015, 10, 1683–1706. [CrossRef]

9. Rasamiravaka, T.; Labtani, Q.; Duez, P.; El Jaziri, M. The Formation of Biofilms by Pseudomonas aeruginosa: A Review of the
Natural and Synthetic Compounds Interfering with Control Mechanisms. BioMed Res. Int. 2015, 2015, 759348. [CrossRef]

10. Moradali, M.F.; Ghods, S.; Rehm, B.H.A. Pseudomonas aeruginosa Lifestyle: A Paradigm for Adaptation, Survival, and Persistence.
Front. Cell. Infect. Microbiol. 2017, 7, 39. [CrossRef]

11. Hancock, R.E.W.; Brinkman, F.S.L. Function of Pseudomonas Porins in Uptake and Efflux. Annu. Rev. Microbiol. 2002, 56, 17–38.
[CrossRef]

12. Li, X.-Z.; Nikaido, H. Efflux-Mediated Drug Resistance in Bacteria. Drugs 2004, 64, 159–204. [CrossRef]
13. Wright, G.D. Bacterial resistance to antibiotics: Enzymatic degradation and modification. Adv. Drug Deliv. Rev. 2005, 57,

1451–1470. [CrossRef] [PubMed]
14. Hamblin, M.R.; Abrahamse, H. Can light-based approaches overcome antimicrobial resistance? Drug Dev. Res. 2019, 80, 48–67.

[CrossRef] [PubMed]
15. Allison, R.R.; Moghissi, K. Photodynamic Therapy (PDT): PDT Mechanisms. Clin. Endosc. 2013, 46, 24–29. [CrossRef]
16. Saint-Denis, T.; Dai, T.; Izikson, L.; Astrakas, C.; Anderson, R.R.; Hamblin, M.R.; Tegos, G.P. All you need is light. Virulence 2011,

2, 509–520. [CrossRef] [PubMed]
17. Hamblin, M.R. Antimicrobial photodynamic inactivation: A bright new technique to kill resistant microbes. Curr. Opin. Microbiol.

2016, 33, 67–73. [CrossRef]
18. Prochnow, E.P.; Martins, M.R.; Campagnolo, C.B.; Santos, R.C.; Villetti, M.A.; Kantorski, K.Z. Antimicrobial photodynamic effect

of phenothiazinic photosensitizers in formulations with ethanol on Pseudomonas aeruginosa biofilms. Photodiagnosis Photodyn. Ther.
2016, 13, 291–296. [CrossRef] [PubMed]

19. Abdulrahman, H.; Misba, L.; Ahmad, S.; Khan, A.U. Curcumin induced photodynamic therapy mediated suppression of quorum
sensing pathway of Pseudomonas aeruginosa: An approach to inhibit biofilm in vitro. Photodiagnosis Photodyn. Ther. 2020, 30, 101645.
[CrossRef]

20. Sarker, R.R.; Tsunoi, Y.; Haruyama, Y.; Ichiki, Y.; Sato, S.; Nishidate, I. Combined Addition of Ethanol and Ethylenediaminete-
traacetic Acid Enhances Antibacterial and Antibiofilm Effects in Methylene Blue-Mediated Photodynamic Treatment against
Pseudomonas aeruginosa In Vitro. Photochem. Photobiol. 2021, 97, 600–606. [CrossRef]

21. Anju, V.T.; Paramanantham, P.; Siddhardha, B.; Sruthil Lal, S.B.; Sharan, A.; Alyousef, A.A.; Arshad, M.; Syed, A. Malachite
green-conjugated multi-walled carbon nanotubes potentiate antimicrobial photodynamic inactivation of planktonic cells and
biofilms of Pseudomonas aeruginosa and Staphylococcus aureus. Int. J. Nanomed. 2019, 14, 3861–3874. [CrossRef] [PubMed]

22. Pérez-Laguna, V.; García-Luque, I.; Ballesta, S.; Pérez-Artiaga, L.; Lampaya-Pérez, V.; Rezusta, A.; Gilaberte, Y. Photodynamic
therapy using methylene blue, combined or not with gentamicin, against Staphylococcus aureus and Pseudomonas aeruginosa.
Photodiagnosis Photodyn. Ther. 2020, 31, 101810. [CrossRef] [PubMed]

23. Orlandi, V.T.; Rybtke, M.; Caruso, E.; Banfi, S.; Tolker-Nielsen, T.; Barbieri, P. Antimicrobial and anti-biofilm effect of a novel
BODIPY photosensitizer against Pseudomonas aeruginosa PAO1. Biofouling 2014, 30, 883–891. [CrossRef]

24. Mamone, L.; Ferreyra, D.; Gándara, L.; Di Venosa, G.; Vallecorsa, P.; Sáenz, D.; Calvo, G.; Batlle, A.; Buzzola, F.; Durantini, E.N.;
et al. Photodynamic inactivation of planktonic and biofilm growing bacteria mediated by a meso-substituted porphyrin bearing
four basic amino groups. J. Photochem. Photobiol. B Biol. 2016, 161, 222–229. [CrossRef] [PubMed]

25. Patel, N.; Swavey, S.; Robinson, J. A Cationic Porphyrin, ZnPor, Disassembles Pseudomonas aeruginosa Biofilm Matrix, Kills Cells
Directly, and Enhances Antibiotic Activity of Tobramycin. Antibiotics 2020, 9, 875. [CrossRef]

26. Phoenix, D.A.; Dennison, S.R.; Harris, F. Photodynamic antimicrobial chemotherapy. In Novel Antimicrobial Agents Strategies;
Wiley: Hoboken, NJ, USA, 2014; Volume 42, pp. 295–330. [CrossRef]

27. Amos-Tautua, B.M.; Songca, S.P.; Oluwafemi, O.S. Application of Porphyrins in Antibacterial Photodynamic Therapy. Molecules
2019, 24, 2456. [CrossRef]

28. Malatesti, N.; Munitic, I.; Jurak, I. Porphyrin-based cationic amphiphilic photosensitisers as potential anticancer, antimicrobial
and immunosuppressive agents. Biophys. Rev. 2017, 9, 149–168. [CrossRef]

29. Eckl, D.B.; Dengler, L.; Nemmert, M.; Eichner, A.; Bäumler, W.; Huber, H. A Closer Look at Dark Toxicity of the Photosensitizer
TMPyP in Bacteria. Photochem. Photobiol. 2017, 94, 165–172. [CrossRef] [PubMed]

30. Donnelly, R.F.; McCarron, P.A.; Cassidy, C.M.; Elborn, J.S.; Tunney, M.M. Delivery of photosensitisers and light through mucus:
Investigations into the potential use of photodynamic therapy for treatment of Pseudomonas aeruginosa cystic fibrosis pulmonary
infection. J. Control. Release 2007, 117, 217–226. [CrossRef]

31. Caruso, E.; Malacarne, M.C.; Banfi, S.; Gariboldi, M.B.; Orlandi, V.T. Cationic diarylporphyrins: In vitro versatile anticancer and
antibacterial photosensitizers. J. Photochem. Photobiol. B Biol. 2019, 197, 111548. [CrossRef] [PubMed]

248



Int. J. Mol. Sci. 2021, 22, 6808

32. Orlandi, V.T.; Martegani, E.; Bolognese, F.; Trivellin, N.; Mat’átková, O.; Paldrychová, M.; Baj, A.; Caruso, E. Photodynamic
Therapy by Diaryl-Porphyrins to Control the Growth of Candida albicans. Cosmetics 2020, 7, 31. [CrossRef]

33. Orlandi, V.T.; Caruso, E.; Tettamanti, G.; Banfi, S.; Barbieri, P. Photoinduced antibacterial activity of two dicationic 5,15-
diarylporphyrins. J. Photochem. Photobiol. B Biol. 2013, 127, 123–132. [CrossRef]

34. Caruso, E.; Cerbara, M.; Malacarne, M.C.; Marras, E.; Monti, E.; Gariboldi, M.B. Synthesis and photodynamic activity of novel
non-symmetrical diaryl porphyrins against cancer cell lines. J. Photochem. Photobiol. B Biol. 2019, 195, 39–50. [CrossRef]

35. Cieplik, F.; Deng, D.; Crielaard, W.; Buchalla, W.; Hellwig, E.; Al-Ahmad, A.; Maisch, T. Antimicrobial photodynamic therapy—
What we know and what we don’t. Crit. Rev. Microbiol. 2018, 44, 571–589. [CrossRef]

36. Demidova, T.N.; Hamblin, M.R. Effect of Cell-Photosensitizer Binding and Cell Density on Microbial Photoinactivation. Antimicrob.
Agents Chemother. 2005, 49, 2329–2335. [CrossRef] [PubMed]

37. Martegani, E.; Bolognese, F.; Trivellin, N.; Orlandi, V.T. Effect of blue light at 410 and 455 nm on Pseudomonas aeruginosa biofilm. J.
Photochem. Photobiol. B Biol. 2020, 204, 111790. [CrossRef]

38. Bragonzi, A.; Wiehlmann, L.; Klockgether, J.; Cramer, N.; Worlitzsch, D.; Döring, G.; Tümmler, B. Sequence diversity of the
mucABD locus in Pseudomonas aeruginosa isolates from patients with cystic fibrosis. Microbiology 2006, 152, 3261–3269. [CrossRef]
[PubMed]

39. Orlandi, V.T.; Villa, F.; Cavallari, S.; Barbieri, P.; Banfi, S.; Caruso, E.; Clerici, P. Photodynamic therapy for the eradication of
biofilms formed by catheter associated Pseudomonas aeruginosa strains. Microbiol. Med. 2011, 26. [CrossRef]

40. Motta, S.; Vecchietti, D.; Martorana, A.; Brunetti, P.; Bertoni, G.; Polissi, A.; Mauri, P.; Di Silvestre, D. The Landscape of Pseudomonas
aeruginosa Membrane-Associated Proteins. Cells 2020, 9, 2421. [CrossRef] [PubMed]

41. Cormick, M.P.; Alvarez, M.G.; Rovera, M.; Durantini, E.N. Photodynamic inactivation of Candida albicans sensitized by tri- and
tetra-cationic porphyrin derivatives. Eur. J. Med. Chem. 2009, 44, 1592–1599. [CrossRef] [PubMed]

42. Kapteyn, J.C.; Montijn, R.C.; Dijkgraaf, G.J.; Ende, H.V.D.; Klis, F.M. Covalent association of beta-1,3-glucan with beta-1,6-
glucosylated mannoproteins in cell walls of Candida albicans. J. Bacteriol. 1995, 177, 3788–3792. [CrossRef] [PubMed]
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Abstract: The objective of this study was to determine reactive oxygen species (ROS) produced by
fagopyrin F-rich fraction (FFF) separated from Tartary buckwheat flower extract exposed to lights
and to investigate its antibacterial photodynamic inactivation (PDI) against Streptococcus mutans and
its biofilm. ROS producing mechanisms involving FFF with light exposure were determined using
a spectrophotometer and a fluorometer. S. mutans and its biofilm inactivation after PDI treatment
of FFF using blue light (BL; 450 nm) were determined by plate count method and crystal violet
assay, respectively. The biofilm destruction by ROS produced from FFF after exposure to BL was
visualized using confocal laser scanning microscopy (CLSM) and field emission scanning electron
microscope (FE-SEM). BL among 3 light sources produced type 1 ROS the most when applying FFF as
a photosensitizer. FFF exposed to BL (5 and 10 J/cm2) significantly more inhibited S. mutans viability
and biofilm formation than FFF without the light exposure (p < 0.05). In the PDI of FFF exposed to
BL (10 J/cm2), an apparent destruction of S. mutans and its biofilm were observed by the CLSM and
FE-SEM. Antibacterial PDI effect of FFF was determined for the first time in this study.

Keywords: Tartary buckwheat; fagopyrin F; fagopyrin; photosensitizer; ROS; photodynamic therapy

1. Introduction

Buckwheat plants contain protofagopyrins, which are converted to fagopyrins when
the plant extract is exposed to light [1]. Both protofagopyrins and fagopyrins belong to
naphthodianthrone and act as photosensitizers (PS) [1,2]. Protofagopyrins were converted
to fagopyrins most rapidly when exposed to blue light (BL) and fluorescence light, and
fagopyrins maintained a stable structure even when exposed to various light sources
for 8 h [3]. Hypericin, one of naphthodianthrones structurally similar to fagopyrins and
protofagopyrins, has been studied as a PS for various photodynamic effects including an-
tibacterial effects [4–6]. Benković et al. reported the structural characteristics of fagopyrins,
which are similar to hypericin [1]. Fagopyrins and hypericin have the same absorbance
spectra (maximum absorbance: 590 nm) [1,3]. Also, fluorescence of fagopyrins and hy-
pericin was detected at an excitation wavelength of 330 nm and emission wavelength of
590 nm [1,7–9]. However, to the best of our knowledge, photodynamic effects of fagopy-
rins and protofagopyrins have not yet been reported. Tartary buckwheat flowers (TBF)
are richer in fagopyrins (protofagopyrins) than the other parts of the buckwheat plant
(e.g., stems, leaves, flowers, groats, and hulls), regardless of the cultivar type [1,3,7,9]. Six
fagopyrins (A–F) were reported to exist in buckwheat plants with fagopyrins A, E, and F
identified [1,8]. In addition, Kim and Hwang reported that fagopyrin F (FF) accounted for
more than 93% of total fagopyrins in TBF extracts exposed to light [9]. Given these results,
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in this study, we prepared FF-rich fraction (FFF) separated from the TBF extract exposed to
lights and further determined photodynamic effect of the FFF.

Photodynamic therapy (PDT) is a clinical treatment against harmful microorganisms,
tumors, viruses, and parasites and is based on the photochemical reaction of PS [10,11]. PS
molecules absorb light of a specific wavelength initiating reactive oxygen species (ROS)
production, which leads to selective cellular or tissue destruction (Figure 1) [10–12]. After
exposure to light, energy from the triplet excited state of the PS is transferred to two
ROS production mechanisms [10–13]. In the type 1 ROS photodynamic mechanism, the
PS transfers hydrogen or electrons to biomolecules from its surroundings. This process
initially produces ROS in the form of superoxide anion radicals (O2

•−), which further
generates other ROS molecules, such as hydrogen peroxide and hydroxyl radicals, inside
the cell [10–13]. In the type 2 ROS photodynamic mechanism, energy from the triplet
excited state of the PS is directly transferred to oxygen molecules in the ground energy
state (3O2). This process produces singlet oxygen (1O2), which exhibits strong oxidative
properties [10–13].
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One of the most widely studied PDT applications is antibacterial photodynamic
inactivation (PDI), which can be applied to several bacterial species. Among possible
treatment sites for PDI, oral cavity is exposed outside, not inside the human body; thus,
PDI can be directly applied to the oral cavity to inactivate various harmful bacteria. Since
the PDI method for the oral cavity is simple, and PDI does not cause antibiotic resistance to
harmful bacteria in the oral cavity, PDI has been studied fairly extensively for eliminating
harmful bacteria in the oral cavity [14–16]. Streptococcus mutans is a gram-positive bacterium
that causes dental erosion by forming biofilm [16]. Biofilm, a complex of bacteria and their
secondary metabolites (e.g., sugars, acids, and glucans), forms a layer on the surface of
the teeth [16]. Various PS have been used to inactivate harmful oral bacteria. Among
them, curcumin and hypericin originated from food sources, are typical PS against harmful
oral bacteria [4,17–19]. PDI of curcumin or hypericin as a PS destroyed most S. mutans
(over 99%) and inhibited their biofilm formation [4,17,18]. Application of PDI to S. mutans
has been studied in terms of biofilm inactivation and destruction, and the treatment
effect of PDI has been mainly confirmed using spectrometer and microscope techniques
such as confocal laser scanning microscopy (CLSM) and field emission scanning electron
microscope (FE-SEM) [14,16,20–26].

251



Int. J. Mol. Sci. 2021, 22, 6205

The purpose of this study was to evaluate photosensitizing ability of FFF separated
from TBF extract by measuring the amount of ROS produced after exposure to lights and
to investigate the PDI effect of FFF against S. mutans and its biofilm.

2. Results and Discussion
2.1. ROS Production by FFF

Intracellular ROS productions in the S. mutans suspensions added with FFF when
exposed to BL (450 nm), yellow light (YL; 590 nm), and red light (RL; 660 nm) were shown
in Figure 2a. The fluorescence intensity of the S. mutans suspension with FFF exposed to
BL (5 or 10 J/cm2) was significantly higher than that of YL or RL (Figure 2a), indicating
that BL was an appropriate light source to produce ROS by FFF. The fluorescence intensity
of the S. mutans suspension added with FFF along with D-mannitol when exposed to BL
(5 or 10 J/cm2) was significantly lower than that with FFF only (Figure 2b), suggesting
that FFF exposed to BL might produce hydroxyl radicals, which might be then scavenged
by D-mannitol.
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Figure 2. Production of reactive oxygen species (ROS) by fagopyrin F-rich fraction (FFF; final concentration of 5 µg/mL)
from Tartary buckwheat flower extract after exposure to lights. (a) Intracellular ROS production in Streptococcus mutans
treated by FFF with different lights. (b) Intracellular ROS production in S. mutans treated by FFF with blue light (5 or
10 J/cm2) with different radical scavengers. DM: D-mannitol (final concentration of 100 mM). SA: sodium azide (final
concentration of 100 mM). (c) Superoxide production in S. mutans treated by FFF with different lights. (d) Superoxide
production in S. mutans treated by FFF with blue light. (e) Singlet oxygen production treated by FFF with different lights.
(a–e) Con: control with FFF without irradiation. (a,b) Different small letters indicate significant differences (p < 0.05; one-way
ANOVA and Duncan’s multiple range test). (a,b) Bars are means ± standard deviations (n = 3). (c–e) Data lines are means
(n = 3).
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On the other hand, when the S. mutans suspension with FFF along with sodium azide
(NaN3) was exposed to BL (5 or 10 J/cm2), the fluorescence intensity did not decrease as the
singlet oxygen might be scavenged by sodium azide, and the fluorescence intensity rapidly
increased during exposure to BL (Figure 2b). This result implies that the fluorescence
intensity increases by binding 2′,7’-dichlorofluorescin diacetate (DCFH-DA) to azide radical
(N3

•) derived from NaN3 rather than singlet oxygen produced by FFF [20,27]. That is,
when FFF was exposed to BL, singlet oxygen might not be generated or the amount of
singlet oxygen might not be enough to be combined with DCFH-DA.

Intracellular superoxide productions in the S. mutans suspensions added with FFF
when exposed to BL, YL, and RL were shown in Figure 2c. The fluorescence intensity of
the S. mutans suspension with FFF when exposed to YL or RL for 120 s was slightly higher
than the control (Figure 2c), whereas the intensity of the FFF suspension exposed to BL for
120 s increased in a time-dependent manner (Figure 2d). Superoxide production by FFF
exposed to BL was higher than that exposed to YL or RL. These results were consistent
with those measured by DCFH-DA.

When 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) added with FFF was
exposed to BL, YL, or RL, its absorbance, whose reduction indicates more singlet oxygen
production, differed little from that of the control, regardless of the wavelength (Figure 2e).
However, the previous study observed a rapid decrease in the absorbance when ABDA
added with PS such as methylene blue, toluidine blue, and rose bengal was exposed to
light [21,28], suggesting these PS may very effectively produce singlet oxygen following
the type 2 ROS production mechanism. Thus, our result suggests that FFF exposed to light
little produces singlet oxygen.

In summary, ROS production mechanism of FFF exposed to lights might be type 1.
Also, type 1 ROS were more produced when FFF was exposed to BL than YL and RL.
Therefore, subsequent PDI experiments were conducted using BL.

2.2. Photodynamic Inactivation of Planktonic S. mutans

The colony forming unit (CFU) of S. mutans did not significantly decrease after FT
(S. mutans suspension treated with FFF (final concentration of 5 µg/mL) without irradia-
tion), MT (S. mutans suspension in 2.5% methanol (the same concentration of methanol in
the suspension treated with FFF at the final concentration of 5 µg/mL) with no FFF treat-
ment nor irradiation), or MIT (S. mutans suspension in 2.5% methanol without FFF, which
was exposed to BL of 10 J/cm2) treatment compared to NT (S. mutans suspension with
no FFF treatment nor irradiation) (Figure 3a), suggesting 5 µg/mL FFF or 2.5% methanol
(final concentration) in the suspension without BL exposure might not kill S. mutans. The
BL exposure (10 J/cm2) of the suspension without FFF (MIT) did not affect S. mutans
viability in this study, although BL (400–450 nm) is known to have antibacterial effects [20].
Paschoal et al. reported that S. mutans was not killed when exposed to BL (450 ± 30 nm; 24,
48, or 72 J/cm2) without PS treatment [17]. Moreover, S. mutans viability did not decrease
when exposed to BL (405 nm; 25.4 J/cm2) without a PS [18]. In this study, S. mutans was
exposed to BL (5 or 10 J/cm2), in which energy fluences were lower than in the previous
studies [17,18]. Therefore, it is certain that BL (5 and 10 J/cm2) tested in this study does
not affect S. mutans viability.

When the S. mutans suspension added with FFF was exposed to BL (5 and 10 J/cm2),
CFU in the PDI treatment groups were significantly lower than the NT and FT (Figure 3a).
CFU in the S. mutans suspension added with FFF when exposed to BL decreased in a
dose-dependent and energy fluence-dependent manners. In this study, when S. mutans
suspension added with FFF (5 µg/mL) was incubated for 10 min and then exposed to BL
(450 nm; 10 J/cm2), S. mutans viability decreased by 97.6% compared to the FT. Lüthi et al.
reported that when S. mutans was incubated with hypericin (10 µg/mL) for 30 min and
then exposed to BL (400–505 nm) with energy fluence of 128.4 and 256.8 J/cm2, S. mutans
viability decreased by 99.2 and 99.998%, respectively, compared to the control [4]. Paschoal
et al. also reported that when S. mutans was incubated with curcumin (2 mM; 736.8 µg/mL)
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for 1 min and then exposed to BL (450 ± 30 nm; 24 J/cm2), S. mutans viability decreased
by 99.13% compared to the control [17]. However, considering that PS concentrations and
energy fluences in the previous studies were higher than those in this study, FFF may have
comparable potency to kill S. mutans to other PS. On the other hand, Ribeiro et al. reported
that when S. mutans was incubated with riboflavin (40 µg/mL) for 10 min and exposed
to BL (455 ± 20 nm; 32.4 J/cm2), S. mutans viability decreased by 77.5% compared to the
control [19], in which a smaller decrease in viability of S. mutans was observed although a
higher PS concentration and a higher energy fluence were applied than in this study.
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2.3. Effects of PDI Treatment of FFF on S. mutans Biofilm Formation

S. mutans biofilm formation in the PDI treatment groups was significantly lower than
that in the control (Figure 3b). The S. mutans suspension added with FFF (5 µg/mL)
exposed to BL (10 J/cm2) had the highest inhibition in the biofilm formation among the
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PDI treatment groups. Inhibition rates of biofilm formation with the PDI treatments of FFF
at 2.5 µg/mL exposed to BL of 5 J/cm2 and FFF at 5 µg/mL exposed to BL of 10 J/cm2

were the lowest (11.6%) and the highest (34.0%), respectively, compared to the control
(Figure 3b). In this study, the PDI treatment with a higher concentration of FFF formed
less biofilm at the same energy fluence (Figure 3b). However, the PDI treatment with FFF
at 2.5 µg/mL exposed to BL of 10 J/cm2 formed a significantly less biofilm than the PDI
treatment with FFF at 5 µg/mL exposed to BL of 5 J/cm2 (p < 0.05; Figure 3b). These
results suggest that increased energy fluence might be more efficient than increased FFF
concentration in inhibiting S. mutans biofilm formation.

In this study, we confirmed for the first time that FF in the FFF, when exposed to BL,
exerts antibacterial and antibiofilm effects in S. mutans. As previously stated, inactivation
of S. mutans and biofilm formation by PDI using hypericin was reported [15]. It has been
also reported that hypericin has a PDI effect on several gram-positive bacteria [4,15].
Thus, further studies are warranted to confirm the PDI effects of FFF on other harmful
gram-positive bacteria.

2.4. Visualization of Antibiofilm Effects of FFF by CLSM

CLSM was performed to visualize the PDI effects of FFF against S. mutans biofilms
(Figure 4). SYTO 9 and propidium iodide dyes were used for staining living cells green
and dead cells red, respectively, and confirmed whether bacterial death occurred after the
PDI treatment of FFF [29]. The fluorescence images of the NT and FT showed dense green
staining indicating live bacteria (Figure 4). However, when the energy fluence increased,
this green staining gradually dimmed and red staining gradually increased, indicating
bacterial death. These results suggest that the PDI treatment of FFF may be effective in
destructuring S. mutans biofilms. These observations were similar to CLSM image color
changes from previous PDI studies using other PS [21,30].

2.5. Visualization of Antibiofilm Effect of FFF by FE-SEM

FE-SEM was used to visualize the PDI effect of FFF against S. mutans biofilms
(Figure 5). Cell division in S. mutans occurs toward poles of cells and tends not to com-
pletely separate; hence the bacteria form chain shapes as they grow [31]. Before the PDI
treatment as in the NT and FT, most S. mutans looked like short-chains in the biofilm
(Figure 5). Namely, S. mutans formed an intact original shape without cell damage. How-
ever, after the PDI treatment of FFF, S. mutans cell membranes were destroyed by ROS
produced from FFF (Figure 5). These FE-SEM images indicate that the cell membrane,
not the intracellular cytoplasm, might be the major site of the damage mediated by ROS
derived from FFF. Cell membrane destruction and cytoplasm leakage were clearly observed
in the FE-SEM images at 15,000× and 100,000× magnifications, respectively (Figure 5).
Also, S. mutans chain structures collapsed, resulting from cell membrane destruction by
ROS from the PDI treatment of FFF. The FE-SEM images also showed a vast S. mutans
biofilm destruction, as well as significant morphological changes in S. mutans chains after
the PDI of FFF. This S. mutans biofilm destruction was energy fluence-dependent. Briefly,
biofilms after the PDI treatment of FFF exposed to BL of 10 J/cm2 were more morphologi-
cally destroyed than BL of 5 J/cm2 (Figure 5). These data were consistent with the results
described in Section 2.3. Also, the FE-SEM images of S. mutans biofilm destroyed by the
PDI in this study were similar to those presented in the previous studies [21,23].
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Figure 4. Confocal laser scanning microscopy images of Streptococcus mutans biofilm treated with
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blue light (BL). NT: S. mutans biofilm with no FFF treatment nor irradiation. FT: S. mutans biofilm
treated with FFF without irradiation.

In general, ROS produced from PDI destroys cell membranes and denatures cellular
DNA. Takasaki et al. reported that a PS destroys cell membranes via ROS production
after attaching to the cell membrane rather than destroying DNA by intracellular ROS
production [32]. ROS produced by PS membrane attachment inactivates the membrane
transport system and associated enzymes, thereby inducing lipid peroxidation, which
damages the cell membrane structure [32,33]. Esmatabadi et al. reported that after PDI-
mediated cell membrane destruction, cytoplasm contents and metabolites were released
from cells, and DNA was damaged [34]. In this study, we observed the destruction and
cytoplasmic release of S. mutans cell membranes via the PDI treatment of FFF. Similar to
other PS, FFF is believed to selectively bind to cytoplasmic membrane components and
cause direct cell death by ROS via destruction of the membrane.
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3. Materials and Methods
3.1. Chemicals and Reagents

Brain heart infusion (BHI) broth was purchased from BD (Becton, Dickinson and Com-
pany, Franklin Lakes, NJ, USA). ABDA, acetic acid, agar, crystal violet solution, DCFH-DA,
D-mannitol, dihydroethidium (DHE), ethanol, formic acid, glycerol, and sodium azide
were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Glutaraldehyde, hexam-
ethyldisilazane, osmium tetroxide, paraformaldehyde, and sodium cacodylate buffer (SCB)
were purchased from Electron Microscopy Science (EMS) (Hatfield, PA, USA). Methanol
and acetonitrile were purchased from J.T. Baker (Phillipsburg, NJ, USA). Phosphate buffer
saline (PBS) and LIVE/DEAD™ Bacterial Viability Kit (L-7012) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).

3.2. Bacterial Strain and Culture

S. mutans KCTC 3298 from the Korean Collection for Type Cultures (KCTC, Jeongeup,
Korea) was cultured in the BHI broth at 37 ◦C. S. mutans stock solution was prepared
by inoculating a single colony of bacteria from BHI agar plate into BHI broth (10 mL)
and incubating for 24 h. After incubation, equal volumes of aliquoted bacterial broth of
S. mutans and 50% glycerol were mixed, and the mixture was stored at −80 ◦C as stock.
For subsequent experiments, the thawed S. mutans stock was inoculated into BHI broth
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(1%) and was cultured for 24 h. The cultured suspension of S. mutans was inoculated into
fresh BHI broth (1%) and cultured for 24 h. The activated S. mutans (1.1 × 109 CFU/mL)
was used in subsequent experiments.

3.3. Preparation of FFF and Light Sources

TBF was collected as described in the previous study [9]. Freeze-dried TBF powder
(500 mg) was extracted with methanol (20 mL) in a water bath (BS-11, Lab Companion,
Seoul, Korea) at 60 ◦C for 60 min. The extract was centrifuged at 1500× g for 10 min. The
supernatant was filtered through a 0.2 µm syringe filter (DISMIC-13JP, Advantec, Tokyo,
Japan) and the filtrate was exposed to fluorescent light (400–700 nm; LED Bulb 12 W,
Philips Korea, Seoul, Korea) for 2 h to convert protofagopyrins to fagopyrins. An HPLC
system (e2695, Waters, Milford, MA, USA) equipped with a photodiode array detector
(2998, Waters, USA) and an Agilent Zorbax Eclipse XDB (250 mm × 4.6 mm, 5 µm; Agilent,
Palo Alto, CA, USA) column was used to separate FFF from the TBF extract. Mobile phases
were 0.1% formic acid in distilled water (A) and 0.1% formic acid in acetonitrile (B). Flow
rate was 1.2 mL/min. Gradient elution was set as follows: 60% B in 0–2 min, 60–100% B in
2–8 min, 100% B in 8–9.5 min, 100–60% B in 9.5–10 min, and 60% B in 10–11 min. Column
temperature was 50 ◦C. Injection volume was 100 µL. The fraction (FFF) eluted between
9.0 and 10.0 min of retention time, at which fagopyrins detected at 590 nm were collected
mostly, were dried using a centrifugal vacuum concentrator (VC 2200, Labogene, Seoul,
Korea). The FFF powder was dissolved in methanol and stored at −80 ◦C for subsequent
experiments. FF accounted for 92.33 ± 0.08% (n = 3) in the FFF, when calculated based on
the peak areas obtained by HPLC-PDA and UPLC-MS/MS [3].

BL (450 nm; ABI 12 W Blue LED, ABI, Indianapolis, IN, USA), YL (590 nm; 15 W PI200,
Bissol LED, Seoul, Korea), and RL (660 nm; ABI 12 W DEEP RED LED, ABI) were used
in this study to find a suitable wavelength to activate FFF as a PS. Output powers of light
sources were expressed as power density (W/cm2) and energy fluence (J/cm2), which were
calculated as follows [23]:

Power density (W/cm2) = output power (W)/area (cm2)
Energy fluence (J/cm2) = power density (W/cm2) × exposure time (s)

3.4. ROS Production by FFF
3.4.1. Intracellular ROS Production

Intracellular ROS produced in FFF-incorporated S. mutans suspension exposed to light
was measured by fluorescence spectroscopy using DCFH-DA as described in previous
studies with some modifications [20,27]. The cultured S. mutans suspension was diluted
with PBS to 108 CFU/mL. The suspension was incubated with DCFH-DA (final concentra-
tion of 5 µM) at 37 ◦C for 30 min in the dark. FFF (final concentration of 5 µg/mL) was
added to the suspension, which was then treated with D-mannitol (type 1 ROS scavenger;
final concentration of 100 mM) or sodium azide (type 2 ROS scavenger; final concentration
of 100 mM) or not treated. The suspension was exposed to BL, YL, or RL (5 or 10 J/cm2).
After the irradiation, fluorescence intensity was measured by SpectraMax iD3 (Molecular
Devices, San Jose, CA, USA) at an excitation wavelength of 485 nm and an emission wave-
length of 525 nm. Control was treated with the same final concentration of FFF without
exposure to light.

3.4.2. Superoxide Production

Intracellular superoxide produced in FFF-incorporated S. mutans suspension exposed
to light was measured by fluorescence spectroscopy using DHE as described in previous
studies with some modifications [35,36]. The cultured S. mutans suspension was diluted
with PBS to 108 CFU/mL. DHE (final concentration of 5 mM) was added to the suspension.
The suspension was incubated at 37 ◦C for 30 min in the dark. FFF (final concentration of
5 µg/mL) was added to the suspension, which was then incubated at 37 ◦C for 15 min in
the dark. After incubation, fluorescence intensity (excitation wavelength: 510 nm; emission
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spectrum: 560–650 nm) of the suspension was measured before exposure to light and
every 10 s afterwards for 120 s while exposing the suspension to light (BL, YL, or RL)
of 0.16 W/cm2. Fluorescence intensity was measured using SpectraMax iD3 (Molecular
Devices). Control was treated with the same final concentration of FFF without exposure
to light.

3.4.3. Singlet Oxygen Detection

Singlet oxygen produced when FFF was exposed to light was measured by spectropho-
tometry using ABDA as described in a previous study with some modification [37].

ABDA (final concentration of 20 µM) and FFF (final concentration of 5 µg/mL) in PBS
were added in 96-well plate (SPL, Pocheon, Korea). The absorbance spectrum (350–430 nm)
was measured using SpectraMax iD3 (Molecular Devices). After measurement of the initial
absorbance spectrum without exposure to light, it was measured every 10 s for 60 s while
exposing the wells to light (BL, YL, or RL) of 0.16 W/cm2. Control was treated with the
same final concentration of FFF without exposure to light.

3.5. Effect of S. mutans Inactivation with PDI Treatment of FFF

The effect of S. mutans inactivation with PDI treatment of FFF was performed as
described in a previous study with some modification [21]. The PDI effect of FFF against
S. mutans was determined using the plate count method. The cultured S. mutans suspension
was diluted with PBS to 108 CFU/mL. The suspension with FFF (final concentration of 2.5
or 5 µg/mL) was incubated at 37 ◦C for 10 min in the dark. Then suspensions were exposed
to BL (5 or 10 J/cm2). After exposure, 10-fold serial dilutions in PBS were performed, and
100 µL of the suspensions were spread on BHI agar plates. After incubating for 48 h, the
number of single colonies was counted. To figure out any intervention other than the PDI
the following treatments were also tested: NT, FT, MT, and MIT.

3.6. Inhibition of S. mutans Biofilm Formation with PDI Treatment of FFF

Inhibition of S. mutans biofilm formation with PDI treatment of FFF was spectropho-
tometrically determined using crystal violet dye as described in the previous study with
some modification [14]. The cultured S. mutans suspension was diluted to 108 CFU/mL
with fresh BHI broth containing 5% sucrose. The suspension (1 mL) was added to each
well of a sterile and flat 24-well plate (SPL), and FFF (final concentration of 2.5 or 5 µg/mL)
was added into the suspension. The suspension was incubated at 37 ◦C for 15 min in the
dark. After incubation, the suspension was exposed to BL (5 or 10 J/cm2). The PDI-treated
suspension was incubated to form biofilm at 37 ◦C for 24 h in the dark. The medium
was decanted and gently washed twice with 1 mL PBS to remove loosely bound biofilm
and unbound planktonic S. mutans. Biofilm was stained with 1 mL 0.1% crystal violet
for 15 min on a well plate shaker (MX-M, DLAB, Riverside, CA, USA) at 300 rpm and
room temperature (RT). The crystal violet dye was removed, and the biofilm was gently
washed twice with 1 mL PBS. The stained biofilm was air-dried at RT for 15 min. After
drying, 600 µL 33% acetic acid was added to dissolve the stained biofilm. The suspension
was dissolved for 10 min on a well-plate shaker (DLAB, USA) at 300 rpm and RT. The
absorbance of the dissolved biofilm suspension was measured using a SpectraMax iD3
(Molecular Devices) at 570 nm. Control was treated with the same final concentrations of
FFF without exposure to BL. Biofilm formation level was expressed as the percentage of
the control.

3.7. Visualization in PDI Effects of FFF against S. mutans Biofilm
3.7.1. CLSM

The S. mutans suspension was diluted with fresh BHI broth containing 5% sucrose
to 106 CFU/mL. The suspension (3 mL) in a sterile confocal dish (SPL) was incubated at
37 ◦C for 24 h to form S. mutans biofilm. The medium was decanted and gently washed
twice with 1 mL PBS to remove loosely bound biofilm and unbound planktonic S. mutans.
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One mL FFF (final concentration of 5 µg/mL) in PBS was added to the biofilm in the
confocal dish. The suspension was exposed to BL (5 or 10 J/cm2). The suspension was
removed to obtain the biofilm, which was then gently washed twice with 1 mL PBS. Biofilm
was stained using LIVE/DEAD™ Bacterial Viability Kit (SYTO 9 and propidium iodide
dye) according to the manufacturer’s instruction. The biofilm with staining solution was
incubated in the dark at 37 ◦C for 1 h. The staining solution was removed and 100 µL
PBS was added to prevent drying of biofilm. Fluorescence images were observed using
CLSM (LSM710, Carl Zeiss, Oberkochen, Germany) at fluorescences of green (excitation
wavelength: 488 nm; emission wavelength: 516 nm) and red (excitation wavelength:
543 nm; emission wavelength: 589 nm) under 40 times magnification. Control was treated
with the same final concentrations of FFF without exposure to BL.

3.7.2. FE-SEM

The S. mutans suspension was diluted to 106 CFU/mL in fresh BHI broth containing
5% sucrose, and the suspension (3 mL) was incubated to form biofilm of S. mutans on
glass coverslips (24 × 24 mm, Paul Marienfield, Lauda-Königshofen, Germany) in 6-well
plates (SPL) at 37 ◦C for 36 h. After biofilm formation on the coverslip, the medium was
decanted, and the well was gently washed twice with 1 mL of PBS to remove loosely bound
biofilm and unbound planktonic S. mutans. One mL FFF (final concentration of 5 µg/mL)
in PBS was added into each well, and the suspension was incubated at 37 ◦C for 5 min
in the dark. After incubation, the suspension was exposed to BL (5 or 10 J/cm2). The
suspension with FFF was decanted, and the biofilm on the coverslip was gently washed
twice with 1 mL PBS. For primary fixation, the biofilm on the coverslip was soaked for 4 h
in Karnovsky fixative containing 2% glutaraldehyde and 2% paraformaldehyde in 0.05 M
SCB. The coverslip was washed three times with 0.05 M SCB for 5 min at each time. Post
fixation was conducted using 1% osmium tetroxide in 0.1 M SCB at 4 ◦C for 1 h. After
fixation, the coverslip was washed three times with distilled water for 5 min at each time
and dehydrated in a series of ethanol solutions (30%, 50%, 70%, 80%, 90%, and 100%) for
10 min each. The coverslip was soaked in hexamethyldisilazane for 10 min for specimen
drying, and then the coverslip was put in a vacuum desiccator for 24 h. After drying, the
coverslip was mounted on stubs (EMS) and was coated with platinum by EM ACE 200
(Leica, Wetzlar, Germany). Biofilm images on the coverslip were obtained using FE-SEM
(AURIGA, Carl Zeiss, Oberkochen, Germany). Control was treated with the same final
concentrations of FFF without exposure to BL.

3.8. Statistics

All experiments were conducted in triplicate except for CLSM and FE-SEM. Statistical
analysis was conducted by Student’s t-test and one-way analysis of variance (ANOVA)
with Duncan’s multiple range test (p < 0.05) using SPSS 23.0 software (IBM, Armonk, NY,
USA).

4. Conclusions

This study demonstrated that FFF when exposed to BL (450 nm) produced ROS,
and the ROS production of FFF was on the basis of the type 1 mechanism. Furthermore,
S. mutans and its biofilm were destroyed by ROS produced by PDI of FFF. It was elucidated
that PDI with FFF (5 µg/mL) exposed to BL (10 J/cm2) destroyed S. mutans biofilms,
which were visually confirmed by CLSM and FE-SEM. This study demonstrated for the
first time that FFF, present in buckwheat plants, is a potent PS and can be applied to PDI.
Although the PDI treatment of FFF was conducted at lower energy fluences of BL and
lower concentrations than other PS, PDI effect of FFF against S. mutans was similar to
curcumin and hypericin and was stronger than riboflavin. Thus, FFF might be a more
effective PS for PDI against S. mutans than commonly used PS. Further studies would
be needed to investigate whether the PDI of FFF can be applied to other gram-positive
bacteria and tumors.
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Abstract: Tamoxifen is the most widely used selective modulator of estrogen receptors (SERM)
and the first strategy as coadjuvant therapy for the treatment of estrogen-receptor (ER) positive
breast cancer worldwide. In spite of such success, tamoxifen is not devoid of undesirable effects,
the most life-threatening reported so far affecting uterine tissues. Indeed, tamoxifen treatment
is discouraged in women under risk of uterine cancers. Recent molecular design efforts have
endeavoured the development of tamoxifen derivatives with antiestrogen properties but lacking
agonistic uterine tropism. One of this is FLTX2, formed by the covalent binding of tamoxifen as ER
binding core, 7-nitrobenzofurazan (NBD) as the florescent dye, and Rose Bengal (RB) as source for
reactive oxygen species. Our analyses demonstrate (1) FLTX2 is endowed with similar antiestrogen
potency as tamoxifen and its predecessor FLTX1, (2) shows a strong absorption in the blue spectral
range, associated to the NBD moiety, which efficiently transfers the excitation energy to RB through
intramolecular FRET mechanism, (3) generates superoxide anions in a concentration- and irradiation
time-dependent process, and (4) Induces concentration- and time-dependent MCF7 apoptotic cell
death. These properties make FLTX2 a very promising candidate to lead a novel generation of SERMs
with the endogenous capacity to promote breast tumour cell death in situ by photosensitization.

Keywords: tamoxifen; estrogen receptors; SERM; fluorescence; FRET; reactive oxygen species;
superoxide anions; photosensitization; FLTX1; breast cancer; laser dye; molecular dynamics

1. Introduction

Tamoxifen (TX) is a selective modulator of estrogen receptors (SERMs) widely used as
coadjuvant therapy in the treatment of breast cancer. Tamoxifen has been prescribed for
decades to millions of women as the first therapeutic strategy for prevention or treatment
hormone-dependent breast cancer [1–4]. TX is a triphenylethylene molecule that competes
the binding of 17β-estradiol to estrogen receptors (ER) and prevents the transcriptional
activation of estrogen-dependent genes, which control the proliferation of mammary gland

263



Int. J. Mol. Sci. 2021, 22, 5339

cells. However, tamoxifen is known to significantly enhance the risk of developing endome-
trial lesions, including hyperplasia, polyps, carcinomas, sarcoma, as well as womb cancer
and thromboembolism [5–10]. Notably, tamoxifen-associated endometrial cancer often
has a poor clinical outcome, and serious concerns exist on its use for cancer prevention or
long-term palliative treatment [9,11]. The current view of these undesired effects is that in
most cases they are due to the interaction of TX with either canonical and/or non-canonical
molecular targets [11], whose proper identification has been hampered because the lack
of appropriate pharmacological and experimental tools. The existence of these adverse
secondary effects has boosted many laboratories to search for either modifications on the
tamoxifen molecule or novel SERMs structurally unrelated to tamoxifen, which could
circumvent the undesirable effects during long-term therapies [1,12–15]. In recent years,
we have developed a novel fluorescent tamoxifen derivative, FLTX1, which not only allows
tracking canonical (i.e., ER) and non-canonical intracellular targets, but also retains most
pharmacological properties of tamoxifen (specific ER binding, antagonism of ER-mediated
transcriptional activation and cell proliferation), while lacks the trophic worrisome effects
of tamoxifen in the uterus [16]. Of note, beyond its pharmacological properties, FLTX1 is
endowed with emergent opto-chemical properties of which tamoxifen lacks [17–20]. In the
present study we have designed and developed a new tamoxifen derivative, named FLTX2,
formed by the covalent linkage of FLTX1 to a well-known photosentizer, Rose Bengal (RB),
which takes advantages of both pharmacological and optochemical properties of FLTX1,
and the incorporation of a novel functionality to generate reactive oxygen species (ROS)
with high efficiency. Thus, positive gain media based on FLTX1 optical properties were
prepared and laser emission was demonstrated under optical pulsed excitation, which is
transferred to RB through Förster resonance energy transfer (FRET). In this article we have
used a multidisciplinary approach to assess the main properties of FLTX2 with special focus
on: (1) ER antagonistic properties, (2) Docking and Molecular Dynamics of the FLTX2-ER
interaction (3) Optochemical properties, (4) Irradiation-induced ROS generation, (5) In-
tracellular binding, and (6) Ability to photosensitize and to induce irradiation-mediated
cell death. The outcomes pinpoint to a highly promising pharmacophore with potential
applications as specific site-directed photosensitizer in ER-dependent breast cancer.

2. Results and Discussion
2.1. Synthesis of FLTX2 (FLTX1-RB)

In the present study we have designed and synthetized a novel fluorescent tamoxifen
derivative, FLTX2, following a synthetic strategy (Figure 1A) which avoided the need
of high-cost commercial tamoxifen. The tamoxifen core of dimethyl acetal precursor
1 was synthesized in a few steps from inexpensive materials, according to a reported
procedure [21]. As it happens with commercial tamoxifen, a mixture of the E and Z isomers
was obtained. Once compound 1 was available, the aldehyde was deprotected in acid
media and treated with ethanolamine under reductive conditions to introduce the FLTX1-
Rose Bengal (FLTX1-RB) linker. This linker was attached first to 7-nitrobenzofurazan
(NBD) and then to RB. Thus, the FLTX1-linker intermediate was treated with 4-chloro-
7-nitrobenzofurazan in the presence of a base, providing the desired compound 2. The
1→2 conversion took place in a satisfactory overall yield (29% for the four steps), since
the procedure avoids lengthy protection-deprotection steps and is operationally simple.
However, we expect to further optimize the yields in a future. In the final synthetic step
(conversion 2→3), substrate 2 underwent an esterification reaction with Rose Bengal under
mild conditions, affording FLTX2 (3). A 3D representation of FLTX2 in a minimum-energy
conformation is shown in Figure 1B, where it can be seen that the NBD and Rose Bengal
moieties align closely allowing FRET exchange. With respect to the NBD-BR approach, it
should be pointed out that the linker length (a two-carbon chain) was chosen as optimal
according to our former study [22] aimed at assessing FRET efficiencies between the
NBD-moiety of FLTX1 (donor) and RB (acceptor) dipole pairs (see below).
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Figure 1. (A) Synthesis of FLTX2 (compound 3). (B) Minimized 3D representation of FLTX2 (3)
highlighting the sequence: excitation wavelength, intramolecular FRET, red emission, and singlet
oxygen generation. For details see optical measurements DIPEA: Diisopropylethylamine; DMAP:
Dimethylaminopyridine; DMF: Dimethylformamide; HBTU: O-(Benzotriazol-1-yl)- N,N,N′,N′-
tetramethyluronium hexafluorophosphate; NBD: 7-nitrobenzofurazan; THF: tetrahydrofuran.

2.2. Affinity Studies of FLTX2 on ER. Comparison with FLTX1

Competition experiments were performed using rat uterus cytosol. This extract rich
in ERα was saturated with 5 nM of labelled E2 in the presence of increasing concentrations
of unlabelled tamoxifen or FLTX2 (Figure 2).

As expected, TX was able to competitively displace the [3H]E2 from rat uterine ER in a
dose-dependent manner. Similarly, FLTX2 competed off the radiolabelled estradiol binding
to ER. The estimated EC50 values for TX and FLTX2 were 173.3 ± 6.14 nM (p < 0.005) and
114.4 ± 3.07 nM (p < 0.05), respectively. Hill coefficients (nH) were close to 1 in both cases.
Thus, assuming an RBA (Relative Binding Affinity) value of 100 for TX, the RBA value for
FLTX2 was 151.5% indicating a slightly increased affinity of FLTX2 for ER than TX. Thus, it
may be concluded that despite significant changes in the molecular complexity and size of
FLTX2 compared to TX, the novel derivative preserves the ability to compete E2 for ERα
binding, behaving as antiestrogen and likely with a slightly higher affinity than TX and
FLTX1 [16]. These properties of fluorescent derivatives FLTX1, and especially FLTX2, were
remarkable since other studies have shown that, in general, changes in the side chain of
TX lead to compounds with decreased affinity for ER [23–25]. Nonetheless, from present
results we cannot ascertain if FLTX2 behaves as a pure antiestrogen and whether it lacks
the agonist functionality demonstrated for TX, in particular, in uterine tissues. However,
in our previous study on FLTX1 pharmacological properties, we demonstrated that this
pharmacophore was completely devoid of uterotrophic and proliferative effects [16]. In
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addition, FLTX1 was unable to induce ER-mediated transcriptional activity in transfected
MCF7 and T47D-KBluc cells expressing a genetic construct containing a luciferase reporter
gene under the control of canonical estrogen response elements [16]. These findings were
interpreted in terms of a physical hindrance of FLTX1-bound ER to recruit coactivators
required for transcriptional activation. Based on the chemical similarities between bulky
side chains of FLTX1 and FLTX2, and especially from the results of docking and MD
detailed below, it is likely that FLTX2 might also lack agonistic effects exhibited by TX.
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2.3. Docking of FLTX2 on ERα. Comparison with FLTX1

In order to explain the increased affinity of FLTX2 for ERα compared to FLTX1 and
TX, we carried out a molecular docking study on the reported crystal structure of hu-
man ERα ligand binding domain (LBD) in complex with 4-hydroxytamoxifen (PDB code
3ERT), which is an active metabolite of TX and a well-known as selective estrogen re-
ceptor modulator (SERM). The ligand-binding domain (LBD) is located in the middle
of the carboxy-terminal region of the receptor, the final portion of which is critical and
responsible for ligand binding, receptor dimerization, and nuclear translocation among
other roles [26–28].

The LBD consists of twelve α-helices (H1 to H12) and a beta sheet/hairpin. The
amino acid residues that line the ligand-binding cavity or interact with bound ligand span
from helix 3 (H3) to helix 12 (H12). When the receptor binds to the ligand, a change in
its three-dimensional structure is produced, and the LBD forms a bag-shaped structure,
hydrophobic in nature, that lodges the ligand [29].

The H12 plays an important role as a molecular switch by adopting different conforma-
tions that allow ligand-dependent receptor activation [30]. When bound to an agonist, the
LBD adopts an active conformation where H12 rests across H3 and H11, forming a groove
to accommodate co-regulator binding and facilitate downstream activation process [31].
When bound to an antagonist, H12 is displaced from this position resulting in the distortion
of the co-regulator binding groove and the inhibition of receptor activation [26,28,32,33].

Hence, in order to explore the binding mode of FLTX2 derivative, we have docked
FLTX2, FLTX1, and TX into the hydrophobic binding pocket of LBD to understand their
possible binding modes and key active site interactions (Figure 3).
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The analyses of the docking results showed that the moieties of both derivatives
(FLTX1 and FLTX2) share a similar pose at the ligand binding site and that it is also located
towards the end of the pocket where the ligand is usually found in the crystal structure
(Figure 3B,C). These results strongly suggested that these compounds share a common
binding mode into the hydrophobic binding pocket of ERα (Figure 3D).

According to the predicted binding modes, FLTX1 as well as FLTX2 display the
same type of hydrophobic interactions as tamoxifen does, therefore they probably play a
dominant role in protein–ligand interaction. In the favored docking conformations, there
are multiple potential hydrophobic interactions involving residues Leu391, Leu349, Leu346,
Leu428, Leu387, Leu384, Leu525, Ile424, Glu353, Arg394, Met421, Met388, Met343, Gly420,
Ala350, Thr347, and His524, whose side chains are in close proximity to the tamoxifen
moiety (see Figure 3A–C).

Additionally, our results also show that the introduction of the NBD moiety to tamox-
ifen to form the derivative FLTX1, as well as the preparation of the derivative FLTX2 by
modifying the derivative FLTX1 to form the derivative Rose Bengal-conjugated FLTX1,
gives rise to a new hydrogen bond interaction with the residue Cys530 in H12. However,
in the case of FLTX1 this interaction is produced by the nitro group (-NO2) of NBD while in
the case of the derivative FLTX2 the interaction is produced by the hydroxyl group (-OH)
present in Rose Bengal (Figure 3D).

The calculations revealed that the affinity for the receptor binding site. It is as high for
both derivatives (XPGlide score of ×11.55 kcal mol−1 for FLTX1 and −11.34 kcal mol−1 for
FLTX2) as for tamoxifen (XPGlide score −11.72 kcal mol−1), which was used as internal
reference. These findings suggest that novel interactions observed for FLTX1 and FLTX2
with the Cys530 residue in H12 are as effective as that established by tamoxifen between
the protonated nitrogen and Asp351 which provides a stabilizing effect on the active
antiestrogenic conformation of ER-LBD [34].

In addition, due to the presence of both NBD and RB moieties in FLTX2, additional
hydrophobic interactions arise with residues Leu539, Leu536, Val534, Val533, Asp351,
Trp383, and Tyr526, which likely stabilize H12 in its typical antagonist conformation,

267



Int. J. Mol. Sci. 2021, 22, 5339

thereby hampering coactivators to interact with the receptor, and more efficiently binding
of FLTX2 to the RBS [28]. This issue is further explored in the next section.

2.4. Molecular Dynamic (MD) Simulation

To further evaluate the reliability of the docking study result, we combined it with
more accurate molecular dynamics (MD) simulation techniques in order to predict more
reliable structures as well as to confirm the stability of the system and study the conforma-
tional change in the ligand-receptor complex throughout the course of the MD simulation.
The simulations provide every minute of detail on every atom movement with respect to
time. This will help in answering the questions arising about the binding mode, stability,
deviation, and fluctuation pattern of the protein.

The MD simulation was performed on the best Docking pose of the FLTX2 derivative
for 50 ns in an explicit aqueous solution environment with periodic boundary conditions,
the OPL-2005 force field and the TIP3P solvent model employing the Desmond simulation
package seamlessly integrated into Maestro software. The simulation was also carried out
to confirm the orientation of the FLTX2 derivative into the binding site.

The analysis of the trajectory obtained during the simulation as well as the protein–
ligand contacts analysis revealed that the compound does not leave the binding site of the
protein and remained in the similar orientation during the entire simulation. However, in
the graphical snapshot of the production phase the disappearance of the hydrogen bond
interaction formed between the hydroxyl group present in Rose Bengal with the residue
Cys530 could be observed due to the flexibility of movement of H12, and it could also be
detected by the appearance of two new hydrogen bonds mediated by two water molecules
formed between the carbonyl group of RB and the residues Gly344 and Thr347. In addition,
a previously undetected π–π stacking interaction between TX with the residue Phe404
could also be observed. This is indicative that FLTX2 is further stabilized by other hydrogen
bonds, which could explain a significant increase in the FLTX2 affinity of this derivative
(Figure 4A).

Additionally, the interaction observed during the simulation between the TX core of
FLTX2 with Phe404 (Figure 4B) is quite significant since it is observed around more than
50% of the simulation time in the selected trajectory (Supplementary Figure S7).

In addition, it could also be observed that the FLTX2 interacted with other essential
amino acids such as Ala350, Leu525, and Ser527, which are part of the hydrophobic pocket
by means of hydrophobic interactions (Figure 4B). These interactions of the protein with
the ligand may be quantified as the ‘interaction fraction’ throughout the whole molecular
dynamic simulation (Figure 4C and Supplementary Figure S7). The stacked bar charts are
normalized over the course of the trajectory (i.e., a value of 0.7 indicates that along 70%
of the simulation time the specific interaction is maintained). This allowed us to know
the role of each of the particular bonds, with the amino acid residues responsible for the
stabilization of the complex.

This model and subsequent dynamical observation has notably expanded our knowl-
edge on the potential antiestrogenic activity of FLTX2 on the ERα. Thus, FLTX2 retains the
ability of TX to get into the ERα ligand binding groove and to establish similar interactions
with the LBD though and with similar affinity likely through π–π stacking interaction with
Phe404. However, the large moiety formed by NBD and RB expand outside the ligand
groove and stabilizes H12 in the antiestrogen conformation, by the hydroxyl group present
in Rose Bengal with the residue Cys530, and two hydrogen bonds with the carbonyl group
of RB and the residues Gly344 and Thr347. In this sense, FLTX2 is expected to exhibit a
ligand kinetics that tends to the formation of the ERα-FLTX2 complex, thereby behaving as
an antagonist as effective as TX and FLTX1.
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Figure 4. Molecular Dynamics study for FLTX2 on the human ERα ligand binding domain. (A) Inter-
actions of FLTX2 with key amino acid residues at the hydrophobic binding pocket of human ERα
LBD. (B) 2D Ligand-protein interaction diagrams and interaction strength quantified by the frequency
of occurrences in the trajectory when a minimum percentage of 50% is achieved. Colors indicate type
of residue: green are lipophilic residues; blue are polar residues; purple are basic residues. Ligand
atoms that are exposed to the solvent are marked with grey spheres. (C) Stacked bar charts of human
ERα LBD interaction with FLTX2.

In our previous study on the pharmacological properties of FLTX1, we demonstrated
the total absence of estrogen-like effects both in vitro and in vivo as one of the most
outstanding properties of this pharmacophore [16]. The antiestrogenic ability of FLTX1 and
FLTX2 is mechanistically similar to that of TX, i.e., by binding the LBD domain through their
triphenylethylene cores and the lateral side moieties protruding out the LDB pocket and
displacing helix 12 from adopting its agonist conformation [12,35]. Further, the compact
volume of NDB-RB moiety and its spatial conformation respect to the triphenyethylene core
as indicated by the minimal-energy conformations and molecular dynamics simulation
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(Figures 3 and 4) strongly suggest a conformational hindrance for helixes 3 and 11 to
reallocate helix 12 [12,35,36]. It is known that for agonist ER ligands, helix 12 is stabilized
in a conformation that allows it to form one side of the coactivator-binding site [12,37–39].
The geometry of FLTX2-bound ER structure would hamper the sequential recruitment of
tissue-specific coregulators, including steroid receptor co-activator-1 (SRC-1), amplified in
breast cancer-1 (AIB1) and CREB-binding protein (CBP) which are required in endometrial
cells for estrogenic agonism and carcinogenesis [11,28,37,40,41]. Future studies will be
needed to confirm the pure antiestrogenic nature of FLTX2.

2.5. Fluorescence Properties and FRET Mechanism

The visible optical absorption of FLTX1, RB, and FLTX2 solutions at a concentration of
10 µM in DMSO are given in Figure 5A.
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of FLTX1, RB, and FLTX2. (C) Decay of the fluorescence of RB and of FLTX2 with detection tuned at 608 nm. (D) Decay of
the fluorescence of FLTX1 and of FLTX2 with detection tuned at 550 nm.

The characteristic broad band centered at about 488 nm is observed for FLTX1 [18].
The absorption spectrum of RB shows an intense band at about 565 nm and a shoulder at
525 nm. The FLTX2 complex shows the absorption features of their constituent moieties.
The absorption spectrum has a broad band at 488 nm, associated with the FLTX1 moiety,
and also the absorption bands of RB but slightly red shifted (main band at 574 nm and
shoulder at 532 nm). The red shift observed in the bands related to the RB moiety indicates
that the covalent bonding between FLTX1 and RB changes the environment of the RB
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electronic density and has an influence on its energy levels. Similar effects have been
reported for variations of the RB molecular environment [42].

The normalized fluorescence emission spectra of the FLTX1, RB, and FLTX2 solutions
under excitation at 475 nm are given in Figure 5B. An intense and green emission band with
a maximum about 550 nm is observed for the FLTX1. The RB emission is characterized by a
broad red band with its maximum at about 608 nm. When FLTX2 is excited at 475 nm, the
emission of the FLTX1 moiety is almost completely quenched and essentially the emission
is only due to the RB moiety. However, upon 475 nm excitation the FLTX1 moiety of
the FLTX2 complex is excited. Therefore, the fluorescence results confirm that the FLTX1
moiety efficiently transfers its energy to the RB part of the complex, which may then relax
radiatively, giving place to the observed emission spectrum of FLTX2 through a Förster
Resonance Energy transfer (FRET) mechanism.

2.6. Absorption and Fluorescence Analysis

A detailed comparison of the absorption spectra of RB and of FLTX2 reveals a change
in the ratio of the main RB absorption band (longer wavelength) to its shoulder (shorter
wavelength). Interestingly, the relative intensity of the main absorption band of RB to its
shoulder has been considered as a measure of the aggregation of RB [43]. Shorter ratio
values indicate more aggregation. In the case of RB, the ratio value is 3.85, while it decreases
to 3.19 for the FLTX2 complex. This result could point to the formation of more dimmers in
the FLTX2 solutions than in pure RB preparations.

In order to better understand the FRET mechanism, which underlies the fluorescent
properties of FLTX2, the decays of the luminescence have been recorded. The temporal
evolution of the RB emission band decay is given in Figure 5C. The decay can be fitted to
an exponential decay curve:

I(t) = A e−t/τ (1)

where τ represents the lifetime of the emission band, and A is the pre-exponential factor.
The fitting was performed taking into account the reconvolution to the IRF. The best fitting
was found for a lifetime constant of 2.6 ns. The decay of the fluorescence of FLTX2 when
the detection is tuned at 608 nm, which corresponds to the maximum of the emission band
of the RB moiety, shows a two exponential decay behavior and can be fitted to a curve:

I(t) = A1e−t/τ1 + A2e−t/τ2 (2)

where, τ1 and τ2 are the decay constants of the fast and slow components, respectively. A1
and A2 represent the pre-exponential factors, which are related to the weight of the fast
and slow components, respectively. An average life-time can be defined from the fitting
parameters as [44]:

τav =
A1τ2

1 + A2τ2
2

A1τ1 + A2τ2
(3)

The decay constant parameters obtained from the fitting are 0.31 and 2.14 ns, for
the fast and slow components, respectively. The main contribution to the decay curve
corresponds to the fast component, and the average life-time is 0.51 ns, which is notably
shorter than that found for the pristine RB molecules in the same solvent. There are several
reasons to explain the shorter average life-time found for the RB moiety of FLTX2 as
compared to the pristine RB molecules. First, non-radiative vibrational relaxation of the
FLTX2 molecule might be higher than in RB molecules, as the chemical environment of the
RB moiety in FLTX2 has changed. Second, the presence of dimers in FLTX2 could be higher
than in pristine RB solutions, as already indicated by the absorption measurements. Since
shorter decays are expected in dimers as compared to monomers, these aggregates could
be partially responsible of the shortening of the average life-time. Finally, back-transfer
from the RB moiety to the FLTX1 compound might take place in the FLTX2 complex. This
would represent a further relaxation mechanism of the RB unit and would contribute to
the shortening of its life-time. The decay of the fluorescence of FLTX1 was also measured
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at 550 nm upon 475 nm excitation. The decay could be fitted to a double-exponential decay,
and the following fitting parameters were obtained, τ1 = 0.15 ns and τ2 = 0.54 ns. The
main contribution to the decay of the fluorescence corresponds to the fast decay constant
contribution. The average life-time obtained was 0.2 ns. Although the efficiency of the
FRET mechanism between the FLTX1 and the RB moieties in the FLTX2 complex is high
and the emission of FLTX1 moiety is almost completely quenched, a small fluorescence
signal can still be detected at 550 nm, which corresponds to the FLTX1 moiety of FLTX2
(Figure 5D). Moreover, the decay of the fluorescence of this signal could be measured when
FLTX2 was excited at 475 nm and the detection was tuned at 550 nm. One would expect a
shortening of the life-time, as compared to pristine FLTX1, because of the new and efficient
FRET relaxation mechanism to RB moiety. Surprisingly, the decay of the fluorescence of
FLTX2 at 550 nm is slower than for FLTX1 [22]. It could be fitted to a double-exponential
decay with τ1 = 0.35 ns and τ2 = 4.35 ns, which provide an average life-time of 2.35 ns. The
fact that a longer average life-time was found for the FLTX1 moiety of FLTX2 as compared
to isolated FLTX1 molecules can be understood in terms of back-transfer from the RB
moiety. Indeed, the population of the excited state of the FLTX1 moiety is regulated by the
longer life-time of the RB moiety, which may partially back-transfer its excited energy to
populate the excited state of the FLTX1 moiety and, consequently regulates the decay rate
of fluorescence.

Finally, the intramolecular FRET efficiency, EFRET, between the NBD and RB moieties
of the FLTX2 complex can be estimated using the equation:

EFRET = 1− I550nm−FLTX2

I550nm−FLTX1
(4)

where I550nm-FLTX2 and I550nm-FLTX1 represent the emission intensities of the green emission
band centered at about 550 nm (due to the NBD moieties), in the FLTX2 and FLTX1
molecules, respectively. From the experimental emission spectra of FLTX1 and FLTX2
solutions under excitation at 475 nm, the estimated efficiency (EFRET) was around 0.99,
which indicates an extremely highly efficient energy transfer within the FLTX2 NBD-RB
moiety. This observation strongly agrees with the negligible green fluorescence detected in
the confocal images shown further on in Figure 7.

In summary, the optical spectroscopic properties found in FLTX2, as compared to
those of their constituent moieties, i.e., FLTX1 and RB, allow us to conclude that an efficient
energy transfer process occurs in FLTX2 complexes. Indeed, under blue excitation at
475 nm, the FLTX1 moiety of FLTX2, promotes to the excited state and transfers its energy
to the RB moiety. Therefore, these optical results suggest the possible use of FLTX2 to
produce ROS under blue excitation, as it is shown in the next section.

2.7. Laser-Stimulated ROS Generation In Vitro

In order to evaluate the potential capacity of FLTX2 as a photosensitizer, we first ad-
dressed the generation of ROS (mainly superoxide anions) using the Nitroblue tetrazolium
(NBT)/formazan method depicted in Figure 6A [45].

Under this approach, the amount of oxidized formazan will depend on the photosen-
sitizer activity of FLTX2. In our assays, we initially checked for the effect of irradiation at
473 nm, during 5 min, on the spectral response of NBT plus FLTX2 solutions in comparison
with NBT plus Rose Bengal (RB) mixtures at the same concentration. In the presence of
ROS, NBT transforms into formazan, which shows a characteristic broad absorption band
in the 500–600 nm spectral range. The absorption spectra were recorded before and after the
irradiation process. Figure 6B shows the absorption spectra of the mixtures after irradiation,
after subtracting the spectra before irradiation. An absorption band in the 500–600 nm
range is observed for the FLTX2 solution upon irradiation, which is attributed to formazan
formation, while a negligible signal is detected in the RB alone solution. Further, the
response was found to be concentration-dependent (Figure 6C). We chose the smallest
concentration of FLTX2 (50 µM) to assess the effect of irradiation time on the spectral fea-
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tures of FLTX2. Thus, when FLTX2 samples were irradiated at 473 nm for 0, 2, 4, 6, 8, and
10 min, and the absorbance recorded between 400 and 800 nm changes in formazan genera-
tion were detected at all times above 0 min, indicating ROS generation in an irradiation
time-dependent manner (Figure 6D). The increase in absorbance was totally attributable to
FLTX2 molecule, since NBT, RB, or TX used alone failed to produce significant changes of
absorbance in the 500–600 nm range (not shown). Further, plotting of maximal absorbance
at 574 nm versus irradiation time (not shown) reveals a time-dependent increase which
exhibits saturation after 8 min irradiation time.
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(B) Absorption spectra of equimolar FLTX2 and RB solutions after laser irradiation for 10 min. (C) Concentration-dependence
of FLTX2-induced formazan formation irradiated for 2 or 10 min. (D) Time-dependence for FLTX2-induced (50 µM)
formazan generation.

Overall, these results indicate that, at least in vitro, irradiation of FLTX2 at the excita-
tion wavelength of the FLTX1 moiety causes an intramolecular FRET to RB, which, in turn,
undergoes formation of oxygen singlets to produce superoxide anions. These outcomes
demonstrate that FLTX2 is an efficient source of ROS given proper laser stimulation. Gen-
eration of ROS may be finely tuned by adjusting irradiation times and occurs with a high
FRET efficiency even in aqueous solutions. This finding is relevant from a biological point
of view, and also for potential photodynamic applications.

2.8. Cellular Labeling of FLTX2 and Occurrence of FRET on MCF-7 Cells

MCF-7 cells were incubated with different concentrations of FLTX2 and visualized by
confocal microscopy. Preparations were excited at 450 nm and the fluorescence recorded at
600 nm. Results in Figure 7A show a concentration-dependent fluorescence at the emission
band of RB (600 nm). A significant fluorescence was detected in the nucleus, but most of the
fluorescent signal originates at the cytoplasmic perinuclear space, both being increased as
the FLTX2 concentration did. On average, cytoplasmic labeling was 3.8 times higher than
that in the nucleus (Figure 7B). The evidence that FRET mechanism was responsible for the
red fluorescence comes from the fact that the expected emission at 530 due to NBD moiety
excitation was almost undetectable (Figure 7C), well below 5% of total cellular fluorescence
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(Figure 7D). The fact that most fluorescence comes from outside the nucleus disagree with
the classical notion that ERs (both α and β) are essentially nuclear receptors. However, it is
now widely accepted that their natural location under unstimulated conditions (i.e., in the
absence of estradiol or agonist ligands) is extranuclear, being that they are found even in
intracellular organelles such mitochondria and cell membranes [16,26,27,46,47].
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and nuclear compartments. (C) Demonstration of FRET efficiency in FLTX2 irradiation. Fluorescent 
signal was virtually absent at the emission wavelength of the NBD moiety of FLTX1. (D) bar chart 
comparing fluorescence signals recorded at 530 nm (NBD moiety) and 600 nm (NBD to RB trans-
fer). *** Statistically significant at p < 0.005. 

2.9. Photodynamic Effects of FLTX2 on Cell Cultures 
MCF-7 cells were used as a human cellular breast cancer model. We initially ex-

plored the effect of irradiation itself on untreated cells. The results shown in Figure 8A 
show that irradiation per se under 240 mW/cm2 pump power density does not affect cell 
viability even at exposures as long as 30 min. 

Figure 7. Cellular labeling of FLTX2 and occurrence of FRET in MCF-7 cells. (A) Representative
images of irradiated preparations (450 nm, 30 min) incubated with different concentrations of FLTX2
(0, 50, and 100 µM). Fluorescent signals were recorded at the emission band of RB (600 nm). DAPI
was used as nuclear marker. (B) Concentration-dependent fluorescent signals in cytoplasmic and
nuclear compartments. (C) Demonstration of FRET efficiency in FLTX2 irradiation. Fluorescent
signal was virtually absent at the emission wavelength of the NBD moiety of FLTX1. (D) bar chart
comparing fluorescence signals recorded at 530 nm (NBD moiety) and 600 nm (NBD to RB transfer).
*** Statistically significant at p < 0.005.

2.9. Photodynamic Effects of FLTX2 on Cell Cultures

MCF-7 cells were used as a human cellular breast cancer model. We initially explored
the effect of irradiation itself on untreated cells. The results shown in Figure 8A show that
irradiation per se under 240 mW/cm2 pump power density does not affect cell viability
even at exposures as long as 30 min.
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brane blebbing (blue arrows), cell shrinkage (red arrows), cellular fragmentation (green arrows). 
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FLTX2 leads to uncontrolled generation of ROS to levels where the intracellular antioxi-
dant systems become overwhelmed and provoke irreversible oxidative stress. 

3. Materials and Methods 

Figure 8. Photodynamic effects of FLTX2. (A) Effects of laser irradiation (475 nm) for 30 min on
MCF-7 cells viability. (B) Concentration-dependence effects on MCF-7 cells viability irradiated for
30 min. (C) Effects of irradiation time on FLTX2-induced toxicity. (D) Phase contrast transmission
representative images of irradiated and non-irradiated MCF-7 cells at different concentrations of
FLTX2. Arrows indicate different apoptotic traits: intracellular vacuolation (black arrows), membrane
blebbing (blue arrows), cell shrinkage (red arrows), cellular fragmentation (green arrows).

In the next experiment, cells were submitted to treatment with either FLTX2 or DMSO
for 2 h before irradiation using an ad hoc laser device built in our group to allow simulta-
neous irradiation of all wells in the plate. After 30 min irradiation, cells were incubated for
24 h under culture conditions before being processed for cell viability. Results demonstrate
significant FLTX2-induced toxicity upon irradiation even at the lowest concentration as-
sayed (1 µM), 10 µM FLTX2 being the lowest dose causing the highest mortality Figure 8B.
We next assessed the effect of irradiation time on FLTX2-induced toxicity on MCF-7 cells.
In these experiments we explored the effect of 10 µM FLTX2 at different irradiation times
on MCF-7 cell viability (Figure 8C). We could fit the experimental data to a two-parameter
exponential decay function (p = 0.0007, R2 = 0.98) which yielded a t50 equal 6,63 min. Thus,
it is evident that irradiation time is as determinant as concentration in producing FLTX2-
dependent toxicity. Finally, judging from morphological changes shown in Figure 8D,
FLTX2-induced cell death likely occurs though induction of apoptosis as suggested by
the signs of chromatin condensation, intracellular vacuolation (black arrows), extensive
membrane blebbing (blue arrows), cell shrinkage (red arrows), altered membrane integrity,
aberrant morphology, and cellular fragmentation (green arrows), which collectively repre-
sent typical damage-associated patterns of extrinsic apoptosis or type I PCD (programmed
cell death) [48,49]. In agreement with our findings, previous studies in cultured cells have
shown that Rose Bengal acetate photodynamic therapy (RBAc-PDT) induces exposure and
release of damage-associated molecular patterns (DAMPs) [50,51]. The interpretation of
these findings is that irradiated FLTX2 leads to uncontrolled generation of ROS to levels
where the intracellular antioxidant systems become overwhelmed and provoke irreversible
oxidative stress.
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3. Materials and Methods
3.1. Synthesis of FLTX2

The synthesis of FLTX2 is schematized in Figure 1. The dimethyl acetal precursor 1 was
synthesized according to a previously described method [21]. After aldehyde deprotection
in acid medium, the FLTX-RB linker was introduced using a reductive amination with
ethanolamine. Then, the 7-nitrobenzofurazan (NBD) moiety was attached to the amino
group to yield compound 2. The esterification of alcohol 2 with Rose Bengal provided
FLTX2 (3).

3.1.1. Synthesis of Compound 2

To a solution of acetal 1 (200 mg, 0.515 mmol) in THF (2.5 mL) was added a 3M HCl
aqueous solution (2.5 mL). The reaction was stirred for 6 h at 50 ◦C. The mixture was then
allowed to cool to room temperature, diluted with water (50 mL) and extracted with EtOAc
(3 × 50 mL). The joint organic phases were dried over MgSO4 and concentrated under
vacuum. The resulting crude aldehyde (not shown) was dissolved in THF (2 mL) under
nitrogen atmosphere and stirred with magnesium sulphate (1 g) and ethanolamine (60 µL,
1.0 mmol) for 18 h. The reaction was then filtered and concentrated under vacuum. The
crude oily product was dissolved in ethanol (5 mL), treated with NaBH4 (46 mg, 1.2 mmol)
and stirred at room temperature for 4 h. The reaction was quenched with a 5% HCl aqueous
solution, extracted with EtOAc, dried over MgSO4, and concentrated under vacuum.

The resulting amine was dissolved in CH2Cl2 (5 mL) and treated with triethylamine
(0.25 mL) and 4-chloro-7-nitrobenzofurazan (NBD-Cl, 100 mg, 0.5 mmol). The reaction was
stirred for 4 h at room temperature and then concentrated under vacuum. The residue was
purified by column chromatography (hexane/EtOAc, from 9:1 to 1:1) to give compound 2
as a yellow solid (81 mg, 29% for the four steps).

1H NMR (500 MHz, CDCl3, isomer mixture) δ 8.40–8.27 (m, 1H), 7.50–7.07 (m, 8H),
7.05–6.98 (m, 2H), 6.98–6.96 (m, 2H), 6.86–6.82 (m, 1H), 6.77 (d, J = 8.8 Hz, 1H),
6.50 (d, J = 8.8 Hz, 1H), 6.35/6.27 ([d, J = 9.1 Hz/ d, J = 9.0 Hz], 1H), 4.55–4.50 (m, 1H),
4.44–4.38 (m, 1H), 4.38 (t, J = 4.9 Hz, 1H), 4.31–4.25 (m, 1H), 4.22 (t, J = 5.0 Hz, 1H),
4.21–4.16 (m, 1H), 4.13 (t, J = 5.2 Hz, 1H), 4.06 (t, J = 5.2 Hz, 1H), 2.45/2.44 ([ddd,
J = 8.6, 7.9, 7.6 Hz/ ddd, J = 8.6, 7.6, 7.4 Hz], 2H), 0.92/0.91 ([t, J = 7.5 Hz/ t, J = 7.5 Hz],
3H).

13C NMR (126 MHz, CDCl3, isomer mixture). The isomer signals corresponding to the
same carbon are separated by a dash. Some key signals are described) δ 156.6/155.7 (=C-O),
145.4 (C), 144.7/144.6 (C), 143.6/143.1 (C), 142.31/142.26 (C), 142.1/141.9 (C), 138.0/137.9
(C), 137.1/136.6 (C), 135.2 (C), 132.1, 130.8, 130.7, 129.7, 129.6, 129.4, 128.2, 127.9, 127.8,
127.4, 126.6, 126.2, 126.1, 125.8, 122.8 (C, C-NO2), 114.0/113.2 (CH, CH=C-O), 102.3/102.2
(CH, NBD), 65.9 (CH2O), 63.4/60.3 (CH2O), 56.9/56.8 (CH2N), 54.2/54.0 (CH2N), 31.9/29.0
(CH2), 13.5/7.7 (CH3).

HRMS-ESI: Calcd for C32H31N4O5 [M + H]+: 551.2294, found: 551.2273.
Elemental Analysis calcd for C32H30N4O5: C, 69.80%; H, 5.49%; N, 10.18%; found: C:

69.81%, H: 5.52%, N: 9.98%.
1H NMR and 13C NMR spectra can be found in the Supplementary material

(Figures S1 and S2).

3.1.2. Synthesis of FLTX2 (Compound 3)

Compound 2 (81 mg, 0.15 mmol) was dissolved in dry DMF (5 mL) under nitrogen
atmosphere, and the solution was treated with HBTU (62 mg, 0.16 mmol), DMAP (20 µL,
20 mg, 0.16 mmol), Rose Bengal (167 mg, 0.16 mmol), and DIPEA (0.78 mL, 4.5 mmol).
The reaction mixture was stirred at room temperature for 18 h, and then was concentrated
under vacuum. The residue was purified by column chromatography (EtOAc) to give
FLTX2 (3) (93 mg, 42%) as a red solid.

1H NMR (500 MHz, acetone-d6, isomer mixture) δ 8.54/8.50 ([d, J = 9.0 Hz/ d,
J = 9.0 Hz], 1H), 7.69/7.66 (s/s, 1H), 7.38 (t, J = 7.7 Hz), 7.30–7.08 (m, 8H), 7.04–6.95 (m, 1H),
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6.89 (d, J = 9.0 Hz, 3H), 6.77 (d, J = 8.8 Hz), 6.54 (d, J = 8.8 Hz), 6.49/6.41 ([d, J = 9.0 Hz/ d,
J = 9.0 Hz], 1H), 4.48–4.44 (m, 1H), 4.44 (t, J = 6.0 Hz), 4.42–4.36 (m, 2H), 4.37–4.32 (m, 1H),
4.27–4.20 (m, 2H), 4.19–4.13 (m, 1H), 2.49–2.37 (m, 2H), 0.90–0.77 (m, 3H).

13C NMR (126 MHz, acetone-d6, mixture of isomers. Some isomer signals corre-
sponding to the same carbon are separated by a dash). δ 171.9 (C, CO/COCH=C(O)),
163.1 (C, CO2), 157.72 (C), 157.70 (C), 157.2 (C), 156.4 (C), 145.10/144.97 (C), 143.7, 143.4,
142.3, 141.3, 139.4, 138.6, 138.4, 136.7, 136.6, 135.7, 135.5, 134.7, 134.1, 132.6, 131.7, 130.6,
130.4, 129.7, 129.6, 129.2, 128.1, 127.9, 127.3, 126.5, 126.0, 125.6, 114.2 (CH), 113.4 (CH),
110.80/110.77 (=C), 103.11/103.03 (CH, NBD), 96.4 (C, =C-I), 75.6 (2×C, =C-I), 65.7/65.5
(CH2O), 63.3 (CH2O), 54.1 (C, =C-I), 53.7/53.6 (CH2N), 51.9/51.8 (CH2N), 12.92/12.86
(CH3). An aliphatic CH2 signal is overlapped with the solvent.

HRMS-ESI: Calcd for C52H31Cl4I4N4O9 [M – H]−: 1502.7024; found: 1502.6992.
Elemental Analysis: calcd for C52H32Cl4I4N4O9: C, 41.46%; H, 2.14%; N, 3.72%;

found: C, 41.65%; H, 1.93%; N, 3.45%.
1H NMR and 13C NMR spectra can be found in the Supplementary material

(Figures S3 and S4), as well as DEPT (Figure S5) and HSQC (Figure S6) experiments.

3.2. Estrogen Receptor Competitive Binding Assay

Enriched preparations of Estrogen receptor were obtained from uterine cytosol fraction
from mature female Sprague-Dawley rats following the procedure described elsewhere [16].
Aliquots of 100 µL cytosol were incubated with 5 nM [3H]E2 and increasing concentrations
of non-radioactive FLTX2 or TX (0.1 nM–100 µM) for 18 h at 4 ◦C. Then, 200 µL of dextran
(0.08%)-coated charcoal (0.8%) suspension prepared in TRIS-EDTA-Glycerol-Mg buffer was
added to each tube and incubated for 10 min. Suspensions were then centrifuged for 10 min
at 3000 g. Radioactivity was then measured in the supernatant in 4 mL scintillation cocktail
Optiphase Hisafe 2 (PerkinElmer) by LKB Rackbeta counter (LKB Instrument). Corrections
were made for non-specific binding. Relative binding affinity (RBA) was calculated as the
ratio of FLTX2 and TX IC50 values obtained from dose-response curves.

3.3. Docking Studies

In order to get a deeper insight about the higher affinity of FLTX2 over tamoxifen on
ERα, we initially performed in silico docking studies. The X-ray coordinates of human
ERα ligand binding domains (LBD) were extracted from the Protein Data Bank (PDB
code 3ERT). The PDB structures were prepared for docking using the Protein Preparation
Workflow (Schrodinger, LLC, New York, NY, USA, 2020) accessible from the Maestro
program (Maestro, version 12.3; Schrodinger, LLC: New York, NY, USA, 2020). The
substrate and water molecules were removed beyond 5 Å, bond corrections were applied
to the cocrystallized ligands and an exhaustive sampling of the orientations of groups was
performed. Finally, the receptors were optimized in Maestro 12.3 by using OPLS3e force
field before docking study. In the final stage the optimization and minimization on the
ligand-protein complexes were carried out with the OPLS3e force field and the default
value for RMSD of 0.30 Å for non-hydrogen atoms were used. The receptor grids were
generated using the prepared proteins, with the docking grids centered at the bound ligand
for each receptor. A receptor grid was generated using a 1.00 van der Waals (vdW) radius
scaling factor and 0.25 partial charge cutoff. The binding sites were enclosed in a grid box
of 20 Å3 without constrains. The three-dimensional structures of the ligands to be docked
were generated and prepared using LigPrep as implemented in Maestro 12.3 (LigPrep,
Schrodinger, LLC: New York, NY, USA, 2020) to generate the most probable ionization
states at pH 7 ± 1 (retaining the original ionization state). These conformations were used
as the initial input structures for the docking. In this stage a series of treatments were
applied to the structures. Finally, the geometries were optimized using OPLS3e force field.
These conformations were used as the initial input structures for the docking. The ligands
were docked using the extra precision mode (XP) [52] without using any constraints and a
0.80 van der Waals (vdW) radius scaling factor and 0.15 partial charge cutoff. The dockings
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were carried out with flexibility of the residues of the pocket near to the ligand. The
generated ligand poses were evaluated with empirical scoring function implemented in
Glide, GlideScore, which was used to estimate binding affinity and rank ligands [53]. The
XP Pose Rank was used to select the best-docked pose for each ligand.

3.4. Molecular Dynamics Simulation

Optimized Potentials for Liquid Simulations-2005 (OPLS2005) [54] force field in
Desmond Molecular Dynamic System was used in order to study the behavior of the
ligand-target complex. The docking resulting complexes were solvated with an orthorhom-
bic box of TIP3P (Transferable Intermolecular Potential 3-Point) water [55] and counter
ions were added, creating an overall neutral system simulating approximately 0.15 M
NaCl. The ions were equally distributed in a water box. The final system was subjected
to a MD simulation up to 50 ns using Desmond program [56]. The method selected was
NPT (Noose-Hover chain thermostat at 300 K, Martyna-Tobias-Klein barostat method at
1.01325 bar with a relaxation time of 2 ps, isotropic coupling, and a 9 Å radius cut-off
was used for coulombic short-range interaction) constraints were not applied. During
the simulations process, smooth particle Mesh-Ewald method was used to calculate long-
range electrostatic interactions. For multiple time step integration, RESPA (Reversible
reference System Propagator Algorithm) was applied to integrate the equation of motion
with Fourier-space electrostatics computed every 6 fs, and all remaining interactions com-
puted every 2 fs [57]. MD simulations were carried out on these equilibrated systems for
a time period of 50 ns, frames of energy and trajectory were captured after every 1.2 ps
and 9.6 ps, respectively. The quality of MD simulations was assessed by the Simulation
Event Analysis tool. Ligand-receptor interactions were identified using the Simulation
Interaction Diagram tool.

3.5. Optical Measurements

A continuous wave (CW) 473 nm diode laser was used in the laser irradiation studies.
The collimated beam of the laser was expanded using two convergence lenses to obtain a
1 cm diameter collimated beam. The irradiation density was 240 mW/cm2. In the in vitro
experiments, the frontal face of a quartz cuvette was irradiated, providing a homogenous
excitation of the solutions. In the case of the in vivo studies, a mirror was utilized to obtain
a homogeneous illumination from the top of the cell culture, which completely covered the
cell culture well.

Optical absorption in the visible spectral range was performed in an Agilent Cary
5000 spectrophotometer equipped with double beam cuvette holders. For fluorescence
studies, an Edinburgh Instruments LifeSpec II fluorescence spectrometer was used. An
Edinburgh Instruments EPL-475 picosecond pulsed diode laser (typical temporal pulse
width 80 ps) was selected as the excitation source to pump samples at 475 nm. Fitting
of decay curves to mono- or double-exponential equations was made using instrumental
response function (IRF) reconvolution analysis with Edinburgh Instruments FAST software.
All measurements were conducted at room temperature.

3.6. ROS Generation

The potential capacity of FLTX2 as a photosensitizer, and its ability to produce reac-
tive oxygen species, was determined using a colorimetric assay based on the nitroblue
tetrazolium (NBT)/formazan method [45]. NBT is a yellow, water-soluble compound that
is transformed into dark-blue formazan upon reaction with superoxide ions and other
reactive oxygen species. NBT-formazan displays a broad absorption band at 500–600 nm
whose intensity can be measured [20,58]. The amount of formazan is thus directly related
to photosensitizer activity of FLTX2.

NBT tablets were purchased from Sigma Aldrich and dissolved in deionized water.
One mL solutions of 50 µM FLTX2 (in DMSO) and 100 µM NBT (final concentrations)
were prepared and irradiated with a CW flux of laser radiation at 473 nm at a power
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density of about 240 mW/cm2 during 0, 4, 8, 12, 16, and 20 min. Control solutions without
FLTX2 were also prepared and irradiated at the same times and control mixtures. Samples
were assessed spectrophotometrically in the range 400–800 nm and the absorbance, after
subtraction at t = 0, was plotted as a function of wavelength and irradiation times.

3.7. Cellular Culture

MCF-7 cells were grown in standard DMEM culture medium containing 10% FBS and
maintained at 37 ◦C under 95% air/5% CO2 atmosphere. Upon reaching 90% confluency,
cells were detached from the flasks with trypsin-EDTA and seeded depending on the
subsequent use, i.e., viability/toxicity assays or fluorescence analyses.

3.8. FLTX2-Induced Cellular Toxicity

For viability assays, MCF-7 cells were seeded at a density of 25.000 cells per well
in chambered cell culture slides (Falcon). Cells were grown for 72 h and after this time,
media was replaced with a fresh one containing the corresponding dose of FLTX2 and
incubated for 2 h. After incubation, cells were irradiated for 5, 10, 15, or 30 min with
the 473 nm diode laser and irradiation power density was 240 mW/cm2 as previously
described. Corresponding non-irradiated control was performed using the opposite well
to the irradiated one in the same slide. After 24 h irradiation, 30 µL of Trypan Blue 0.4%
was added and pictures from 5 random fields per well were taken. Experiments were
performed by triplicated. Dead cells are easily recognizable by their trypan blue staining
and their tendency to be floating. Viability was automatically measured using the cell
counter application from ImageJ software.

3.9. Confocal Microscopy Studies

Cellular fluorescence studies were performed following the procedure described
in Morales et al., (2016) [46]. Briefly, MCF7 cells were seeded in 8-well chamber slides
(40,000 cells/well) and maintained for 24 h at 37 ◦C in a 95% air/5% CO2 atmosphere. For
fixation, cells were incubated for 1 min with the fixative solution (2% paraformaldehyde,
0.1% glutaraldehyde, 150 mM sucrose), followed by 2 min in 0.5% Nonidet P-40 solution at
room temperature. After fixation, cells were washed three times with PBS and incubated in
BSA 5% (30 min) to block background noise.

Once washed, cells were incubated for 2 h with FLTX2 (50 or 100 µM), dissolved
in DMSO (<2%), and washed again with PBS. A drop of mounting solution containing
glycerol and DAPI was applied to each well and the slide was covered with a coverslip and
analysed by confocal microscopy (Leica SP8 with software LAS X from Leica). Preparations
were excited at 450 nm and the fluorescence recorded at 530 nm and 600 nm. Fluorescence
quantification was done using ImageJ software (Rasband, W.S., ImageJ 1997–2018. https:
//imagej.nih.gov/ij/ accessed on 2–15 July 2020). Fluorescence from the nucleus and
cytoplasm were measured independently. Corrected Total Cell Fluorescence (CTCF) was
calculated for each compartment as:

CTCF = Id− (CA ∗ Bkg) (5)

where CTCF is the corrected total cell fluorescence, Id is the integrated fluorescence density,
CA is the cell area, and Bkg is the mean background fluorescence [46].

3.10. Statistical Analysis

When required, data were submitted to one-way ANOVA test followed by Tukey’s
post hoc test, or by non-parametric Kruskal Wallis test followed by Games-Howell’s
post hoc. Student-Newman-Keuls t-test was also used to determine differences between
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treatments or times. Dose-response curves were fitted to four parameters logistic equation
using nonlinear regression analysis tools included in the statistical software.

%Binding = min +
max−min

1 +
( x

EC50
)nH (6)

where EC50 is the concentration producing 50% of total binding, nH is the Hill coefficient,
and x is the experimental binding.

4. Conclusions

The newly developed FLTX2 is a compound that is pharmacologically and optochemi-
cally active. FLTX2 molecule maintains the triphenylethylene core of TX essential to bind
the LBD pocket of ER but the lateral side formed by the NBD-linker-RB moiety protrudes
out the LBD and displaces helix 12 from adopting its agonist conformation. Experimentally,
FLTX2 retains the antiestrogen potency of TX in breast cancer cell lines, and is likely to be
devoid of estrogenic effects as it was demonstrated for its predecessor FLTX1. Fluorescence
studies demonstrate an efficient intramolecular FRET mechanism in FLTX2. Moreover,
under blue light excitation, the FLTX1 moiety of the complex efficiently transfers its excited
energy to the RB moiety through a FRET mechanism. RB excited states can then relax, trans-
ferring its energy to oxygen ground state triplets to induce ROS. Indeed, FLTX2 exhibits
a highly efficient ability to generate superoxide radicals and to induce cell death, likely
through ROS-induced apoptosis. Consistent with the high intramolecular FRET efficiency
of FLTX2, nearly all fluorescence in fixed MCF7 cells is observed in the emission band of
RB. Further, most fluorescent signals originate at the cytoplasmic perinuclear space, as
expected for unstimulated MCF-7 cells.

Overall, these properties of FLTX2 make this derivative a potential heir of TX, as a
pharmacophore endowed with the ability to specifically bind ER and to antagonize ER
activation in estrogen-dependent breast cancer cells, which upon appropriate irradiation
would undergo uncontrolled oxidative stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22105339/s1, Figures S1 and S2: 1H NMR and 13C NMR spectra of compound 2.
Figures S3 and S4: 1H NMR and 13C NMR spectra of compound 3. Figures S5 and S6: DEPT
and HSQC, respectively. Figure S7: Molecular Dynamics study for FLTX2 on the human ERα LBD:
Interactions diagram.
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Abstract: The available tooth whitening products in the market contain high concentrations of
hydrogen peroxide (H2O2) as an active ingredient. Therefore, in order to curb the high H2O2

concentration and instability of liquid H2O2, this study evaluated the efficacy and cytotoxicity of
the bleaching gel composed of 10% calcium peroxide (CaO2) and visible-light-activating nitrogen-
doped titanium dioxide (N-TiO2) with methyl cellulose as a thickener. Extracted bovine teeth were
discolored using coffee and black tea stain solution and were divided into two groups (n = 6).
Bleaching was performed thrice on each tooth specimen in both the groups, with one minute of
visible light irradiation during each bleaching time. The CIELAB L*a*b* values were measured pre-
and post-bleaching. The N-TiO2 calcinated at 350 ◦C demonstrated a shift towards the visible light
region by narrowing the band gap energy from 3.23 eV to 2.85 eV. The brightness (∆L) and color
difference (∆E) increased as bleaching progressed each time in both the groups. ANOVA results
showed that the number of bleaching significantly affected ∆E (p < 0.05). The formulated bleaching
gel exhibits good biocompatibility and non-toxicity upon exposure to 3T3 cells. Our findings showed
that CaO2-based bleaching gel at neutral pH could be a stable, safe, and effective substitute for tooth
whitening products currently available in the market.

Keywords: bleaching; calcium peroxide; titanium dioxide; nitrogen doping; visible light

1. Introduction

The desire to flaunt a beautiful smile has turned into an aesthetic necessity today.
Hence, tooth whitening has become rampant in esthetic dentistry [1]. The demand for
that near-perfect smile has triggered the production of several whitening products and the
success of each such product is dependent on the type of tooth discoloration [2]. Tooth
discoloration can be classified into two main categories: external staining, which is mainly
due to poor oral hygiene, smoking, chlorhexidine in mouthwashes, pigmented food, dental
caries, or beverages; whereas internal staining is attributed to factors like age, antibiotics,
or excessive fluoride content [3,4].

Hydrogen peroxide is the most common active ingredient in dental bleaching prod-
ucts, due to its ability to release free radicals [5]. These free radicals trigger the oxidation
and splitting of pigmented organic molecules into smaller molecules. In turn, these smaller
molecules reflect more light, making the tooth appear brighter and whiter, achieving a
successful bleaching [6–8]. For vital tooth bleaching, both in-office and home bleaching
techniques are widely used [9]. Office bleaching products usually contain a high con-
centration of H2O2 (35–40%) to generate high levels of free radicals for a short treatment
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time in one appointment, while home bleaching products contain 6–10% H2O2 and take
more than one month to achieve desired results [10,11]. The higher H2O2 concentration or
longer exposure time in contact with bleaching gel is effective in whitening. However, side
effects might be generated. The most common complications include tooth sensitivity and
gingival irritation [9]. With the increasing concentration of H2O2, adverse side effects, such
as dental hypersensitivity, soft tissue irritation, and cytotoxicity, of dental bleach may occur.
Moreover, 0.1 to 6.0% hydrogen peroxide or equivalent for hydrogen peroxide releasing
from dental bleaching products is reported safe as per the European Scientific Committee
on Consumer Products (SCCP) [12]. However, dental bleaching gel consisting of varying
concentrations of H2O2 showed toxicity in different cell lines, such as fibroblasts and dental
pulp cells (DPCs), in previous reports [13–16]. Therefore, a safer yet efficient bleaching
product is long overdue.

Calcium peroxide (CaO2) can be a potential substitute of liquid H2O2 in dental bleach-
ing products because of its characteristics, such as a more effective source of H2O2, and
relatively stable nature than liquid H2O2. CaO2 is considered to be the safest form of solid
peroxy compounds. Upon dissolution in water, CaO2 is capable of reacting in the medium
for a longer time and releases H2O2 in a controlled manner. The maximum H2O2 released
per gram of CaO2 is 0.47 g, which is considered safe in dentistry [17,18]. According to
previous studies, CaO2 is capable of releasing H2O2 and O2 independently. Moreover, the
releasing rates can be controlled by various factors, such as pH and temperature; that is, an
increase in pH leads to a decrease in the release of H2O2 and increases the O2 yield, while
the increased temperature improves the release of O2 [19].

In the past, there have been studies showing the use of high-energy ultraviolet (UV)-
light-assisted catalysts to reduce the concentration of hydrogen peroxide in dental bleaching
products [20]. However, UV-light imposed greater risks on the eyes and skin of the patients
as well as that of the dentists [21]. To address the challenges imposed by the harmful UV
light, a visible light-activating photocatalyst titanium dioxide was recently introduced. The
feasibility of TiO2 can be attributed to its nontoxicity, low price, and photostability [22].
Titanium dioxide (TiO2), in its crude form, is a well-known photocatalytic material activated
by UV light but can be modified to achieve photo response at visible light. Doping TiO2
with nitrogen turns out to be the most effective way to reduce the band gap, and transition
its photo response from UV light to visible light [23–25].

Given this background, the focus of this study was to develop a safe and effective
dental bleaching product for clinical use. This product comprises calcium peroxide and
visible light-activating nitrogen-doped TiO2 (N-TiO2) as a photocatalyst to increase the rate
of bleaching. The cytotoxicity and efficacy of the fabricated dental bleach were examined
in vitro by co-culturing with 3T3 cells, while the effectiveness of the prepared dental bleach
was further evaluated using stained bovine teeth model in vitro.

2. Results
2.1. X-ray Diffraction (XRD) Analysis

XRD analysis was used to characterize the crystal phase structure of the prepared
photocatalytic TiO2. The XRD pattern of N-TiO2, along with the pattern of pure TiO2 used
as a reference, is presented in Figure 1. The crystal phase composition of pure TiO2 and
N-TiO2 contained a mixture of major anatase phase and minor rutile phase. The XRD
profile of N-TiO2 calcined at 350 ◦C exhibited anatase peaks at 25.25◦, 37.68◦, 47.94◦, 53.87◦,
and 55.01◦ and were in good accordance with the (101), (004), (200), (105), and (211) peak
position of anatase TiO2 (JCPDS 86-1157) and rutile peaks at 27.4◦ and 36.03◦, which were
in conformity with the (110) and (101) peak position of rutile TiO2 (JCPDS 21-1276).
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Figure 1. XRD patterns of TiO2 and nitrogen-doped TiO2.

2.2. X-ray Photoelectron Spectroscopy (XPS) Analysis

XPS was performed in order to characterize the chemical state and surface composition
of the prepared photocatalytic TiO2. The spectrum of pure TiO2 and N-TiO2 is presented
in Figure 2a,b, respectively. TiO2 predominantly contained Ti, O, and C elements, while
TiO2 upon heat treatment indicated the presence of Ti, O, N, and C elements. Amongst
these elements in N-TiO2, the C1s peak was located at 288.6 eV, and it represented the
contaminated residual precursor, which was not completely removed during heat treatment.
Moreover, accidental carbon during the process may cause the presence of the C element.
The N1s peak was found to be at 400.6 eV, while Ti 2p doublets were located at 464.4 and
458.4 eV corresponding to Ti 2p3/2 and Ti 2p1/2, which were approximately in accordance
with the actual values. Subsequently, the O1s peak could be fitted into two peaks located
at binding energies of 529.8 and 532.05 eV.
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2.3. Morphology Analysis

The morphology of doped TiO2 was observed using SEM and is shown in Figure 3.
According to the results, N-TiO2 calcinated at 350 ◦C showed agglomerated clusters with
spherical morphology. At high temperatures, particles tend to aggregate due to the particle
growth process.
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2.4. UV-Vis Absorption Spectra

The optical property of the prepared TiO2 photocatalyst was measured using UV-vis
spectroscopy. Figure 4 shows the UV-Vis absorption spectra of pure TiO2 (undoped) and
N-TiO2. According to the results, pure TiO2 had an absorption edge around 390 nm, while
the absorption edge of N-TiO2 was found to be around 450 nm. This shift toward the
visible light in the absorption spectra of N-TiO2 was due to the incorporation of nitrogen
into the TiO2 lattice, eventually leading to band gap narrowing.
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2.5. Color Analysis of Tooth Bleaching

Figure 5 shows the ∆L, ∆a, ∆b, and ∆E values of each bleaching time in the coffee- and
black tea-stained bovine teeth groups, respectively. ∆L, ∆a, and ∆b stand for the difference
of L, a, and b between baseline and each bleaching time while the color difference (∆E) was
calculated according to the formula ∆E = [(∆L)2 + (∆a)2 + (∆b)2]1/2. After the bleaching
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treatment, the values of ∆L and ∆E gradually increased in both the groups, while the
values of ∆a and ∆b exhibited a decrease. According to the statistical analysis, ∆E in both
the groups showed significant differences (p < 0.05) between bleaching times (Table 1).
The photographs of a representative image of tooth bleaching from black tea and coffee
stained groups at the baseline and 1, 2, 3 times of bleaching is shown in Figures S1 and S2
respectively.
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Figure 5. ∆L, ∆a, ∆b, and ∆E values of coffee- and black tea-stained bovine tooth samples treated
with dental bleaching gel (n = 6).

Table 1. Mean ∆E and standard deviation.

Mean ∆E (SD)

Solution
Times

1 2 3

Coffee 2.638 (0.392) a 4.822 (0.601) b 6.874 (0.629) c

Black Tea 4.362 (0.589) a 6.460 (0.973) b 8.213 (0.705) c

Different superscript lowercase letters in coffee and black tea rows indicate statistically significant differences
among evaluation times in the same group.

2.6. Biological Assays

The cytotoxicity and biocompatibility of the bleaching gel were determined via LDH
and WST-1 assay, respectively, and the results are presented in Figures 6 and 7, respectively.
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WST-1 is a colorimetric cell proliferation assay used to measure the biocompatibility while
the LDH assay determines the cellular cytotoxicity. 3T3 cells were used in this study.
Conditioned medium containing 0.2 g of bleaching gel (10% CaO2 + 1% N-TiO2 + 1.5%
methylcellulose) per mL was prepared and used in this study. The WST-1 result showed a
cell viability of 93.7% at 24 h while the LDH assay showed very low cytotoxicity of 7.3%
when exposed to dental bleach-conditioned medium for 24 h. No significant toxicity was
observed in 3T3 cells when cultured with the experimental bleaching gel.
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Figure 6. Cytotoxicity of the cells cultured in dental bleach-conditioned medium (n = 6), * p < 0.05
compared to the control group by student t-test.
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3. Discussion

The study focused on the bleaching efficiency and cytotoxicity of the formulated dental
bleaching gel using a discolored bovine tooth model. In view of the existing literature,
there have been several in vitro models appointed for evaluating the efficacy of the dental
bleaching agent, the important ones being the human or bovine tooth model, either cut or
whole [26–28]. In this current study, bovine teeth were used as an in vitro model because
of its similarity with human teeth in terms of physical and chemical properties, such
as hardness, permeability, and density of the dentin tubule. Moreover, the collection
of extracted human teeth is difficult for experiments with large sample sizes, and the
consistency in the results may be affected by various factors, such as shade, age, thickness
of enamel, and mineralization of the extracted human tooth surface [29].

In this study, discoloration of the bovine teeth was achieved by tea and coffee staining
solutions, respectively, due to their cost effectiveness, easy preparation, and regular use
by the majority of the population [30,31]. Shade change of the teeth after bleaching can be
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evaluated using several methods, such as visual comparison of the tooth surface with the
standard tooth shade card or parametric analysis using a chroma meter. In this study, a
chroma meter was used to evaluate the tooth shade as it can provide quantitative analysis
in color matching, so that statistical analysis can be easily achieved and is more accurate
than the visual analysis using a tooth shade guide.

The main and effective attraction of in-office dental bleaching products is the use of
H2O2 as an active ingredient, but due to the diverse side effects of using high-concentration
H2O2 as mentioned before, many researchers have now directed their research towards
finding alternatives to control high-concentration H2O2 to provide effective bleaching
without harm to the dental tissues. Therefore, CaO2, used as a bleaching agent in this study,
is expected to be a potential alternative as compared to the other commercial agents with
high concentrations of H2O2 (20–40%). H2O2 released from CaO2 can be controlled with
the alterations in temperature and pH. Therefore, the release rate of H2O2 was controlled
by adjusting the pH of the bleaching gel to 7. Moreover, the neutral pH of the dental
bleaching products has been reported to be safe on enamel because it does not alter the
surface roughness of the tooth even after several applications [10]. CaO2 is also capable of
reacting for a longer duration in the medium, making its functionality even more efficient.

In previous studies, it was demonstrated that the efficiency of H2O2-based bleaching
products was increased with the addition of visible light-activating TiO2 when exposed to
visible light [32,33]. Therefore, in this study, N-TiO2 was used as a photocatalyst to increase
the efficiency of CaO2-based bleaching gel. The nitrogen doping in the TiO2 lattice results
in the formation of a new electronic state above the valance band, which leads to the shift
in the absorption spectrum of N-TiO2 from UV light to the visible light region as analyzed
by the UV-vis spectrophotometer (Figure 4). The formation of a new electronic band led
to a decrease in the band gap energy value and was calculated by the Tauc plot method.
The band energy value for pure TiO2 was found to be 3.2 eV while on the other hand, the
nitrogen-incorporated TiO2 lattice exhibited a decrease in the band gap value from 3.23 eV
to 2.85 eV. Moreover, to investigate the effect of nitrogen doping on the crystal phase of
TiO2, XRD was performed. The phase composition of N-TiO2 contains major intensity of
the anatase phase and minor rutile phase, similar to that of pure TiO2 (Figure 1). In view of
the existing literature, the anatase phase is a better photocatalyst than the rutile phase [34].
Therefore, in the present study, it was important to retain the intensity of the anatase phase
in N-TiO2 in order to fabricate a strong photocatalyst to make a stronger dental bleach.
Additionally, the results of XPS analysis (Figure 2b) confirmed the existence of N in the
TiO2 lattice along with the elements Ti, O, and C. The observed N1s peak with binding
energy at 400.1 eV is assigned to N-O-Ti linkage, i.e., nitrogen bonded to oxygen sites
(interstitial doping). The high nitrogen content results in an effective visible light-activating
photocatalyst even though there is slight particle aggregation at high temperatures due to
the particle growth process.

The bleaching efficiency of the experimental bleaching gel was determined by com-
paring the color values at each bleaching time. The important indicator for the bleaching
evaluation is the determination of the L value; the higher the L value, the brighter or
whiter the teeth appear. In the present study, the value of L increased with each bleaching
time in both the groups, indicating the brightness or whiteness was upgraded with each
consecutive bleaching. On the other hand, the total color difference, i.e., ∆E, gradually
increased during each bleaching treatment. ∆E is categorized into six ranks: 0.5 or less ∆E
value, wherein macroscopically no color difference was seen; between 0.5 and 1.5, a small
difference was observed with effort to the naked eye; between 1.5 and 3.0, a slight difference
was clearly noticed; 3.0–6.0 values, when a substantial difference was seen; between 6.0
and 12.0, a marked difference was observed; and 12.0 or higher, when a different color line
was noticed [35]. In this study, ∆E after the last post-treatment was in the range of 6.0–12.0,
representing a significant difference (Figure 5).

Successful bleaching treatment brightens the teeth effectively without compromising
safety. Therefore, a cytotoxicity test was conducted in order to evaluate the safety and
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biologic properties of the bleaching gel. We found that the bleaching components were
non-toxic to 3T3 cells (Figures 6 and 7). No significant difference was observed between the
experimental group and control group. Therefore, the biocompatibility of the experimental
bleaching gel was good when tested on 3T3 cell lines and should be safe in clinical use.
Future study will focus on the quantification of released H2O2 from CaO2 and a more
delicate mechanism under different conditions.

4. Materials and Methods
4.1. Preparation of N-TiO2

An organic nitrogen source urea was used for nitrogen doping. Briefly, 3M urea
solution was prepared, and titanium (IV) oxide (21-nm primary particle size, Sigma-
Aldrich, St. Louis, MI, USA) was dispersed in it at a ratio of 0.1 g/mL. The mixture was
stirred for 24 h and later dried in the oven at 80 ◦C, followed by calcination in a furnace at
350 ◦C for 2 h.

4.2. Characterization

The phase identification of pure TiO2 and N-TiO2 was carried out using an X-ray
diffractometer (XRD) (TTRAX 3, Rigaku, Tokyo, Japan). The surface composition and
electron binding energy of TiO2 and N-TiO2 was measured using an X-ray photoelectron
spectroscopy (XPS) (Theta probe, Thermo Scientific, Waltham, MA, USA). The morphology
was observed using a scanning electron microscope (SEM) (JSM6510, JEOL, Tokyo, Japan).
The UV-Vis spectroscopy (CARY 300nc, Agilent, Santa Clara, CA, USA) was used to record
the absorption spectra of the samples.

4.3. Preparation of Stained Teeth

Twelve freshly extracted bovine incisors purchased from a local meat market in Taipei,
Taiwan were used in this study. After extraction, the teeth were dipped in hot boiling
water for 20 s, and the soft tissues were removed using a scalpel. The enamel surface
was polished with ascending grit silicon carbide papers starting from #100 up to #1000
under running water, removing 300 µm from the enamel surface to create a smooth and
flat surface. The teeth were then stored in water at 4 ◦C.

Black tea and coffee stain solutions were prepared. Briefly, two black tea bags (Earl
Grey Twinings) each weighing 2 g were immersed in 100 mL of boiling water for 5 min to
prepare a black tea stain solution while the coffee stain solution was prepared by adding
4 g of ground coffee powder (Nescafe) in 100 mL of boiling water. The teeth were then
divided into two groups (n = 6) and immersed into the respective above-mentioned staining
solutions for a week in the incubator at 37 ◦C. The solutions were renewed after every 3
days and stirred once a day to avoid sedimentation.

4.4. Color Analysis

After the teeth were immersed in the staining solutions for a week, they were rinsed
under tap water to remove excess coffee and tea from the surface, respectively, followed
by drying using kimwipes. Prior to bleaching, the CIELAB values of the stained enamel
surface were recorded as a baseline value using a dental chroma meter (VITA EasyShade
Compact, Vident, Model # DEASYCBU, Yorba Linda, CA, USA).

4.5. Tooth Bleaching

The experimental bleaching gel was composed of 10% calcium peroxide, 1% N-TiO2,,
and 1.5% methylcellulose as a thickener. The pH of the gel was adjusted to 7.0 before the
application onto the test tooth surface.

A thin layer of the experimental bleaching gel was applied on the test tooth surface
with a brush and irradiated for 1 min with a light emitting diode (LED) light curing device
(LITEX 696, Dentamerica Asia Inc., Taipei, Taiwan). Following which, the bleaching agent
was left for 5 min on the tooth surface, and the bleaching gel was then rinsed with fresh
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water and dried. A VITA EasyShade Compact chroma meter was used to measure the L, a,
and b values of the bleached teeth after rinsing and drying of teeth, where L* represents the
lightness of the sample from black (0) to white (100), a* represents the green-red coordinate,
and b* represents the blue-yellow coordinate. The bleaching and color measurements were
repeated thrice per tooth. The difference between baseline and each bleaching time for L, a,
and b values were denoted as ∆L, ∆a, and ∆b, respectively. The color difference (∆E) was
calculated according to the equation below:

∆E = [(∆L)2 + (∆a)2 + (∆b)2]1/2

4.6. Biological Assays
4.6.1. Cell Culture

The 3T3 cell line (mouse embryonic fibroblasts) (Bioresource Collection and Research
Center, Taiwan) was used as a cell source in this study. Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, USA) supplemented with 10% fetal calf serum (FBS) (Gibco,
Gaithersburg, MD, USA) and 1% antibody (Gibco, USA) was used for the cell culture. The
cells were incubated at 37 ◦C in a 5% CO2-containing atmosphere.

4.6.2. Cell Viability

Cells were seeded in 96-well plates at a cell density of 1 × 104 cells/well and incubated
for 24 h at 37 ◦C. After 24h, the used DMEM was aspirated, washed with PBS, and then
cultured with the conditioned medium for 24 h at 37 ◦C. The conditioned medium was
obtained according to the ISO standard 10993-12:2012. Briefly, 5 mL of the conditioned
medium was prepared (0.2 g bleaching gel per 1 mL of DMEM culture medium incubated
for 30 min at room temperature). The conditioned medium was filtered through a sterile
filter and subsequently used for cell culture.

Cell viability was evaluated using the WST-1 assay kit (Takara, Japan) according
to the manufacturer’s instruction. The conditioned medium was replaced with WST-1
working solution for 2 h, and the absorbance of formazan, a colored dye produced by
viable cells using WST-1, was measured at 450 nm by a microplate reader (Spectramax plus
384 microplate reader, Molecular Devices, CA, USA). Untreated cells, cultured with DMEM
medium, were used as controls.

4.6.3. Cell Cytotoxicity

The cytotoxicity of the prepared dental bleach was quantified using the LDH assay kit
(Takara, Japan) according to the manufacturer’s instructions. The presence of LDH in the
medium is an indicator of cellular toxicity. The conditioned medium after incubation with
cells for 24 h was transferred and mixed with LDH working solution in a 1:1 ratio. The
absorbance of LDH was measured at 450 nm, after incubating for 30 min in the dark using
a microplate reader (Spectramax plus 384 microplate reader, Molecular Devices, CA, USA).
The cells cultured with DMEM medium were used as controls, while the cells treated with
medium containing 0.1% Triton X-100 were used as the positive control.

4.7. Statistical Analysis

After the calculation of ∆E data, it was subjected to statistical analysis and analysis of
variance test (ANOVA) was performed, following which post hoc tukey’s test was used for
comparison between the groups. A probability (p) value of 0.05 was considered statistically
significant. The statistical difference between the control and experimental group in the
WST-1 and LDH assay was evaluated by student’s t-test using GraphPad (Prism for Mac,
GraphPaD software, San Diego, CA, USA).

5. Conclusions

In this work, nitrogen-doped titanium dioxide was successfully prepared and charac-
terized. The synthesized N-TiO2 calcinated at 350 ◦C contained majorly the photocatalytic
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anatase phase and the absorbed nitrogen in the TiO2 lattice caused the band gap narrowing,
resulting in visible light-activating N-TiO2. The dental bleaching gel comprising 10% CaO2
as an active ingredient and N-TiO2 as a photocatalyst demonstrated an efficient bleaching
effect with a gradual increase in ∆L and ∆E on a coffee- and black tea-stained bovine tooth
model in vitro, while the cell viability and cytotoxicity data provided an affirmation of the
safety of bleaching gel. The overall findings of this study suggest the CaO2-based bleaching
gel with N-TiO2 not only results in effective bleaching but can also decrease the potential
side effects that are usually caused by a high-concentrated hydrogen peroxide-based dental
bleaching procedure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22073759/s1, Figure S1. Representative image of tooth bleaching in black tea stained
group; Figure S2. Representative image of tooth bleaching in coffee stained group.
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Abstract: The conformational variation of the viral capsid structure plays an essential role both
for the environmental resistance and acid nuclear release during cellular infection. The aim of this
study was to evaluate how capsid rearrangement in engineered phages of M13 protects viral DNA
and peptide bonds from damage induced by UV-C radiation. From in silico 3D modelling analysis,
two M13 engineered phage clones, namely P9b and 12III1, were chosen for (i) chemical features
of amino acids sequences, (ii) rearrangements in the secondary structure of their pVIII proteins
and (iii) in turn the interactions involved in phage capsid. Then, their resistance to UV-C radiation
and hydrogen peroxide (H2O2) was compared to M13 wild-type vector (pC89) without peptide
insert. Results showed that both the phage clones acquired an advantage against direct radiation
damage, due to a reorganization of interactions in the capsid for an increase of H-bond and steric
interactions. However, only P9b had an increase in resistance against H2O2. These results could
help to understand the molecular mechanisms involved in the stability of new virus variants, also
providing quick and necessary information to develop effective protocols in the virus inactivation for
human activities, such as safety foods and animal-derived materials.

Keywords: M13 engineered phage; UV-C; ionizing direct and indirect damage; virus stability

1. Introduction

Viruses are biological entities, consisting of a single element of nucleic acid (RNA
or DNA, in either single- or double-stranded forms) enclosed in a protective protein
shell, or capsid, and are only able to replicate inside living cells. The virus’s resistance
to environmental stresses (temperature, pH, interaction with host cells, etc.) is closely
related to the protein composition of the external structures of the virion. This is generally
made up of repeated protein sub-structures, named capsomers, organized in polyhedral
or helical symmetry [1]. These simple geometries can be formed with a limited number
of capsid protein subunits, increasing their volume easily by repeatedly using the same
proteins and consequently limiting the number of genes required for the synthesis of the
capsid. The arrangement of capsid proteins in helical symmetry is a highly effective way
to form tridimensional structures with repetitive subunits that, following the symmetry
of the nucleic acid, have the same identical interactions that capsomeres have with each
other. Therefore, modifications of capsid proteins, even of a single amino acid, may change
the stability and/or metastability of the virion particles [2]. This eventuality is critical
for the risk of viral infection, only reduced by several control techniques, such as heat
sterilization, chemical disinfectants, air filtration, and ultraviolet (UV) irradiation. In
particular, disinfection using UV radiation is a fast-growing because it is chemical-free
technology and with low risk of damage to materials (especially heat-labile ones) [3]. For
this reason, main parameters should be considered for the elaboration of protocols to
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guarantee the efficacy of the UV sterilization process, mainly in the latest period strongly
marked by COVID-19 pandemic, where UV disinfection of surfaces and air has attracted
tremendous attention [4].

Bacteriophages (or simply phage) are viruses that infect bacteria and have several
biotechnological applications, including their use as models for human viruses. Specif-
ically, M13 phage is well known for the development of the phage display technique,
which allows at foreign peptides to be exposed on the virion capsid [5]. The capsid of
M13 phage is characterized by a helical symmetry structure, almost exclusively consti-
tuted by the major coat protein pVIII (responsible for phage integrity), and four other
minor coat proteins, namely pIII, pV, pVII and pIX, which together enclose the circular
single-stranded DNA molecule [6]. In the phage display application, the engineering
with foreign peptides in the pVIII protein (representing about 98% of capsid proteins)
permits the formation of landscape phage libraries of billions of clones, wherein each
individual phage displays a random peptide on its surface. Phage libraries based on
vector systems (88 or 8 + 8) result in a hybrid structure with mixture of recombinant and
wild-type pVIII molecules on the phage capsid [7]. These random phage libraries are
used in screening processes against desired targets to isolate specific ligands in the marker
discovery, in vitro or in vivo [8–10], or to functionalize surfaces for biosensors [11–14], as
specific scaffolds for tissue-regenerating [15], for immunization [16], for drug-targeting
[17–19], for hybrid-materials [20–22], for quantum dots, and for semi-conducting or mag-
netic nanowire devices [23,24]. It is known that the capsid structure has been suggested
to be responsible for the great resistance of M13 to various physical and chemical stresses
(i.e., heat, both acidic or alkaline organic solvents, and variations in pH values) [25,26].
About the susceptibility to the UV-C exposure, genome type and organization can play
an important role against UV inactivation of phage. Phages with circular ssDNA, such
as PhiX174, are most sensitive respect to that with linear ssRNA, such as MS2; while
phage with linear dsDNA, such as PRD1, revealed the highest photoreactivation after UV
exposure [27,28]. In contrast to UV inactivation, MS2 showed a greater susceptibility to
gamma or electron beam irradiation compared to PhiX174, whose inactivation revealed to
have a clear dose rate effect [29]. Since phages have a limited ability to repair DNA, the
shielding of their genomes by capsids may play a key role in their resistance to radiation.
Studies on phage T7 would seem to highlight a greater sensitivity towards UV inactivation
of intraphage DNA compared to the isolated one, indicating the role of phage proteins
in the DNA damage [30]. Moreover, it has been seen that fd virus (with single-stranded
nucleic acid) shows a UV sensibility midway between characteristic for the single-stranded
and double-stranded nucleic acid viruses [31]. These findings had been attributed to the
capsid structure, consisting in a helical structure, with a 60 A pitch and six repeating units
per turn that protect the phage nucleic acid from tertiary structural changes induced by the
UV-C irradiation [31,32]. On the other hand, effects on biological components from UV-C
exposure also involve protein, other than nucleic acids (RNA or DNA) [3]. Although many
studies have been focused on the influence of nucleic acid on the UV-C radiation response,
at our knowledge, no study has been reported on the role of physical shape and protein on
the virus resistance to UV-C or other qualities and quantities of radiations.

The structural model of the M13 capsid, analogue of pC89 wild-type vector, has been
used to derive the newly rearrangement and electrostatic interactions due to the addition
or modification of amino acids in the capsid structure [6]. In this way, Passaretti et al.
investigated the surface charge and the surface area of M13 to predict the mechanisms
behind of interactions in bio-nanocomponents, finding that the presence of ionizable groups
in foreign peptides can drastically change the chemical characteristics of the engineered
virus compared to wild-type, playing a role in the resistance to several stresses [33].

The aim of this study was to evaluate how the capsid rearrangement protects DNA and
peptide bonds from damage after exposure to UV-C radiations. By speculative in silico 3D
models, two engineered phages, previously selected against Pseudomonas aeruginosa (P9b)
and antibodies binding β-amyloid structures (12III1), have been chosen for (i) chemical
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features of amino acids sequences, (ii) rearrangements in the secondary structure of their
pVIII proteins and (iii) in turn the interactions involved in phage capsid. Then, their
resistances to UV-C radiations were investigated and compared with M13 wild-type vector
(pC89) without peptide insert. In addition, the resistance to hydrogen peroxide (H2O2), one
of the most common products generated by the radiolysis of water, has been also evaluated
for indirect damage due to the radiation exposure.

2. Results
2.1. In Silico 3D Models

Engineered phage shows a mosaic of wild-type and recombinant pVIIIs proteins on
the capsid structure. The 3D in-silico models provided the constructions of recombinant
pVIII proteins with in-frame the amino acids of foreign peptides by Modeller. From 3D
models of pVIII proteins, we deduced that the presence of the foreign peptide induced a
linear extension of the N-terminal end or a circular form in the same position. In Figure S1
is showed the rearrangement of the secondary structure of the recombinant PVIII of P9b
(amino acid sequence of the foreign peptide QRKLAAKLT) and 12III1 (RWPPHFEWHFDD).
The interactions between the PVIIIs of the hybrid phage structure, consisting in a mixture
of recombinant and wild-type pVIII molecules, also resulted in a new supramolecular
rearrangement with new H-bond and steric interactions (Figure 1).
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Figure 1. Speculative in silico 3D models of interactions between wild-type (chain blue) and re-
combinant (chain red) pVIIIs in pC89 (upper panel), P9b (central panel) and 12III1 (lower panel). 
For each phage, the two pVIII proteins are displayed in the same workspace in backbones style, 
with the amino-acids of the chains involved in the interaction in wireframe style and coupled to 
energy map-colored clouds. For energy map, legend colors: in green, the amino acids with stearic 

Figure 1. Speculative in silico 3D models of interactions between wild-type (chain blue) and recom-
binant (chain red) pVIIIs in pC89 (upper panel), P9b (central panel) and 12III1 (lower panel). For
each phage, the two pVIII proteins are displayed in the same workspace in backbones style, with
the amino-acids of the chains involved in the interaction in wireframe style and coupled to energy
map-colored clouds. For energy map, legend colors: in green, the amino acids with stearic favorable
bond; in red, a nearby negative electro-static charge of amino acids; in blue, a nearby positive charge
of amino acids; in yellow, hydrogens donator favorable; in light blue, hydrogens acceptor favorable.
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The electrostatic charges highlighted by the colored clouds around the models indicate
that the aggregation levels of the chains were modified in all the sequence in P9b and 12III1
phages respect to pC89. 3D in-silico models also allow to derive the amino-acids, including
their position number in the primary sequence, which participate in H-bond and steric
interactions between the PVIII proteins (in Table 1 and Figure S2).

Table 1. Position number in the primary sequence of amino acids involved in the interactions between PVIII proteins in
pC89, P9b and 12III1 phages, deduced by in silico 3D modeling analysis (Figure S2).

pC89 P9b
(QRKLAAKLT)

12III1
(RWPPHFEWHFDD)

Wild-Type/
Wild-Type pVIIIs

Recombinant/
Wild-Type pVIIIs

Recombinant/
Recombinant pVIIIs

Recombinant/
Wild-Type pVIIIs

Recombinant/
Recombinant pVIIIs

H-bond 43 42–43, 45–46, 49 1–2, 4–5, 7–10, 22–23,
31, 42, 45–46, 53 14 12–13, 40–42, 45–47,

49–54

Steric
interactions 21, 28, 32, 35–36, 39

1, 4–5, 7–8, 26–27,
30–31, 34, 37–46,

48–50, 52–53

1–12, 14–16, 18–20,
22–24, 26–28, 30–32,
34, 38, 41–43, 45–50,

53

13–17, 20, 31 9–14, 34, 38, 40–54

pC89 showed the lowest number of amino acids involved in the interaction between
wild-type pVIIIs (1 and 6 for H-bond and steric interaction, respectively). Otherwise,
in P9b phage, amino acids involved in recombinant/wild-type pVIIIs interaction are 5
(H-bond) and 25 (steric interaction), while recombinant/recombinant pVIIIs interaction are
15 (H-bond) and 39 (steric interaction). Finally, in 12III1 phage, amino acids involved in
recombinant/wild-type pVIIIs interaction are 1 (H-bond) and 7 (steric interaction), while
recombinant/recombinant pVIIIs interaction are 14 (h-bond) and 23 (steric interaction).

2.2. UV-C Resistance Test

To assess whether the capsid rearrangement, due to the foreign peptide in PVIII
protein, could preserve the infectivity of engineered phages (P9b and 12III1) from effects of
radiations, phages were subjected to different UV-C radiations. Before comparative tests
between phages, the radio-resistance of pC89 alone was tested up to the lethal dose able
to completely reduce the infecting phage load. The last was quantified as Transducing
Unit per milliliter (TU/mL), that means number of active virus particles able to infect the
bacterial host.

A reduction of about eight orders of magnitude was already found after 1540 J/m2,
corresponding to 70 s of radiation exposure, while no TU were observed after 3080 J/m2

(that means 140 s of radiation exposure).
Based on these findings, the radio-resistances of the engineered phage, P9b (amino

acid sequence QRKLAAKLT) and 12III1 (RWPPHFEWHFDD) were compared to that of
pC89 up to 3080 J/m2 (Table 2).

Table 2. Active virus particles of pC89, P9b and 12III1, expressed as Transducing Unit per milliliter of infected E. coli
(TU/mL), after exposure to UV-C.

Phage Exposed 385 J/m2 770 J/m2 1540 J/m2 3080 J/m2

pC89 (4 ± 0.9) × 109 (3 ± 1.7) × 107 (2.2 ± 1.2) × 105 (3.1 ± 1.3) × 10 No TU

P9b
(QRKLAAKLT) (3.9 ± 0.2) × 109 (1.1 ± 0.6) × 109 (2.6 ± 0.7) × 107 (3.2 ± 1.3) × 105 (1.4 ± 0.7) × 104

12III1
(RWPPHFEWHFDD) (3.9 ± 0.9) × 109 (1.8 ± 0.9) × 108 (5.7 ± 1.4) × 106 (1.2 ± 1) × 104 (1.7 ± 0.9) × 102
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After UV-C exposure to a 1540 J/m2 of fluence the 12III1 and P9b infectivity decreased
by about six and four orders of magnitude, respectively. Both engineered phages’ resistance
further decreased by about one order of magnitude after the exposure to a 3080 J/m2 fluence.

UV-C inactivation rates and related UV-C damage in pC89 wild-type, P9b and 12III1
phages are reported in Figure 2.
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For all phages, UV-C inactivation rate showed a logarithmic trend, consisting in a first
dose-dependent exponential phase (up to 1540 J/m2). Specifically, the UV-C damage for
each phage was determined at the threshold value of four-log reduction. pC89 showed a
significantly higher value than the two engineered phages (54.5 ± 2.3 J/cm2) than the two
engineered phages (38 ± 2 and 29 ± 2.5 J/cm2 for 12III1 and P9b, respectively). The difference
in resistance to UV-C exposure of the phages was also maintained at 3080 J/m2 (maximum
dose tested in our experiments). In addition, a significant difference in susceptibility to UV-C
exposure was also observed between the two engineered phages (Figure 2, left panel). In
fact, P9b showed the lowest UV-C damage value, that was 24% lower than 12III1 (Figure 2,
right panel).

2.3. Hydrogen Peroxide Resistance Test

The infectivity of pC89, P9b and 12III1 phages (TU/mL) after treatment with 1.5 M
H2O2 for several incubation times is reported in Table 3.

Table 3. Active virus particles of pC89, P9b and 12III1, expressed as Transducing Unit per milliliter of infected E. coli
(TU/mL), after exposure to H2O2 (1.5 M).

Phage Exposed 30 Min 60 Min 90 Min

pC89 (1.2 ± 0.2) × 1010 (5 ± 0.4) × 109 (2.5 ± 0.3) × 109 (1.2 ± 0.2) × 109

P9b
(QRKLAAKLT) (4.0 ± 0.3) × 1010 (3.2 ± 0.4) × 1010 (3 ± 0.3) × 1010 (2.8 ± 0.1) × 1010

12III1
(RWPPHFEWHFDD) (3.4 ± 0.2) × 1010 (1.7 ± 0.2) × 109 (1.1 ± 0.2) × 109 (5.7 ± 0.6) × 109

The pC89 and 12III1 infectivity decreased by about 0.5 orders of magnitude after 30 and
60 min, and one order of magnitude after 90 min, whereas P9b was the most resistant by a sig-
nificant margin, since TU maintained viability throughout all treatment durations (Figure 3).
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Additionally in this case, inactivation of phages has a logarithmic trend, consisting in a
first dose-dependent exponential phase in the first 30 min. In addition, P9b maintained the
highest resistance to treatment, as confirmed by the lowest H2O2 damage value, that was
82% and 75% lower than pC89 and 12III1, respectively. However, respect to UV-inactivation,
no significant difference between pC89 and 12III was observed, while as also confirmed by
H2O2 damage (Figure 3, right panel).

3. Discussion

Some studies have reported virus inactivation after exposure to different types of
radiation (i.e., electron beam, gamma irradiation, lethal ultraviolet), particularly applied to
water and food safety [34] or to phage therapy to plants [35]. However, the extraordinary
diversity of viruses does not allow defining universal parameters about their susceptibility
to the radiation exposure. Indeed, opposing conclusions have been reported about the
inactivation of bacteriophages by electron beam and gamma irradiation [29].

Since phages have limited ability to repair DNA, viruses’ resistance is closely related to
the protein composition of the external structures of the virion. Although structural studies
have been carried out by mutational inductions abrogating/increasing interactions within
viral structures, they generally do not consider the effects of radiations on viral structures,
as well as the molecular mechanisms responsible for more or less resistance to infectivity
inactivation. Moreover, these studies cannot apply to engineered phages, for which the
addition of amino acid sequences in viral capsid structure derive from screening/selection
of engineered phages able to detect specific target, key step of research projects for the
development of new diagnostic/therapeutic systems.

In this work, we investigated whether the foreign peptides in the N-terminal pVIII of
the P9b and 12III1 phages, could influence the resistance to UV-C.

First of all, speculative 3D models have been used to screen the engineered phages
(available in our laboratories) to employ in the biological tests. Based on the hydrogen (H)
and steric bonds that could occur on the hybrid capsid structure, two engineered phage
clones were chosen, because of more (P9b) and less (12III1) interactions due to their foreign
amino acids. Specifically, in P9b the foreign peptide (amino acid sequence QRKLAAKLT)
led to linear extension of engineered pVIIIs, respect to the pVIII wild type counterpart, with
a significant increase of interactions in the hybrid capsid structure, both recombinant/wild-
type and recombinant/recombinant pVIIIs (Figure 1; Table 1). Otherwise, in 12III1 the
foreign peptide (amino acid sequence RWPPHFEWHFDD) induced a curvature of the
engineered pVIIIs, with an increase of interaction numbers only between the recombinant
pVIIIs (Figure 1; Table 1). Because of the strong interaction between capsomers and nucleic
acids, the capsid rearrangement of engineered phages could protect the viral DNA from
tertiary structural changes induced by the surrounding environmental stresses, such as
UV-C radiation.
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Results from the experimental design of radiation exposure revealed that the presence of
the foreign peptide had a greater effect on phage infectivity. In fact, pC89 was almost totally
inhibited after the exposure to UV-C for 1540 J/m2 fluence, according to the data reported
previously [32]. In contrast, P9b and 12III1 phages maintained their viability under the UV-C
exposure until 3080 J/m2 (1.4 ± 0.7 × 104 and 1.7 ± 0.9 × 102 TU/mL for P9b and 12III,
respectively). These results suggest that both the phage clones had acquired an advantage
against direct radiation damage from UV-C exposure, respect to pC89. Moreover, the increase
in UV-C resistance was in agreement with the increase of the interactions (predicted by the
model) in the capsids of the engineered phages, as evidenced by the higher resistance of P9B
compared to 12III1. H-bond and steric interactions favorably contribute to protein stability
and could reduce the susceptibility of the hybrid phage structure to the modifications induced
by UV-C, as also suggested by the experimental results. In fact, the number increasing of
H-bond and steric interactions (pC89 < 12III1 < P9b) was positively correlated with the phage
resistance to UV-C.

UV-C radiation, usually used in the disinfection of wastewater, is predominantly
absorbed by nucleic acids, causing damage by the formation of photoproducts [36]. Forma-
tion of dimers (cyclobutane pyrimidine and pyrimidine) and photoproducts (pyrimidine)
has been reported to increase in proportion to the UV-C dose, modifying the DNA structure.
On the other hand, radiations can induce an indirect damage, due to OH− and H+ products
resulting from the water radiolysis [37]. Since the latter mainly involves protein structures,
including individual amino acids, the radiolysis of water could play a role in the different
behavior of the two engineered phage clones to ionizing radiation. At this purpose, the
infectivity of the tested phage has also been evaluated after treatment with 1.5 M H2O2.
Surprisingly, only P9b did not lose its viability, while infectivity of pC89 and 12III1 were
decreased of 1 and 0.5 orders of magnitude, respectively, after 90 min of treatment (Table 3
and Figure 3). In this prospective, the amino acid composition of the foreign peptide could
alter the degree of oxidative modifications in the capsid proteins, due to H2O2, which can
be considered the most common indirect damage from radiation exposure. Specifically,
peroxyl radicals can induce the formation of oxidation products by radical mechanisms,
leading to fragmentation of the protein backbone. It is known that aromatic amino acids
are significantly more reactive with the dominant reaction pathway being OH− addition
to the aromatic ring [38]. In this work, 12III1 phage has four aromatic amino acids in its
foreign peptide, while P9b none. Consequently, hybrid phage structure of 12III1 would
not have an advantage in H2O2 resistance, when compared to pC89. The remaining amino
acids of the foreign peptide of 12III1 (namely arginine, proline, histidine, glutamic acid
and aspartic acid) could also negatively affect the oxidation resistance of the phage clone.
In fact, the radiation-generated ROS modifies protein by carbonylation to the amino-acid
side chains, particularly occurring on Lys, His, Thr, Pro, Glu, Asp, and Arg residues [38].
On the other hand, amino acids sequence of the P9b foreign peptide, with only one amino
acid favorable to carbonylation (namely arginine) makes the phage clone more resistant to
H2O2 respect to other phage, subject of this study.

4. Conclusions

Phage display technique allows to screen and select peptides with several biotechno-
logical functions. These foreign peptides are exposed in-frame inside the capsid protein
pIII or pVIII. Consequently, the entire capsid structure may be affected by the onset of new
interactions. In order to understand the incidence of capsid organization on resistance to
environmental stresses, in this work the resistance to UV-C radiation of M13 wild-type
vector (pC89) and two engineered phage clones in pVIII, expressing 9 or 12 additional
amino acids in N-terminal end of pVIII capsid protein, was evaluated.

Our data indicate that the presence of the foreign peptide increase the number of
interactions between the pVIII in engineered phages, bringing advantages in resistance to
UV-C radiation. Moreover, among the engineered phages under study, the increase in UV-C
resistance was directly linked to the increase in the number of interactions, which in turn
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depended on the peptide sequence of the exogenous peptide. Phages engineered to express
known peptides on their capsid could represent models extremely useful to understand
the molecular mechanisms involved in the stability of new virus variants, also providing
quick and necessary information to develop effective protocols in the virus inactivation for
human activities, such as safety foods and animal-derived materials.

5. Materials and Methods
5.1. Bacteriophages

Phages used in this work were obtained from two M13 phage display libraries (kind
gift of Prof. F. Felici). These libraries consist of filamentous phage particles displaying
random 9- or 12-mer peptides fused to the major coat protein (pVIII). The libraries were
constructed in the vector pC89 [39], by cloning a random DNA insert between the third and
fifth codon of the mature pVIII-encoding segments of gene VIII [40]. pC89 (M13 wild-type
vector without peptide insert) and two engineered phage clones with different amino acid
sequences of the foreign peptide were used. Specifically, the P9b phage clone displayed
the sequence QRKLAAKLT [41], while the 12III1 the sequence RWPPHFEWHFDD [42].
Propagation of pC89 and engineered phage clones was carried out in Escherichia coli TG1
bacterial host (Lac-Z deleted).

5.2. Phages Production

E. coli strain TG1 (Kan-, Amp-, lacZ-) broth culture (OD600 = 0.7) was infected with pC89
or engineered phage clone (Amp+), then incubated at 37 ◦C in static condition for 15 min,
followed by shaking (250 rpm) for 20 min. After incubation, suitable aliquots of culture
were plated onto Luria–Bertani agar (agar 20 g/L) plates containing ampicillin (50 µg/mL)
and incubated at 37 ◦C in static condition. One colony of E. coli strain TG1, containing
phage, was inoculated into 10 mL of LB medium containing ampicillin (50 µg/mL) and
incubated at 37 ◦C with shaking (250 rpm) until reaching OD600 = 0.2. Then, the culture
was added with isopropylthio-β-galactoside (IPTG, 40 µg/mL) and helper phage M13K07
(Kan+) (109 TU/mL), incubated at 37 ◦C in static condition for 30 min, and gently shaken
for 30 min. The cells were harvested by centrifugation at 8000× g, transferred to 500 mL of
LB medium containing ampicillin (50 µg/mL) and kanamycin (10 µg/mL), and incubated
overnight with shaking at 37 ◦C. The infected culture was centrifuged 8000× g for 20 min
at 25 ◦C, the supernatant was then mixed with 25% (v/v) of PEG/NaCl solution, cooled in
ice for 4 h, and precipitated by centrifugation at 15,000× g for 45 min at 4 ◦C. The pellet was
resuspended in 10% (v/v) of TBS, mixed again with 25% (v/v) of PEG/NaCl, cooled in ice for
4 h, and the solution was centrifuged as above. The pellet, containing phage particles, was
suspended in 10% (v/v) of TBS, filtered through 0.22 µm-pore size membrane, and stored
at 4 ◦C.

5.3. In Silico 3D Modelling Analysis

Engineered pVIII Protein Structure Modeling was performed using the MODELLER9.20
(https://salilab.org/modeller, (accessed on 15 March 2021).) software for the comparative
protein structure modeling. The models were built as reported previously [43]. Briefly,
the structure of pVIII protein (PDB ID: 2mjz) was obtained. In the context of the whole
virus particle of 2mjz, two pVIII proteins, Chain [1a] and Chain [1e], have been chosen
for modeling the pVIII engineered proteins. Since these proteins are located at the same
position between pentamer rings 1◦ and 3◦, they allow identification of the contributing
protein-protein interactions in the capsid structure [6]. The two pVIII proteins were kept like
the single pVIII protein, in a PDB-format, namely chain A and chain E, and used as templates.
Amino acid sequences of engineered pVIII proteins of P9b and 12III1 clones, with a foreign
peptide inside of fourth/fifth amino acids of the M13 wild-type pVIII (plus two extra residues
of Phenylalanine and Glutamine, encoded by the EcoRI site as reported in Felici et al. [39]
were written on the following FASTA format to derive pVIII-engineered models (in bold the
foreign amino acid sequence):
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1-AEGDDPAKAAFNSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS-50 (pC89);
1-AEGEFQRKLAAKLTDPAKAAFNSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKA
S-60 (P9b);
1-AEGEFRWPPHFEWHFDDGDPAKAAFNSLQASATEYIGYAWAMVVVIVGATIGIKLFKK
FTSKAS-64 (12III1).

Several models were calculated for the same target. The best 3D model was selected,
according the lowest value of DOPE, which indicates the construction energy. For each
engineered pVIII protein, two models were obtained, one from the chain A and one from
the chain E of the capsid complex.

5.4. Analysis of Amino Acids Involved in the Structure Capsid Interactions

The models performed in PDB format were opened and processed using Molegro Molec-
ular Viewer v1.2.0 (http://www.molegro.com (accessed on 20 February 2020)). The models
were processed as ligand-protein in “Energy Map” and “Ligand Map” to identify the amino
acids involved in the interactions. ProtParam (https://web.expasy.org/protparam (accessed
on 20 February 2020)) bioinformatics tool was used to predict the following characteristics:
molecular weight, theoretical pI, amino acid composition, atomic composition, extinction
coefficient, estimated half-life, instability index, aliphatic index, and grand average of hydro-
pathicity (GRAVY) of the amino-acid sequence of the peptide [44].

5.5. Virus Irradiation

Due to the extremely low penetrative ability of the UV-C radiation, were separately
placed in uncovered petri dishes (sample exposure surface and thickness approximately
0.8 cm2 and 0.15 cm, respectively) and exposed to UV-C radiation (G15T8/OF, OSRAM
germicidal, puritec HNS 15WG13, operating with the emission line at the 253.7 nm wave-
length) for different time exposure at a distance of 150 mm. Specifically, the germicidal
lamp has a UV output power of 4.9 W and an intensity of 50 µW/cm2 at a 1-m distance.
Since the intensity decreases with the square of the distance between the lamp and the
target, at a 15 cm distance from our operation, the lamp intensity is 2.2 mW/cm2. All
irradiations were carried out in the biological hood at 25 ◦C. After the treatment, the
infective ability of recovered phages was evaluated by titration. All tests were performed
in quintuplicate.

5.6. Hydrogen Peroxide Resistance Assay

Hydrogen peroxide (H2O2) was evaluated at a sub-lethal dose, according to Eisen-
stark et al. [45]. In detail, 30% stock solution of H2O2 was diluted with sterile double dis-
tilled water immediately prior to each experiment. Each phage stock (1 × 1011 phage/mL)
in TBS (100 µL) was treated with 1.5 M H2O2 (final concentration) for 30, 60, and 90 min.
At each time, 10 µL catalase (2 mg/mL) were added to stop the reaction. All tests were
carried out in the biological hood at room temperature. After the treatments, the infective
ability of the recovered bacteriophages was evaluated by titration, as described below. All
tests were performed in quintuplicate.

5.7. Phage Titration (TU/mL)

Tenfold serial dilutions of pC89 or engineered phage clones were prepared, and 10 µL
of each phage sample were dispensed into sterile micro-centrifuge tubes containing 90 µL
of E. coli TG1 culture (OD600 = 0.7). Tubes were first incubated at 37 ◦C for 15 min in static
conditions and then for 20 min in shaking (250 rpm) conditions. 100 µL of pC89/E. coli TG1
or engineered phage/E. coli TG1 suspension was spotted onto LB agar plates containing
ampicillin (50 µg/mL). All plates were incubated at 37 ◦C overnight. Colonies from plates
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(between 30–300) were counted and the number of active virus particles was determined
as Transducing Unit per milliliter (TU/mL) according to the following Equation (1)

TU =
number of colonies

volume (0.1 mL)× diluition factor
(1)

All assays were performed in quintuplicate.
Using the TU/mL value, the damage from UV-C or H2O2 per fluence (J/m2) or time (h)

was derived from the following Equation (2)

UVC or H2O2 damage =
log10 Ns(r)− log10 Ns(s)

fluence
(

J
cm2

)
or time (h)

(2)

where Ns(r) and Ns(s) represent the number of active virus particles (TU/mL) not irradiated
and irradiated, respectively. The significant differences in the UVC or H2O2 damage values
were determined by analysis of variance (ANOVA) using adjusted p-values at 0.01 and 99%
for family-wise significance and confidence level, respectively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22073408/s1, Figure S1: 3D models of the pVIII protein chain A in pC89 (A), P9b (B)
and 12III1 (C), with the amino-acids of the foreign peptide in wireframe style. (PDB ID: 2mjz, Morag
et al., 2015). Figure S2: Ligand map from 3D models of the interactions in pC89, P9b and 12III1 phage,
including abbreviation and position of the amino acids involved in H-bond and steric interactions.
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Abstract: Macrophage-derived foam cells play critical roles in the initiation and progression of
atherosclerosis. Activated macrophages and foam cells are important biomarkers for targeted imag-
ing and inflammatory disease therapy. Macrophages also express the dectin-1 receptor, which specifi-
cally recognizes β-glucan (Glu). Here, we prepared photoactivatable nanoagents (termed Glu/Ce6
nanocomplexes) by encapsulating hydrophobic chlorin e6 (Ce6) within the triple-helix structure of
Glu in aqueous condition. Glu/Ce6 nanocomplexes generate singlet oxygen upon laser irradiation.
The Glu/Ce6 nanocomplexes were internalized into foam cells and delivered Ce6 molecules into the
cytoplasm of foam cells. Upon laser irradiation, they induced significant membrane damage and
apoptosis of foam cells. These results suggest that Glu/Ce6 nanocomplexes can be a photoactivatable
material for treating atherogenic foam cells.
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1. Introduction

Atherosclerosis is a chronic inflammatory disease characterized by the accumulation
of lipids in the large arteries. Various types of cells, such as endothelial cells, smooth muscle
cells, and inflammatory cells are involved in the formation of atherosclerosis. Endothe-
lial dysfunction initiates the entry of lipids and inflammatory cells into the large arter-
ies [1–4]. In the artery, monocytes differentiate into macrophages, and the macrophages
that take up the lipid become foam cells. These macrophage-derived foam cells are formed
at early stages in the atherosclerotic lesions and play critical roles in the development
of atherosclerosis [5,6]. Macrophages express a variety of surface recognition receptors
that serve as target biomarkers for imaging and therapy [7–12]. Dectin-1, a specific recep-
tor for β-glucan, is one such receptor expressed on macrophages [13], including plaque
macrophages of atherosclerotic mice [14]. Therefore, the specific targeting of the dectin-1 re-
ceptor on foam cells is an alternative approach for imaging and treatment of atherosclerosis.

Photodynamic therapy (PDT) is an effective therapeutic strategy for cancer. The use of
photosensitizers and a specific wavelength of light generate reactive oxygen species (ROS),
such as singlet oxygen (SO), hydroxyl radicals, and superoxide that subsequently induce
membrane damage in the target cells, leading to cell death [15,16]. PDT is also used as
an alternative therapy for atherosclerosis [17,18]. Previous studies have shown that PDT
promotes plaque stabilization in atherosclerotic lesions and inhibits plaque progression
by reducing the macrophage content [19–23]. Among various photosensitizers, chlorin e6
(Ce6) is widely used for PDT because it has high photosensitizing effect, low dark toxicity,
long absorption band (663 nm), deep tissue penetration, and higher production of singlet
oxygen [24]. However, despite the success of these PSs for PDT in in vitro and in vivo
studies, some issues such as its insolubility in water and low selectivity to target cells or
tissues still need to be overcome [25,26].
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β-Glucan is a natural polysaccharide comprising linear β-1,3-linked D-glucose molecules,
and possessing anti-inflammatory, anti-oxidant, and antifungal activities [13,27,28]. Glu acts
as a ligand for the dectin-1 receptor and complement receptor 3 [27] on macrophages and
dendritic cells in the immune system. As the uptake of Glu molecules is dectin-1-dependent
in vitro [29], the selective targeting of dectin-1 makes the Glu nanoparticles an attractive
drug carrier for the delivery of proteins [29], nucleic acids such as DNA [30] and siRNA [31],
and small drug molecules [32].

In this study, we developed new photoactivatable nanoagents (termed Glu/Ce6
nanocomplexes) to deliver Ce6 into foam cells and enhance the effects of PDT on foam cells
after laser irradiation. These nanoagents were prepared by encapsulating hydrophobic Ce6
within the triple-helix structure of Glu molecules. We analyzed their physicochemical and
optical properties, as well as their ability to generate SO after laser treatment. We evalu-
ated their intracellular uptake into foam cells to check whether Glu/Ce6 nanocomplexes
can deliver Ce6 into the foam cells. We also confirmed their effects on foam cells after
laser irradiation.

2. Results and Discussion
2.1. Synthesis of Inclusion Nanocomplexes of Glucan and Chlorin e6 (Glu/Ce6)

Typically, Glu has triple-helix structures in aqueous solution, which change into single
strands upon solubilization at temperatures over 150 ◦C, or with NaOH or dimethyl sul-
foxide (DMSO). Interestingly, they can re-assemble the triple-helix structure when exposed
to an aqueous environment again [33,34]. Based on this fact, we prepared photoactivatable
Glu/Ce6 nanocomplexes. For the synthesis of Glu/Ce6 nanocomplexes, Glu was dissolved
in DMSO with heating at 60 ◦C to release single spiral structures from triple-spiral struc-
tures due to the loss of hydrophilicity and hydrogen bonds [35]. Then, hydrophobic Ce6
was added to the Glu solution and stirred for 3 h. The mixture was then added into a
large amount of water. On exposure to an aqueous environment, the Glu triple structures
may be reformed with the Ce6 molecules loaded into them to form Glu/Ce6 inclusion
nanocomplexes (Figure 1).
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Figure 1. Schematic illustration of the preparation procedures of the Glu/Ce6 nanocomplexes.

2.2. Characterizations of Glu/Ce6 Nanocomplexes

After synthesis and purification of the Glu/Ce6 nanocomplexes, the loading amount of
Ce6 within the nanocomplexes was determined by performing ultraviolet/visible (UV/Vis)
analysis. Based on the standard curve of Ce6, it was determined that 1 mL of Glu/Ce6
nanocomplex solution contained 1.652 mM of Ce6. The synthesis of Glu/Ce6 nanocom-
plexes was further confirmed by Fourier-transform infrared (FTIR) analysis (Figure 2a).
After loading of Ce6 into Glu, two new peak bands were observed at 1698 and 1570 cm−1

for the C = O and C = C stretching vibrations of Ce6 molecules, respectively.
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The dissolved Glu in DMSO has a single stranded structure, but it is converted into
the triple-helix structure (known as a renaturation process) when exposed to water (at a
ratio of 20 or higher) or when granulated to a size of ~ 800 nm [35]. In this study, the deter-
mined particle mean sizes of granulated Glu were 488± 35.6 nm (Supplementary Materials
Figure S1), but polydispersity index (PDI) and Z-average sizes were not detected, suggest-
ing that granulated Glu has the multi-disperse particle structures. After loading of Ce6
into Glu molecules, the mean sizes of the Glu/Ce6 nanocomplexes were 153.8 ± 35.6 nm,
their Z-average sizes were 169.0 nm, with a PDI of 0.343 and a spherical shape (Figure 2b).
SEM image showed that Glu/Ce6 nanocomplexes formed the multimeric or aggregated
structures in dried state. Compared to the sizes of granulated Glu, Glu/Ce6 nanocomplexes
were much smaller, due to stronger intermolecular hydrophobic interactions between Ce6
and Glu within the nanocomplexes.

Optical properties were examined by using UV/Vis and fluorescence spectrophotome-
ters to demonstrate whether Glu/Ce6 re-assembled its triple-helix structure in aqueous
solution. The solubilized Ce6 and Glu/Ce6 nanocomplexes in PBS (pH 7.4) solution with
1% Tween 20 (surfactant) showed a strong and sharp Soret band at 405 nm and Q-bands
ranging from 480 to 700 nm. However, these peaks were relatively lower and broadened
when Glu/Ce6 nanocomplexes were exposed to PBS (pH 7.4) without Tween 20 due to the
interference of light transmittance (Figure 3a). In line with this result, fluorescence analyses
demonstrated that the solubilized Ce6 and Glu/Ce6 in PBS (pH 7.4) with 1% Tween 20
showed strong fluorescence intensities, whereas Glu/Ce6 nanocomplexes dispersed in PBS
without Tween 20 exhibited weak fluorescence intensities owing to the fluorescence quench-
ing mechanism between Ce6 molecules within the Glu/Ce6 nanocomplexes (Figure 3b).
These results suggested that the fabricated Glu/Ce6 re-assembled its triple-helix structure
by a renaturation process due to intermolecular hydrophobic interactions between Ce6 and
Glu molecules.
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Tween 20), obtained by monitoring the fluorescence intensity (FI) of SOSG at 525 nm at different times of exposure to
670 nm laser.

2.3. Singlet Oxygen (SO) Generation Study

Photoactivatable nanomaterials should generate SO upon laser irradiation for PDT
applications. To demonstrate whether Glu/Ce6 nanocomplexes can generate SO upon laser
irradiation, a singlet oxygen sensor green (SOSG) study was performed because it is highly
selective for 1O2 [36]. Figure 3c shows the changes in SOSG fluorescence intensity with
laser irradiation time. Ce6 and Glu/Ce6 solubilized in PBS (pH 7.4) containing 1% Tween
20 increased SOSG fluorescence signals with increasing irradiation time, whereas Glu/Ce6
nanocomplexes dispersed in PBS without a surfactant showed comparatively decreased
fluorescence signals. As seen in UV/Vis and fluorescence analyses, the nanoparticle state
(quenched state) of Glu/Ce6 has a relatively low absorbance and fluorescence intensity.
Based on these results, we hypothesized that Glu/Ce6 nanocomplexes dispersed in PBS
without a surfactant generate relatively lower levels of SO upon laser irradiation compared
to the solubilized Ce6 and Glu/Ce6.

2.4. In Vitro Cytotoxic Study of Glu/Ce6 Nanocomplexes on Macrophages and Foam Cells

In vitro cytotoxicity of the Glu/Ce6 nanocomplexes was evaluated in normal macrophages
and foam cells. Various concentrations of Glu/Ce6 (equivalent of 1, 2, 5, and 10 µM Ce6)
were allowed to react with macrophages and foam cells in the dark. Figure 4a,b shows that
macrophages and foam cells maintained their cell viabilities above 95% at all tested concentra-
tions, suggesting that Glu/Ce6 nanocomplexes did not induce any cellular toxicity.
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2.5. Intracellular Uptake of Glu/Ce6 Nanocomplexes by Foam Cells

Glu is a specific ligand for the dectin-1 receptor, which is expressed on macrophages [13].
We investigated whether Glu/Ce6 nanocomplexes are taken up by both macrophages
and foam cells, using a customized multi-channel confocal laser scanning microscope
(CLSM). Figure 5a shows that the intracellular uptake of Glu/Ce6 nanocomplexes by foam
cells increased with increasing doses and was approximately nine-fold higher compared
to macrophages (Figure 5b), suggesting that Glu/Ce6 nanocomplexes can deliver Ce6
molecules into foam cells with a better efficacy than normal macrophages.
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Next, we performed blocking experiments by pretreating the foam cells with free
laminarin (soluble β-glucan for dectin-1 ligand) and free Glu to confirm whether the cellu-
lar uptake of Glu/Ce6 nanocomplexes occurs via dectin-1 receptor-mediated endocytosis.
The pretreatment of foam cells with free laminarin led to a significant decrease (of up to
7.15-fold) in the cellular uptake of Glu/Ce6 nanocomplexes because laminarin blocks the
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binding of foam cells to dectin-1 of Glu/Ce6 nanocomplexes (Figure 5c,d) [37,38]. In con-
trast, pretreatment with free Glu increased the cellular uptake of Glu/Ce6 nanocomplexes
up to approximately 1.75-fold (Figure 5c,d). This increase might be associated with the
increase of dectin-1 protein in macrophages treated with β-glucan [39]. Although we
have limitation for dectin-1 binding affinity of Glu/Ce6 nanocomplexes on foam cells,
these results suggest that Glu/Ce6 nanocomplexes deliver Ce6 molecules into foam cells
with a better efficacy compared to normal macrophages.

2.6. In Vitro Phototoxic Effects of Glu/Ce6 Nanocomplexes

In vitro phototoxic effects of Glu/Ce6 nanocomplexes on macrophages or foam cells
were first evaluated by the cell counting kit-8 (CCK-8) assay. Cell viability was normal-
ized to control cells (no drug treatment, but laser irradiation). Macrophages or foam
cells were not damaged by Glu/Ce6 nanocomplexes under dark conditions, as shown in
Figure 4. In addition, after these cells were treated with free Ce6 (2 µM), their cell viabilities
were above 95% and almost all cells were viable after NIR laser irradiation (Figure 6a,b).
However, the cells treated with Glu/Ce6 nanocomplexes (equivalent 2 µM Ce6) were
photodamaged after laser irradiation, and the viabilities of macrophages and foam cells
were 73.1% and 51.8%, respectively.
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To confirm the in vitro PDT effects of Glu/Ce6 nanocomplexes, we performed a trypan
blue dye exclusion test, which is a widely used test to identify dead cells. The live cells with
intact membranes remain unstained, whereas dead cells with compromised membranes
become stained [40]. As shown in Figure 6c, macrophages and foam cells treated with free
Ce6 or Glu/Ce6 without laser irradiation were not stained, implying that their membranes
were intact. Additionally, although some of the foam cells treated with both free Ce6 and
NIR laser were stained, most of the cell membranes were not photo-damaged. However,
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when both macrophages and foam cells were treated with Glu/Ce6, as well as laser irradia-
tion, the number of trypan blue-stained cells increased, indicating that the membranes of
foam cells were more photo-damaged, as compared to those of macrophages.

Photoactivatable nanoagents induce cell apoptosis after laser treatment and then exert
PDT effects. To demonstrate whether Glu/Ce6 nanocomplexes induce the apoptosis of
foam cells compared to free Ce6, an annexin V (AV)/propidium iodide (PI) stain experiment
was performed. The AV/PI staining method is useful for monitoring the progression of cell
apoptosis because the early apoptotic cells are stained with AV but not PI, and late apoptotic
cells are positively stained with both AV and PI [41]. Without NIR laser application,
the control cells, free Ce6-treated and Glu/Ce6-treated foam cells did not show fluorescence
signals (Figure 7a). After laser irradiation, both free Ce6-treated and Glu/Ce6-treated foam
cells displayed similar AV-fluorescence signals in the representative fluorescence images
(Figure 7a) and the quantitative comparison result of AV-fluorescence signals in both
groups supported the fluorescence images (Figure 7b). However, Glu/Ce6-treated foam
cells had significantly higher PI fluorescence intensities than free Ce6-treated foam cells
(Figure 7a,c), suggesting that Glu/Ce6 nanocomplexes exhibit stronger PDT effects on
foam cells compared to free Ce6. This enhanced PDT effect of Glu/Ce6 nanocomplexes
on foam cells is associated with higher intracellular internalization compared to free Ce6.
Indeed, Glu/Ce6 nanocomplexes showed strong fluorescence signals in the cytoplasm of
foam cells and their intracellular uptake increased up to 2.6-fold, compared to free Ce6
(Supplementary Materials Figure S2), which in turn led to enhanced PDT effects. Thus,
the delivery of Ce6 molecules into foam cells, using Glu/Ce6 nanocomplexes improves the
light-triggered PDT effects.
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3. Materials and Methods
3.1. Materials

Glu (β-1,3-Glucan from Euglena gracilis), potassium bromide (KBr), and LPS were
purchased from Sigma-Aldrich (St. Louis, MO, USA). DMSO was obtained from Duksan
(Ansan, Korea). A dialysis membrane (MWCO: 12–14 kDa) was purchased from Spectrum
Laboratories (Rancho Dominguez, CA, USA). Ce6 and SOSG were procured from Frontier
Scientific (Logan, UT, USA) and Invitrogen (Carlsbad, CA, USA), respectively.

3.2. Fabrication of Glu and Ce6 (Glu/Ce6) Inclusion Nanocomplexes

To fabricate the Glu/Ce6 nanocomplexes, 40 mg of Glu was added to 10 mL of DMSO
and dissolved by heating at 90 ◦C overnight. Then, 20 mg of Ce6 dissolved in DMSO
(1 mL) was added to the Glu solution and stirred for 3 h. Afterwards, the mixture was
added to 200 mL of ultrapure water at 2 mL/min, using a syringe pump (NE-300, New Era
Pump Systems Inc., Farmingdale, NY, USA) and stirred for 3 h. The resulting mixture was
then dialyzed against deionized (DI) water for 3 days, using a dialysis membrane (MWCO:
12–14 kDa). Finally, the dialyzed mixture was centrifuged at 879× g for 10 min to remove
large particles, and the supernatant was carefully collected and concentrated, using a rotary
evaporator (N-1200BS, EYELA, Bohemia, NY, USA). Concentrated Glu/Ce6 nanocomplexes
in DI water were used for the in vitro experiments. For FTIR analysis, a powder of Glu/Ce6
was obtained by freeze-drying the concentrated Glu/Ce6 nanocomplexes for 3 days.

3.3. Characterizations of Glu/Ce6 Nanocomplexes

To determine inclusion efficiency (loading efficiency) of Ce6 in Glu/Ce6, the con-
centrated Glu/Ce6 (1 mL) was added to PBS (1 mL) containing 1% Tween 20, and the
mixed solution was sequentially diluted, using 1% Tween-containing PBS to measure the
absorbance of Ce6. The amount of Ce6 in Glu/Ce6 was calculated, using the following equa-
tion, which was obtained from the standard curve of Ce6 (Y = 243.46x + 0.0018 (R2 = 1))
by measuring the absorbance at 407 nm with a UV/Vis spectrophotometer (Neo-S450,
Neogen, Korea).

The obtained Glu/Ce6 powder was further characterized by Fourier transform in-
frared (FTIR, Shimadzu 8400S, Kyoto, Japan) spectroscopy. The FTIR spectrum was ac-
quired by using the KBr pellet method at a resolution of 4000–400 cm–1.

The particle sizes and distribution of Glu/Ce6 were determined as follows: A 10-
fold diluted Glu/Ce6 solution was prepared by using DI water. Then, the particle size,
Z-average size, and polydispersity index were determined at a scattering angle of 90◦ with
a particle size analyzer (SZ-100, HORIBA, Kyoto, Japan). To observe the morphology,
a drop of a 10-fold diluted Glu/Ce6 solution was added to a cover slip and air-dried. Then,
after platinum coating, the morphology of the dried Glu/Ce6 nanocomplexes was analyzed
by using a field-emission SEM (FE-SEM, Baltec S-4700, Hitachi, Tokyo, Japan).

To confirm whether the prepared Glu/Ce6 forms nanosized particles, UV/Vis ab-
sorbance (from 300 to 800 nm) and fluorescence spectra (from 600 to 800 nm) of Glu/Ce6
(equivalent 5 µM Ce6) diluted in PBS (pH 7.4) were recorded with a UV/Vis spectropho-
tometer (Neo-S450, Neogen, Sejong, Korea) and fluorescence spectrometer (FS-2, Scinco,
Korea), respectively. For comparison, free Ce6 (5 µM) and Glu/Ce6 (equivalent 5 µM Ce6)
solutions were prepared, using 1% Tween 20-containing PBS, and their UV/Vis absorbance
and fluorescence spectra were also monitored. In addition, the fluorescence images of
these three solutions were acquired by using a small animal imaging equipment (In Vivo
Smart-LF, VIEWORKS, Anyang, Korea).

3.4. Singlet-Oxygen-Generation Study

The SO generation potency of Glu/Ce6 was investigated by monitoring the changes
in SOSG fluorescence intensity upon laser irradiation (670 nm, irradiation dose rate:
50 mW/cm2). Oxygen-saturated PBS (pH 7.4) was prepared by bubbling oxygen gas
for 30 min. Three solutions –Glu/Ce6 (equivalent 5 µM Ce6) in O2-saturated PBS (pH 7.4)
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without Tween 20, Glu/Ce6 (equivalent 5 µM Ce6) in O2-saturated PBS containing 1%
Tween 20, and Ce6 (5 µM) in O2-saturated PBS containing 1% Tween 20, were prepared.
These three solutions contained 1 µM of the SOSG reagent. Under different exposure times
from 0 to 120 sec with 670 nm laser irradiation, the fluorescence intensities of SOSG (Ex/Em:
504 nm/525 nm) were recorded with a fluorescence spectrometer (FS-2, Scinco, Korea).

3.5. Cells and Culture Condition

Murine macrophages (RAW 264.7) were obtained from the Korean Cell Line Bank
(KCLB, Seoul, Korea). Cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, Welgene, Seoul, Korea) containing 10% heat-inactivated FBS and 1% penicillin-
streptomycin at 37 ◦C in a humidified 5% CO2 incubator.

3.6. Cytocompatibility Study

In vitro cytocompatibility of the Glu/Ce6 on macrophages and atherogenic foam cells
was evaluated by using the CCK-8 assay kit (Dojindo, Kumamoto, Japan) according to the
manufacturer’s instructions. Macrophages (1 × 104 cells/well) were seeded into 96-well
plates and incubated for 24 h. To prepare atherogenic foam cells, the cultured macrophages
were treated with LDL (100 µg/mL) and LPS (200 ng/mL) for 24 h. The cells were then
treated with various concentrations of Glu/Ce6 (equivalent of 1, 2, 5, and 10 µM Ce6) for
24 h. After carefully washing the cells with culture medium, CCK-8 reagent solution was
added to each well and further incubated for 2 h. The absorbance was measured at 450 nm,
using Multiskan Go (Thermo Fisher Scientific, MA, USA). Cell viability was expressed as
the percentage of viable cells compared to the survival of the non-treated control group.

3.7. Intracellular Uptake of Glu/Ce6

To compare the intracellular internalization ability of free Ce6 and Glu/Ce6 into
normal macrophages and atherogenic foam cells, macrophages (1 × 105 cells/mL) in-
cubated into 4-well chamber slides. Atherogenic foam cells were prepared by treating
the prepared normal macrophages with LPS and LDL for 24 h. The two kinds of cells
were treated with various concentrations of free Ce6 (1, 5, and 10 µM Ce6) and Glu/Ce6
(equivalent of 1, 5, and 10 µM Ce6) for 2 h. The cells were then carefully washed with PBS
(pH 7.0) and fixed with formalin for 30 min. The nuclei of the cells were counterstained,
using fluoromount solution containing 4′, 6′-diamidino-2-phenylindole hydrochloride
(DAPI) (SouthernBiotech, AL, USA). To further evaluate whether Glu/Ce6 nanocomplexes
are internalized into atherogenic foam cells, the foam cells were prepared by using the same
protocols as described above. After pretreating the cells with free laminarin (1 mg/mL) as a
soluble dectin-1 ligand or free β-glucan (1 mg/mL) as a dectin-1 receptor activator, the cells
were treated with various concentrations of Glu/Ce6 (equivalent of 1, 5, and 10 µM Ce6)
for 2 h. Afterwards, the cells were washed and fixed with formalin. The cell nuclei were
counterstained with DAPI. The intracellular uptake of Glu/Ce6 into the cells was observed
with a customized multi-channel confocal laser scanning fluorescence microscope.

Moreover, to quantitatively compare the intracellular uptake of free Ce6 and Glu/Ce6
in the absence and presence of laminarin or Glu, the average fluorescence intensity of
a single cell was quantified by using Image J software (Ver 1.53a, National Institutes of
Health, MD, USA). This was done by dividing the number of selected cells (approximately
50 cells) by the total fluorescence intensity of the selected cells from the confocal images.

3.8. In Vitro Phototoxic Effects of Glu/Ce6

To investigate whether Glu/Ce6 has phototoxic effects on normal macrophages
or atherogenic foam cells under laser irradiation, CCK-8 assay, trypan blue dye exclu-
sion, and AV/PI staining were performed. For the CCK-8 assay, the prepared normal
macrophages and foam cells were treated with Ce6 (2 µM) or Glu/Ce6 (equivalent 2 µM
Ce6). After 2 h of incubation, the culture medium was freshly changed and the cells were
irradiated with the NIR laser (670 nm CW laser, 50 mW/cm2) for 1 min. The laser power
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density and irradiation time were chosen based on our previous study [21]. They were then
treated with CCK-8 solution (10 µL) and further incubated for 1 h. Phototoxic effects of each
group were analyzed by measuring the absorbance at 450 nm, using a microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA), and the cell viability was represented as
the percentage of viable cells compared to that of non-treated control cells.

For the trypan blue dye exclusion test, normal macrophages or foam cells were treated
with free Ce6 or Glu/Ce6 at the same concentration as described above for 2 h. After the
cells were carefully washed with fresh culture medium, they were irradiated with an
NIR laser (670 nm CW laser, 50 mW/cm2) for 1 min. Next, the cells were treated with
trypan blue solution for 30 min and the excess trypan blue solution was then removed.
After carefully adding PBS (pH 7.4) into each cell, optical cell images were acquired
under a light microscope at 20×magnification, using LEICA DMi1 (Leica Microsystems,
Wetzlar, Germany).

To evaluate apoptosis induction after laser irradiation, macrophages (1× 105 cells/mL)
were seeded into a 4-well chamber and allowed to adhere for 24 h. Atherogenic foam
cells were prepared by treating LPS and LDL for 24 h as described above. The cells were
exposed to free Ce6 (5 µM) or Glu/Ce6 (equivalent of 5 µM Ce6) for 2 h. After carefully
washing with PBS, they were irradiated with or without an NIR laser (670 nm, 50 mW/cm2)
for 1 min. Then, the cells were stained with AV/PI for 5 min according to the manufac-
turer’s instructions. Next, the cells were washed with the 1× binding buffer, fixed with
paraformaldehyde (4%) for 30 min, and washed with PBS. The nuclei of the cells were coun-
terstained with a mounting solution containing DAPI. Apoptosis induction was observed
under a confocal microscope (LSM 700, Carl Zeiss, Germany).

3.9. Statistical Analysis

Statistical analysis was performed by using the R software (v3.4.3, Boston, MA, USA).
Data are expressed as the mean ± SD. Statistical comparisons between two groups were
carried out by using the Mann–Whitney test. Statistical significance was represented by
p-values less than 0.01 or 0.05.

4. Conclusions

We fabricated Glu/Ce6 nanocomplexes as photoactivatable agents by encapsulating
Ce6 molecules within Glu with a triple-helix structure, in aqueous conditions. The Glu/Ce6
nanocomplexes generated SO after NIR laser irradiation. Cytocompatible Glu/Ce6 nanocom-
plexes efficiently delivered Ce6 molecules into foam cells, as compared to normal macrophages.
Without laser irradiation, the Glu/Ce6 nanocomplexes did not induce cell death. However,
laser treatment significantly damaged the foam cell membranes and increased cell apoptosis.
In the present study, we demonstrated the in vitro PDT effects of Glu/Ce6 nanocomplexes on
foam cells. Unfortunately, the storage stability issue of Glu/Ce6 nanocomplexes should be
improved because the prepared Glu/Ce6 nanocomplexes formed much bigger aggregates
during the storage. In the near future, we will improve the colloidal stability of Glu/Ce6
nanocomplexes by modifying them and perform further PDT study to demonstrate whether
Glu/Ce6 nanocomplexes are effective in regressing or stabilizing atherosclerotic plaques
in vivo.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-0
067/22/1/177/s1, Figure S1: Particle size distribution of granulated Glu, Figure S2: Intracellular
uptake of free Ce6 and Glu/Ce6 against foam cells.
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