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Abstract: Photodynamic therapy is a novel clinical treatment for malignant tumors, and has recently been
extended to anti-bacteria and anti-virus applications. Phthalocyanine photosensitizers possess good
photosensitization properties, but their high hydrophobicity and lack of targeting capabilities limit their application.
By conjugating a pentalysine peptidyl moiety to hydrophobic phthalocyanine, a novel photosensitizer (ZnPc(Lys)s)
was synthesized. This review systematically summarizes the design, development, safety and characterization of
ZnPc(Lys)s, and describes its applications and mechanisms in anti-tumor, anti-bacterial and anti-viral areas, as
well as exploring its prospects for applications beyond photodynamic therapy. This review demonstrates that the
peptide conjugation is an effective strategy for enhancing water solubility and broadens the applications of
phthalocyanine-type photosensitizers. Furthermore, the importance of dynamic balance between the monomeric
and aggregate conformations of phthalocyanine underlying its photodynamic effect is highlighted, providing a
fresh perspective for the design and application of photosensitizers.

Keywords: photosensitizer; photodynamic therapy; targeting; anti-tumor; antibacterial; monomer-aggregate
dynamics

1. Introduction

1.1. Photodynamic Therapy

At the beginning of the 20th century, Oskar Raab, under the mentorship of Hermann von Tappeiner,
discovered the phenomenon of light-induced damage to microorganisms [1]. This laid the foundation for the
development of photodynamic therapy (PDT), a treatment modality currently applied to various diseases, including
cancer [2,3], ocular diseases [4], and skin conditions [5,6].

PDT involves three main steps [7]: (1) Cellular uptake of the photosensitizer; (2) Photoactivation of the
photosensitizer at an appropriate wavelength, leading to the generation of reactive oxygen species (ROS); (3)
Reaction of ROS with nearby molecular targets, inducing cellular damage and death. The efficacy of PDT is highly
influenced by the properties of the photosensitizer. Notable examples include porphyrins, phthalocyanines, and
their derivatives and modifications [2,8,9].

1.2. Development of Photosensitizers

Based on the three essential elements of PDT (photosensitizer, light, and oxygen) and the treatment process,
ideal photosensitizers should have the following characteristics [2,8]: (1) Strong photosensitizing ability,
characterized by a high photodynamic quantum yield; (2) Longer excitation wavelengths, allowing for deeper
tissue penetration; (3) High selectivity for target tissues with no toxic side effects on normal tissues; (4) High
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purity, with a well-defined structure without too many isomers and should be stable; (5) Rapid elimination of
excess drug from the body after treatment; (6) A certain degree of water solubility under physiological conditions.
Photosensitizers can be broadly classified into the following three generations:

*  The first-generation photosensitizers

The representative first-generation photosensitizers include Hematoporphyrin derivative (HpD),
Dihaematoporphyrin ether (DHE), and Photofrin. They all have numerous drawbacks, such as complex
compositions; low selectivity for tumor tissues, requiring larger doses of medication for treatment; significant skin
phototoxicity, which requires the patients to stay in a dark room to avoid prolonged exposure to light after
photodynamic treatment. All these factors have severely limited their scope of application.

*  The second-generation photosensitizers

The second-generation photosensitizers, which were developed after the 1980s, are primarily porphyrin
compounds with well-defined compositions and structures. They partially overcame the shortcomings of the first-
generation photosensitizers, such as complex compositions and poor tissue permeability, with higher
photosensitizing activity, redshifted absorption wavelengths, metabolic rates in vivo, and tissue selectivity [10,11].

*  The third-generation photosensitizers

The third-generation photosensitizers are currently under development. They are primarily produced by the
introduction of functional modules with biological properties or molecular recognition capabilities onto second-
generation photosensitizers. These functional modules include proteins, liposomes, corresponding antibodies and
ligands for antigens or receptors expressed in tumor tissues [9]. Besides enhancing the selectivity of
photosensitizers for target tissues, these functional modules also improve the water solubility of photosensitizers
under physiological conditions, thereby expanding their application scope.

1.3. Phthalocyanine-Type Photosensitizers

Phthalocyanine is one of the important members of photosensitizers characterized by an 18-m electron
conjugated system and a central cavity approximately 0.27 nm in diameter. When hydrogen atoms in the cavity
are replaced with metal ions, stable metal phthalocyanines form. These complexes exhibit excellent
photosensitizing properties, characterized by high molar extinction coefficients, high singlet oxygen quantum
yields, and maximum absorption wavelengths (670-680 nm) located in the near-infrared region. This long
wavelength allows deeper penetration through human tissues [12]. However, phthalocyanines are highly
hydrophobic, and tend to aggregate through 7-x interactions, severely compromising their photodynamic efficacy
[13]. Structural modification of phthalocyanines is one approach to address aggregation issues. A novel
phthalocyanine photosensitizer was previously developed by some of the authors in the manuscript [14,15]. This
photosensitizer contains two sulfonic groups which enhance water solubility, and is currently in Phase Il clinical
trials for cancer treatment.

1.4. Peptides as Functional Modules

In this study, peptide conjugation was performed to reduce the hydrophobicity of phthalocyanines. Peptides
offer several unique advantages as targeting moieties including: (1) Adjustable hydrophilic/hydrophobic balance
of the conjugate through appropriate peptide selection; (2) Targeted binding to tissue receptors by specific peptides;
(3) Creates peptide-photosensitizer conjugates with molecular weights compared to proteins, facilitating cellular
uptake via endocytosis [16]; (4) Defined composition of the peptide-photosensitizer conjugates. Commonly used
peptides include receptor-specific peptides [17] and polylysine [18].

2. Development, Synthesis, and Characterization of ZnPc(Lys)s

2.1. Design of ZnPc(Lys)s, Lyscyanine

Our team successfully synthesized a f-monocarboxylate-substituted phthalocyanine zinc (ZnPc(COOH) or
CPZ) with high purity (95%), which allows further chemical conjugation to other groups or derivatization [19].
The results demonstrated that the water solubility and targeting capability of CPZ were improved following the
conjugation with various functional modules, including different lengths of polylysine [13,20,21], hormone
peptides [22], protein ligands targeting specific receptors [23], and small molecules [24].

This review discusses the conjugation of CPZ with a simple peptide (pentalysine), to form the zinc
phthalocyanine-pentalysine conjugate (ZnPc(Lys)s, named Lyscyanine). This conjugate exhibited good water
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solubility and excellent photodynamic effects [13]. A series of zinc phthalocyanine-polylysine conjugates with
varying number of amino acid lysine (ZnPc(Lys)n, N =1, 3,5, 7, 9) were synthesized to explore the optimal number
of lysine. In photodynamic anti-tumor experiments, these conjugates exhibited low skin phototoxicity (1Cso > 100
uM), in the absence of light, but good phototoxicity against gastric adenocarcinoma cells (BGC823), while
ZnPc(Lys)7 (ICso = 1.9 uM) and ZnPc(Lys)s (ICso = 5.0 uM) demonstrated similarly high photocytotoxicity [21].
In photodynamic antibacterial experiments against Escherichia coli, ZnPc(Lys)s, despite having slightly lower
uptake than ZnPc(Lys)7, exhibited the highest antibacterial activity with a minimum inhibitory concentration of
25.3 uM, half that of ZnPc(Lys)7[25]. Thus, ZnPc(Lys)s is used in the following experiments.

2.2. Synthesis and Purification of ZnPc(Lys)s

The asymmetric CPZ was prepared through statistical condensation of trimellitic anhydride and phthalic
anhydride, at a ratio of 1:7, in the presence of urea, zinc acetate, and ammonium molybdate (Figure 1). Through a
lengthy and laborious purification process, CPZ was obtained. The CPZ was then dissolved in 5% pyridine-
containing N, N'-dimethylformamide. After carboxyl activation, pentalysine resin was added to initiate
conjugation. The peptide C-termini of the pentalysine resin was attached to the resin and the peptide side chain
was while the N-termini should be exposed. After the reaction, the ZnPc(Lys)s was cleaved from the resin using

trifluoacetic acid, and subjected to reverse-phase chromatography and lyophilization, to obtain a product with a
purity of 95% (Figure 1) [13].
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Figure 1. Synthesis of ZnPc(Lys)s [13]. (A) Synthesis of CPZ. (B) Synthesis of ZnPc(Lys)s by conjugating a
pentalysine to CPZ.
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2.3. Structural Characterization of ZnPc(Lys)s

Chemical formula of ZnPc(Lys)s is CesH7sN1sO7Zn, with a theoretical molecular weight of 1262.8 Da. Mass
spectrometry in methanol showed peaks at m/z 1263.90 ([M+H]") and m/z 632.5 ([M+2H]?*); Infrared
spectroscopy revealed characteristic peaks: a COOH stretching vibration at 1677.79 cm™, an N-C=0 stretching
vibration in the pentalysine chain at 1540.86 cm™!, and a lysine side chain -(CH,)4- absorption peak at 723.18 cm™!
in the fingerprint region [13]. Two-dimensional proton NMR (Figure S1) confirmed all proton signals, with
integration areas matching theoretical values, validating molecular structure of ZnPc(Lys)s.

2.4. Chemical and Optical Properties of ZnPc(Lys)s

Phthalocyanine photosensitizers exist in monomeric and aggregated forms. These forms of ZnPc(Lys)s can
be identified using UV-Vis absorption or fluorescence spectroscopy. The absorption peak around 630 nm
corresponds to aggregated conformer, while the peak around 675 nm corresponds to monomeric molecules. With
an excitation wavelength of 610-630 nm, the monomer emits fluorescence around 690 nm, while aggregated
molecules exhibiting little or no fluorescence, providing another way to identify its conformation. Generally,
ZnPc(Lys)s is soluble in aqueous solution, but exists mainly as aggregates. However, in organic solvents like
DMSO or in the presence of strong detergent (0.1 M NaOH + 1% SDS, typically used to lyse cells) ZnPc(Lys)s
is predominantly monomeric. In DMSO, the maximum absorption wavelength of ZnPc(Lys)s is 678 nm, with a
molar extinction coefficient of 118,380 L/(mol €m) [13]. Monomeric ZnPc(Lys)s, but not its aggregate form,
generates singlet oxygen under light illumination, with a quantum yield of 0.64 (using unsubstituted zinc
phthalocyanine as a standard and DPBF for singlet oxygen capture). Its solubility in agueous solutions is 48-56
mM (60-70 g/L), predominantly in aggregates. Notably, aggregated ZnPc(Lys)s does not produce singlet oxygen,
nor fluorescence, and at the same time, becomes more resistance to photodegradation, thus offering excellent
stability [25]. These unique properties of ZnPc(Lys)s are key for its applications. Of note, ZnPc(Lys)s is positively
charged in aqueous solution at neutral pH due to the high pKa value of lysine moiety.

3. Anti-Tumor Effects of ZnPc(Lys)s

3.1. Cellular Experiments and Animal Studies

At a low light dose of 1.5 J/cm?, ZnPc(Lys)s exerted strong killing effects on human hepatocellular
carcinoma cells (Bel7402 ICso= 1.95 pM), human gastric cancer cells (BGC823 ICso = 3.05 uM), and human
leukemia cells (K562 ICs = 0.34 uM), when compared to normal embryonic fibroblast cells (HELF ICso = 11.27
uM) [13]. This indicates that ZnPc(Lys)s achieves efficient targeting specificity towards cancer cells.

In the in vivo anti-tumor studies of ZnPc(Lys)s, S180 mouse sarcoma cells were inoculated into the right
axillary region of Kunming strain mice to establish an S180 tumor model. At a light dose of 65 J/cm?, ZnPc(Lys)s
inhibited tumor growth in a dose dependent manner, approaching its maximum tumor inhibition effect at 1 mg/kg
(0.5 mg/kg, 61.4%; 1 mg/kg, 86.8%; 2 mg/kg, 84.4%)[20].

3.2. Pharmacokinetic Study of ZnPc(Lys)s

After administering 2 mg/kg of ZnPc(Lys)s via tail vein injection into tumor-bearing mice, the amount of
ZnPc(Lys)s in plasma and tissues was quantitatively analyzed using fluorescence spectrometry to evaluate its
pharmacokinetic parameters and distribution[20]. The results showed that the total concentration of ZnPc(Lys)s
in plasma decreased in a single-phase exponential manner over time, with a plasma elimination rate constant of
1.12 h™" and a half-life of 0.6 h (Figure 2A). Following a single dose, ZnPc(Lys)s was widely distributed among
various tissues, with the lowest concentration consistently observed in the brain (<500 ng/g), indicating that
ZnPc(Lys)s does not readily cross the blood-brain barrier. The retention in the skin and muscle was low, and the
ratio of ZnPc(Lys)s content in the tumor to that in the skin consistent at 2—4:1, suggesting continuous accumulation
of ZnPc(Lys)s in the tumor (Figure 2B). The content of ZnPc(Lys)s in the liver was significantly higher than in
other tissues (Figure 2C), which is attributed to the liver being the primary metabolic organ for ZnPc(Lys)s [25].
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Figure 2. Biodistribution studies of ZnPc (Lys)s in S180 tumor-bearing mice [20]. (A) Plasma concentration of
ZnPc(Lys)s (2 mg/kg, i.v.) as a function of time in S180 tumor-bearing mice; (B,C) Tissue concentrations (mean =
SEM) of ZnPc(Lys)s as a function of time after (2 mg/kg, i.v.) in S180 tumor-bearing mice (n =5).
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3.3. Toxicological Studies of ZnPc(Lys)s

The toxicological safety of ZnPc(Lys)s was rigorously examined through various aspects, including the
determination of its median lethal dose (LDso), assessment of skin irritation, eye irritation, allergic reactions, and
evaluation of its potential to induce chromosomal damage [26]. In an acute oral toxicity study conducted on
Kunming strain mice, varying concentrations of ZnPc(Lys)s were administered as a single oral gavage with 0.2
mL per 10 g body weight to fasted mice. Throughout the 14-day observation period, all mice exhibited normal
food and water consumption, good growth, and no overt signs of toxicity. Gross anatomical examination at the
end of the study also revealed no apparent abnormalities. The results indicated that the acute oral LDsp of
ZnPc(Lys)s exceeded 5000 mg/kg body weight, classifying it as practically non-toxic. Additionally, acute skin
irritation and acute eye irritation tests performed on rabbits did not reveal any abnormal irritation symptoms.

In the skin sensitization test [26], 48 healthy, albino guinea pigs with intact skin were randomly divided into
a test group, a negative control group, and a positive control group. Following challenge with the ZnPc(Lys)s, 3
animals in the test group developed erythema on their skin, resulting in a sensitization rate of 18.75%. Thus, this
skin sensitization test showed that ZnPc(Lys)5 was a mild sensitizer. Furthermore, in the mouse bone marrow
polychromatic erythrocyte micronucleus test, ZnPc(Lys)s did not cause an increase in the micronucleus frequency
of polychromatic erythrocytes in mouse bone marrow, indicating that it does not possess chromosomal damaging
effects.

These findings suggest that ZnPc(Lys)s is a non-toxic, non-irritating, and mildly sensitizing substance.

3.4. Localization and Mechanism of Action of ZnPc(Lys)s within Cancer Cells

The singlet oxygen generated by the photodynamic effect has a lifetime in the nanosecond range, and a free
diffusion distance, before quenched, of nanometer and up to 1 micrometer, thus limiting the damage to the
organelle where the photosensitizer resides, leading to distinct cell death mechanisms. There are three primary
mechanisms of cell death induced by photodamage [1]: (1) apoptosis, primarily caused by photosensitizers
localized in mitochondria; (2) necrosis, more commonly observed with photodamage on the plasma membrane;
(3) autophagocytosis, most likely triggered by photosensitizer targeting lysosomes. Consequently, analyzing the
intracellular localization of photosensitizers becomes crucial in exploring their cell-killing mechanisms.

Fluorescence confocal microscopy experiments showed that ZnPc(Lys)s and ZnPc(Lys)s were primarily
located in the cytoplasm of BGC823 cells, with the highest likelihood of being present in lysosomes and
mitochondria [21]. Of note, ZnPc(Lys)s does not significantly accumulate in the cell nucleus. This avoids the
potential for ZnPc(Lys)s to cause DNA mutations or saturate genomic repair capabilities, which could lead to
instability in the genome of normal cells.

4. Antibacterial Effect of ZNPc(Lys)s

4.1. Application in the Treatment of Periodontal Diseases

We have studied the antibacterial effect of ZnPc(Lys)s against Porphyromonas gingivalis, the primary
pathogen responsible for oral gingivitis [17]. The results show that the uptake of ZnPc(Lys)s by Porphyromonas
gingivalis exhibits a dose-dependent and time-dependent pattern. Compared to neutral or negatively charged
phthalocyanine photosensitizers, ZnPc(Lys)s demonstrates higher uptake and faster absorption rates, owing to its
positive charge that enhances binding to the strongly negatively charged bacterial outer membrane. In in vitro
antibacterial studies, ZnPc(Lys)s potently inhibits the growth of Porphyromonas gingivalis in a light dose-
dependent and photosensitizer concentration-dependent manner, while exhibiting no significant toxicity towards
human periodontal ligament cells, indicating its selectivity towards bacteria.

Furthermore, a periodontitis model was established in beagle dogs, and antimicrobial experiments revealed
that the similar ZnPc(Lys). (phthalocyanine zinc conjugated with polylysine) photosensitizer effectively reduced
the bacterial load inside the periodontal pockets by 100-fold [27], suggesting the potential of this photosensitizer
for the treatment of periodontitis.

4.2. Application in the Treatment of Bacterial Skin Infections

Staphylococcus aureus and Propionibacterium acnes are primary causative agents of various skin infections,
such as cellulitis, abscesses, and post-surgical infections. In in vitro antibacterial experiments, the survival rates
of Staphylococcus aureus and Propionibacterium acnes were reduced by 4 log10 colony-forming units (CFUS)
and 5-6 log10 CFUs, respectively, following PDT treatment (ZnPc(Lys)s at 1 uM concentration and light dose of
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6 J/cm?). In in vivo study on locally infected skin wounds in animal models, we inoculated bioluminescent
Staphylococcus aureus into superficial excision wounds on the backs of rats. Following PDT treatment
(ZnPc(Lys)s at 1 uM concentration and light dose of 15 J/cm?), we observed and recorded the wound healing
process for 12 consecutive days. The results showed that ZnPc(Lys)s treatment significantly accelerated wound
healing. Using a laser speckle imaging system to assess the subcutaneous blood flow velocity at the wound site
after complete healing (day 14), we found that the subcutaneous blood flow in wounds treated with ZnPc(Lys)s
was close (only 1.4 fold higher, Figure 3C) to that of normal skin, whereas the ratio was 2.8 fold higher in wounds
treated with a non-antibacterial agent ([ZnPc(SOs)4)]®", Figure 3) [28]. Thus, these findings indicate that
ZnPc(Lys)s effectively eradicates pathogens, reduces inflammation in the skin wound area, and promotes wound
healing, demonstrating its potential as an effective photosensitizer for treating bacterial skin infections.
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Figure 3. In vivo speckle imaging of S. aureus infected excisional wounds with rats treated with ZnPc(Lys)s or
ZnPc-S4 [28]. (A) Schematic diagram of the laser speckle imaging system; (B) Three representative speckle images
of the wound-skin rats treated with ZnPc-S4 (a) or ZnPc (Lys)s with (c) or without (b) irradiation (680 nm,
15 J/em?); (C) Analysis of the blood flow ratio under wound-skin of rats 2 weeks after treated with ZnPc(Lys)s or
ZnPc-S4.

4.3. Application in Combating Multidrug-Resistant Bacteria

Based on the promising outcomes of ZnPc(Lys)s in treating bacterial periodontal and skin infections, we
investigated its antibacterial activity against multidrug-resistant (MDR) bacteria, focusing on hospital-acquired
MDR strains such as MDR Escherichia coli and MDR Acinetobacter baumannii [29]. Our results revealed that
MDR Escherichia coli exhibited enhanced uptake of ZnPc(Lys)s, and the growth of both MDR bacteria were
significantly inhibited in a dose-dependent manner. Under light illumination at a dose of 12.75 J/cm?, micromolar
concentrations of ZnPc(Lys)s were sufficient to kill 6-6.5 log10 units of these MDR bacteria, with a stronger
antibacterial effect observed against Acinetobacter baumannii compared to MDR Escherichia coli. Furthermore,
we established local infections in mice by inoculating these two MDR bacteria into superficial excision wounds.
Following a single session of PDT with ZnPc(Lys)s, we observed effective inhibition of the growth of both MDR
bacteria and accelerated wound healing.

So far, most PDT applications utilizing photosensitizer ZnPc(Lys)s involve localized infections, but their use
in systemic infections is limited. PDT, however, offers several advantages over traditional antibiotics. It is widely
recognized that PDT exhibits potent and broad-spectrum antibacterial activity and, more importantly, low
resistance potential by pathogen [30].
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4.4. Research on Antibacterial Mechanism of ZnPc(Lys)s

4.4.1. Damage to cells by ROS

Through real-time fluorescent quantitative PCR, we measured the transcription level of anti-oxidative gene
sodA and oxyR in Escherichia coli after exposure to photodynamic treatment with varying concentrations of
ZnPc(Lys)s[25]. The results showed that their transcription levels increased with the concentration of ZnPc(Lys)s.
When the concentration of ZnPc(Lys)s was set at 1/8, 1/4, and 1/2 of its MIC (minimum inhibitory concentration),
respectively, the transcription level of sodA was upregulated by 5-fold, 16 fold, and 64 fold, while the oxyR level
was upregulated by 11-fold, 64-fold, and 128-fold. These results indicated that bacteria produced anti-oxidation
defense mechanisms to protect themselves against the ROS pressure generated by PDT before its defense
mechanism is saturated by ROS at the MIC level of ZnPc(Lys)s.

4.4.2. Damage to Bacterial DNA

Photodynamic therapy is typically believed to kill host cells by damaging their phospholipid bilayers, leading
to the leakage of cellular contents or inactivation of membrane transport systems and enzymes on the phospholipid
bilayer [31,32]. Given that ZnPc(Lys)s contains positively charged lysine residues, it is likely to target and disrupt
the DNA in bacteria. Conversely, bacteria can initiate DNA repair via the SOS response, which involves
upregulation of the recA gene to facilitate DNA repair and downregulation of the lexA gene, thereby lifting the
inhibition of the SOS response. To study this hypothesis, we measured the transcription level of recA and lexA in
Escherichia coli after its exposure to varying concentrations of ZnPc(Lys)s [25]. Our results showed that when the
concentration of ZnPc(Lys)s was 1/8, 1/4, and 1/2 of its MIC, there were significant changes in the expression of
recA (upregulated by 0.5, 2.5, and 4 times, respectively) and lexA (downregulated by 3, 11, and 16 times,
respectively), indicating that the photodynamic antibacterial effect damaged the DNA, and the gene repair process
indeed initiated. This result contrasts sharply with the situation in tumor cells, where ZnPc(Lys)s typically
accumulate in the plasma membrane or the cytosol (typically mitochondria or lysosome), but NOT inside the cell
nucleus, thus cannot damage the DNA on the mammalian cells.

5. The Efficacy of ZnPc(Lys)s against SARS-CoV-2

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the primary pathogen responsible for
the novel coronavirus disease (COVID-19). Since its report in 2019, it has become a global pandemic, posing a
significant threat to world public health. Currently, there is no preventive method specifically targeting SARS-
CoV-2 infection [33]. We have reported the use of ZnPc(Lys)s in the prevention and treatment of COVID-19 [34].

The entry of SARS-CoV-2 into host cells is mediated by a host receptor, angiotensin-converting enzyme 2
(ACE2). Our results demonstrate that ZnPc(Lys)s, under LED light illumination with a low light dose of 0.48
Jlcm?, exhibits excellent virus inactivation with an ECsp of 60.2 nM or ECg at 331 nM. At a concentration of 1.0
uM, ZnPc(Lys)s completely eliminates SARS-CoV-2 load inside the host cells, and importantly, maintains the cell
integrity as shown by the cell morphology, making it the most effective photosensitizer among those screened.
The positive charges on ZnPc(Lys)s is an important feature attributing to this specificity based on the structure-
functional studies of a series of photosensitizers with different chemical structures.

Taking into account that photodynamic antiviral therapy is primarily utilized as a localized treatment, and
given that SARS-CoV-2 enters the body through the oral and nasal mucosa to cause infection, it is conceivable to
consider administering ZnPc(Lys)s in the form of a spray into the mouth and nasal cavity. By exposing these areas
to light, the virus can be inactivated, thereby achieving the effects of prevention and controlling its transmission.

6. Other Applications of ZnPc(Lys)s

6.1. Fluorescent Probe for Both Diagnosis and PDT

Imaging pathological foci may improve early diagnosis and subsequent treatment of various diseases. The
maximum absorption (A = 675 nm) and emission (A = 690 nm) of ZnPc(Lys)s in the near-infrared region enable it
to achieve relatively high penetration depth (up to 0.5-1 cm) in biological tissues. Combined with its excellent
fluorescence quantum yield, ZnPc(Lys)s can be a highly sensitive optical probe for imaging in biological tissues.

A photosensitizer-paclitaxel nano diagnostic therapy that integrates tumor imaging, chemotherapy, and PDT
was designed in this paper [35]. This therapy leveraged the hydrophobic interaction and n-n stacking between
ZnPc(Lys)s and paclitaxel to form nanoparticles. By utilizing fluorescence molecular tomograph (FMT), we
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measured the drug distribution of nanoparticles at tumor sites and various organs in mice, and also demonstrate
the potent in vivo anti-tumor effect.

Furthermore, we have successfully applied ZnPc(Lys)s to the imaging of blood clots in vivo [36]. We found
that ZnPc(Lys)s, at a concentration of 180 nM, binds tightly to blood clots formed in vitro. Structure-function
studies using two different probes have demonstrated that such a strong binding is due to the complementarity
between the ZnPc(Lys)s structure and the dual properties of blood clot, consisting fibrin and several cellular
components such as red blood cells and platelets, inducing hydrophobicity associated with the aggregated fibrin,
and the highly electronegative surface ascribed to the low isoelectric point (pl) of fibrin at ~6.0. Next, we
established two mouse models of thromboembolism, namely pulmonary embolism and ischemic stroke, and
successfully achieved real-time in vivo imaging of blood clots using ZnPc(Lys)s. This study on real-time thrombus
imaging promotes our research on another area—the development of novel thrombolytic drugs. Moreover, the
thrombus targeting principle developed in this study also applies to other imaging modalities.

6.2. Stabilizers for Slowing Down the Photodegradation of Antibacterial Agents

The application of PDT in agriculture requires a cost-effective light source capable of large-area irradiation,
making sunlight the prime choice. Organic dye BODIPY derivative DIBDP boasts a maximum absorption
wavelength of approximately 540 nm, aligning well with the peak radiation wavelength of sunlight (520 nm).
Citrus canker is a disease caused by pathogenic bacteria (Xanthomonas citri subsp. Citri) and primarily affects the
leaves, branches, and fruits of citrus plants, thereby compromising fruit quality and yield. DIBDP exhibits
excellent photophysical properties and effectively inactivates Xanthomonas citri subsp. citri (ICso = 0.26 uM).
However, DIBDP undergoes rapid photodegradation in solution upon exposure to sunlight. On the other hand,
while ZnPc(Lys)s possesses robust antibacterial properties and photostability, its maximum absorption wavelength
(675 nm) significantly deviates from the peak radiation wavelength of sunlight (520 nm). We have discovered that
by mixing DIBDP and ZnPc(Lys)s in a molar ratio of 1:2 using DMSO as the solvent to form a photosensitizer
complex, the stability of DIBDP is significantly enhanced (with a 15-fold reduced photodegradation rate). This
method is simple, and the resultant complex exhibits far superior antibacterial activity compared to traditional
copper-based bactericides [37].

6.3. Tooth Bleach

The dietary and lifestyle habits can influence the occurrence of tooth discoloration and yellowing. Tooth
whitening has recently attracted significant attention due to increased demand. Tooth bleaching, as one of the
means of tooth whitening, involves the use of chemical substances to remove endogenous or exogenous
discoloration of natural teeth [38]. Commonly used bleaching agents for tooth whitening include hydrogen
peroxide, carbamide peroxide, and sodium perborate. However, these bleaching agents may cause some side
effects such as changes in the surface morphology of tooth enamel and degradation of collagen inside dentin.

We use ZnPc(Lys)s as the component for tooth whitening in enamel [39] or dentin [40]. ZnPc(Lys)s is
odorless itself in an aqueous solution, and at working concentration, the compound appears pale bluish. We
demonstrate that ZnPc(Lys)s significantly increases the whiteness of the teeth compared to the hydrogen peroxide,
and no color reversion is noticed within one month after the bleaching procedure, demonstrating the stable
bleaching capability of ZnPc(Lys)s. Additionally, the effects of ZnPc(Lys)s on the surface morphology and
structure of tooth enamel were evaluated through surface hardness tests, surface roughness tests, and scanning
electron microscope observations. The results indicated that ZnPc(Lys)s did not significantly impact tooth enamel.
Importantly, ZnPc(Lys)s does not break down the collagen inside dentin, in contrast to hydrogen peroxide, which
degrades dentin collagen. Consequently, ZnPc(Lys)s holds strong potential in the field of tooth whitening.

7. The Effect of Aggregation of Photosensitizer on Its Photodynamic Efficacy

Although the introduction of pentalysine endowed ZnPc(Lys)s with high water solubility, the UV-Vis
spectrum of ZnPc(Lys)s in PBS (pH = 7.4) indicated that ZnPc(Lys)s existed as a soluble aggregate (Figure 4A)
[13]. Consistently, no significant photobleaching of ZnPc(Lys)s was observed in aqueous solution [41].
Interestingly, in the presence of suspension cells (K562), ZnPc(Lys)s aggregate partially dissociates and
monomeric ZnPc(Lys)s is observed (Figure 4B) [13]. Such disintegration of ZnPc(Lys)s aggregate is also observed
in the presence of adherent cells (BGC823), and a significant amount of ZnPc(Lys)s monomer is observed on the
cell surface (Figure 4C,D) [21]. Such ZnPc(Lys)s aggregate to monomer conversion is also observed with bacteria,
and, surprisingly, LED light illumination appears to promote this conversion [41]. Therefore, we conclude that
ZnPc(Lys)s remains to be soluble aggregate in aqueous solution. Such aggregation state makes the photosensitizer
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resistant to photobleaching. Thus, the photosensitizer aggregation is not always a negative event. The interaction
of the biological membranes with ZnPc(Lys)s triggers the dissociation of the aggregate into monomer, whic is
photodynamically active. This dynamic equilibrium between monomer and aggregate of photosensitizer is clearly
presented in the case of ZnPc(Lys)s, and is previously under-appreciated in PDT literature.

We hypothesize that (1) the phospholipid bilayer of the cell membrane facilitates the dissociation of
ZnPc(Lys)s aggregate; (2) upon entering the cytosol, the monomer may re-aggregate, but upon interaction with
organelles such as mitochondria or lysosomes, it likely dissociates back into monomers.
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Figure 4. Ultraviolet-visible spectra of ZnPc (Lys)s under different conditions[13,21]. (A,B) UV-vis spectra of
ZnPc(Lys)s in PBS (A) and in the presence of K562 cells (B); (C) Schematics of the diffusion reflectance
measurement; (D) Diffusion reflectance spectra of ZnPc(Lys)n conjugates on BGC-823 cell surface.

Generally, the phthalocyanine aggregates can be classified into two cases: H-type (face-to-face stacks) and
J-type (edge-to-edge contact). While the H-type aggregate is photodynamic inactive, and the J-aggregate can be
photodynamic active [42]. Although there are some successful examples of exploring J-type aggregate for
photodynamic, photothermal and/or photoacoustic applications[42], it is not completely clear how to generate J-
type aggregate of phthalocyanine. In most cases, phthalocyanine aggregation is in H-type and does not show
photodynamic activity.

On another hand, phthalocyanine derivatives can be designed and synthesized to make them completely water
soluble and monomeric in aqueous solution. Such photosensitizer is not always preferred because the monomeric
phthalocyanine is susceptible to photobleaching, potentially compromising its photodynamic efficiency. For
example, we found that a ZnPc compound with its 12 periphery positions completely substituted with bulky and
hydrophilic substituents (ZnPc(TAP),*?*) [43] is water soluble and completely monomeric, and shows good
photodynamic effect. However, the compound is also rapidly photo-bleached during PDT.

8. Strategies for Promoting the Biomedical Applications of Phthalocyanines

At present, the photosensitizers used in clinical practice are porphyrins and phthalocyanines. Between these
two classes, phthalocyanine absorbs light with longer wavelengths and has a higher absorption coefficient in the
red/NIR region [12], but weak absorption at 400-600 nm [44], compared with porphyrins. Consequently, the skin
phototoxicity in patients receiving phthalocyanine treatment is relatively low. Phthalocyanine photosensitizer has
also higher photodynamic quantum yield, leading to much lower drug concentration needed for photodynamic
treatment. Major challenges for the development of phthalocyanine-type photosensitizer are its low water
solubility, poor tumor targeting, and unclear pharmacological kinetic behavior.

10 of 13



Health Metab. 2024, 1(1): 3 https://doi.org/10.53941/hm.2024.100003

In this review, we demonstrate a simple but effective strategy to enable both the aqueous solubility and tumor
targeting capability of phthalocyanine by coupling pentalysine moiety to phthalocyanine, giving to ZnPc(Lys)s.
On the other hand, based on our extensive works on phthalocyanine photosensitizers, we propose the aggregation
of phthalocyanine as a critical factor in its photodynamic process. We showed that some degree of aggregation
may improve stability of the photosensitizer during storage and delay its photobleaching during photodynamic
treatment. Conversely, the aggregation of phthalocyanine should be reversible to ensure it can be effectively
dispersed by cellular lipid bilayers and function as a monomer for photodynamic therapy.

9. Summary and Future Perspective

This work provides a comprehensive summary of research conducted by our team over the years on a novel
photosensitizer, ZnPc(Lys)s, which has enhanced water solubility and biological targeting capabilities through the
incorporation of simple pentalysine as a functional module into phthalocyanine photosensitizer. ZnPc(Lys)s
effectively and specifically eliminates tumor cells, multidrug-resistant bacteria, and SARS-CoV-2, exhibiting
superior photodynamic effects while maintaining strong biosafety. Furthermore, ZnPc(Lys)s has great potential
for applications beyond photodynamic therapy, such as serving as a probe and a tooth whitener, underscoring the
versatile usage of photodynamic effect.

The results obtained during the development and applications of ZnPc(Lys)s suggests that a dynamic balance
between monomeric and aggregate conformations is an important feature that improves the photodynamic effect
and photostability of photosensitizers. Therefore, we propose that regulating photosensitizer aggregation should
be a priority in the development of new photosensitizers for medical applications.

Supplementary Materials: The following supporting information can be downloaded at: URL, Figure S1: Two-dimensional
nuclear magnetic resonance (NMR) spectrum of ZnPc(Lys)5.
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