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Abstract

Photodynamic therapy (PDT) is a treatment by combining light and a photosensitizer to generate
ROS for cellular damage, and is used to treat cancer and infectious diseases. In this review, we
focus on recent advances in design of new photosensitizers for increased production of ROS and in
genetic engineering of biological photosensitizers to study cellular signalling pathways. A new
concept has been proposed that PDT-induced acute inflammation can mediate neutrophil
infiltration to deliver therapeutics in deep tumour tissues. Combination of PDT and
immunotherapies (neutrophil-mediated therapeutic delivery) has shown the promising translation
of PDT for cancer therapies. Furthermore, a new area in PDT is to treat bacterial infections to
overcome the antimicrobial resistance. Finally, we have discussed the new directions of PDT for
therapies of cancer and infectious diseases. In summary, we believe that rational design and
innovations in nanomaterials may have a great impact on translation of PDT in cancer and
infectious diseases.
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1 INTRODUCTION

Photodynamic therapy (PDT) is a treatment that combines special drugs, so-called
photosensitizing agents with light to destroy cancer cells to treat cancers (Castano, Mroz, &
Hamblin, 2006; Fan, Huang, & Chen, 2016) or kill microorganisms for management of
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infectious diseases (Wainwright et al., 2017). The drugs only work when they are activated
by certain energy of light. PDT may also be named by photoradiation therapy, phototherapy
or photochemical therapy.

Figure 1 shows a process of PDT. Upon exposure to a light with an appropriate wavelength,
a photosensitizer (PS) is excited from a ground state to an excited state. Prior to going back
to the ground state, the excited PS may transfer energy directly to surrounded tissue oxygen
to produce reactive oxygen species (ROS), such as singlet oxygen (10,), superoxide anions
(O27) and hydroxyl radicals (OH") (D. E. Dolmans, D. Fukumura, & R. K. Jain, 2003).
Amidst these ROS, 10, is a primary toxic photochemical product that directly or indirectly
destroys tumor cells via apoptotic, necrotic and autophagy-associated cell death (Abbas,
Zou, Li, & Yan, 2017; Abrahamse & Hamblin, 2016; Fan et al., 2016; Triesscheijn, Baas,
Schellens, & Stewart, 2006). The photosensitizing agent is either administered via
intravenous or local injections depending on disease models. In addition, PDT usually
requires oxygen existing in tumor tissues to produce ROS for tumor damage. The recent
advances in material engineering allow PDT to be operated in hypoxic environments (low
oxygen) (M. Derosa & J Crutchley, 2002; Fan et al., 2016).

PDT is increasingly recognized as an emerging clinical tool in cancer therapy besides other
therapies (such as surgery and radiation therapy) because there are several advantages, such
as tumor targeting, minimal invasiveness, reduced systemic cytotoxicity, low cost and
spatiotemporal control of light exposed to tumors (Dang, He, Chen, & Yin, 2017). PDT is
involved with three components: non-toxic PSs, light and tissue oxygen. In general, two
major steps in PDT include delivery of PSs into patients, and then irradiation of tumor
tissues with a light at a specific wavelength to activate PSs (P. Agostinis et al., 2011). There
are several photosensitizing agents currently approved by the US Food and Drug
Administration (FDA) to treat certain cancers. For example, Porfimer sodium (Photofrin) is
used to treat esophagus cancer and non-small cell lung cancer (Simone et al., 2012; Yano,
Hatogai, Morimoto, Yoda, & Kaneko, 2014).

Infectious diseases are host disorders caused by microorganisms, such as bacteria, viruses,
fungi or parasites. In particular, bacterial infections are the globe threat due to the
exponentially increased resistance to antibiotics. The studies in 2015 show that there would
have been 300 million deaths for the costs of $100 trillion by 2050 if we do not have
developed new agents to control the growth of multi-drug resistance to bacteria (Kashef,
Huang, & Hamblin, 2017). To overcome antibiotic resistance, several strategies have been
developed. For example, outer membrane vesicles derived from bacteria were used as
vaccines to prevent bacterial infections (S. Wang, Gao, & Wang, 2018). Recent advances in
nanotechnology allow to develop a facile method to generate a vaccine from the whole
bacterial membrane nanovesicles using nitrogen cavitation. This new platform of vaccines
may rapidly respond to the epidemic of bacterial infections (S. Wang, Gao, Li, Wang, &
Wang, 2018). Except prophylactic therapy to bacterial infections, it is needed to find
promising non-toxic and non-invasive antimicrobial strategies that can treat effectively and
quickly compared to current antibiotic methods without development of bacterial resistance.
The promising substitute is called antimicrobial photodynamic inactivation (aPDI)
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(Wainwright et al., 2017), but the central concept of aPDI is similar to PDT where a
photosensitizing agent can mediate the death of bacteria by light.

In this review, we are focused on addressing the challenges of PDT in cancer and infectious
diseases, and how nanomaterial design and nanotechnology overcome these challenges.
There are two main sections: 1) In cancer therapies, we will discuss new nanomaterials
developed to increase ROS generation to improve PDT for cancer; 2) In therapy to infectious
diseases, we will describe the concept of aPDI and discuss the new opportunities of aPDI to
overcome antibiotic resistance in antimicrobial therapy.

2 PDT IN CANCER THERAPY

2.1 Challenges in Cancer Therapies

While PDT has been used in the past decades, translation of PDT in clinical settings is slow.
PDT is still an alternative or supporting treatment in cancer therapies due to several issues
(Dougherty, Grindey, Fiel, Weishaupt, & Boyle, 1975). PDT can only treat cancers where
light can reach. For example, it is usually used to treat skin cancer. In addition, PDT cannot
be used to treat metastatic tumors and treat patients with blood diseases or allergy to PSs.
Furthermore, although PDT looks like a simple means to treat cancer, it can be still
challenging to proper operations in PDT because PDT includes several technologies, such as
lasers and applicators required for comprehensive training (Patrizia Agostinis et al., 2011).
In terms of basic research on PDT, a major issue for translation of PDT is to develop novel
approaches to specifically deliver PSs in tumor sites and generate high levels of ROS (Zijian
Zhou, Jibin Song, Liming Nie, & Xiaoyuan Chen, 2016). Understanding the immunology in
tumor microenvironments is important to develop combination therapies of PDT and
immunotherapy (Konan-Kouakou, Boch, Gurny, & Allemann, 2005). Recent studies have
demonstrated some interesting approaches used to overcome the issues in PDT (Durantini,
Greene, Lincoln, Martinez, & Cosa, 2016; Starkey et al., 2008; C. Zhang et al., 2016). With
the advances in nanotechnology (H. Chen et al., 2015; Torchilin, 2014; Z. Wang, Li, Cho, &
Malik, 2014; Z. Wang, Tiruppathi, Cho, Minshall, & Malik, 2011; Z. Wang, Tiruppathi,
Minshall, & Malik, 2009), new nanomaterials and formulations have been designed and
prepared to improve PDT.

While several reviews have reported the progress in PDT (Abbas et al., 2017; Dang et al.,
2017; Fan et al., 2016; Vankayala & Hwang, 2018; Z. Zhou, J. Song, L. Nie, & X. Chen,
2016), developments of PDT are dramatic in recent years in new material design and new
concepts to improve the performance of PDT. Therefore, it may be necessary to review the
current status of PDT in cancer therapy and to discuss the future directions. The focus of this
section is to discuss several new technologies to increase ROS generation, advanced
nanomaterials (such as conjugated polymers) and generation of ROS using genetic
engineering. In addition, we will introduce a new concept of aggregation-induced emission
(AIE) used in PDT. Tumor microenvironments are complicated and are involved with
infiltration of immune cells. A new idea was proposed that PDT can be utilized to prime
tumor tissues to activate neutrophil infiltration in tumors, thus nanotherapeutics can hijack
neutrophils to increase drug delivery into tumor tissues (Dong, Chu, & Wang, 2017, 2018).
Based on this concept, the combination of PDT and immunotherapy was proposed to treat
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cancer. The recent advances in PDT demonstrate the potential of translation in combinatory
therapies.

Three topics will be discussed: 1) Increased ROS production in tumors via design of novel
nanomaterials; 2) Developments on targeting of photosensitizers via genetical
bioengineering and biofunctionalization; 3) New concepts and technologies in combination
of PDT and immunotherapies. Finally, we will discuss the perspectives in translational
opportunities of PDT.

2.2 Increased ROS production in PDT

A PS in PDT is a central component in generating ROS, thus the rational design of PSs is
critical to improve PDT efficacy. With the advances in nanotechnologies and new materials,
several new nanomaterials and concepts have been developed to construct new PSs. We will
discuss several new materials to generate ROS, such as conjugated polymer nanoparticles
and donor-acceptor pairs.

2.2.1 Regulating ROS generation using novel nanoparticles—Conjugated
polymers have been used in electronic devices and fluorescent materials (Z. Wang &
Rothberg, 2007; Y. Zhang, Wang, Ng, & Rothberg, 2007). Recent studies have shown that
conjugated polymers form nanoparticles for diagnostics, bioimaging and cancer therapies.
For example, conjugated polymer-based nanotheranostic systems were constructed for PDT
used in cancer therapies, but their ROS generation was not sufficient, thus potentially
limiting their therapeutic outcomes. Recent studies are focused on improving PDT efficacy
via controlling the generation of ROS (Zou, Chang, Li, & Wang, 2017).

Zhu et al. proposed a hybrid approach to regulate PDT for optimized cancer therapy using
semiconducting polymer nanoparticles (SPNs) (Zhu et al., 2017). There are two major
components in the nanotheranostics: nanoceria (cerium oxide nanoparticle) and PCPDTBT
(poly(cyclopentadithiophene-a/t-benzothiadiazole) (Figure 2A). Nanoceria acts as a ROS
regulator and PCPDTBT serves as a NIR PS. Nanoceria can scavenge ROS at physiological
pH 7.4 and increase ROS generation at the acidic environment due to the switchable
reduction-oxidation states of Ce3* and Ce?* in nanoparticles (Figure 2B). SPNs were
prepared with the different amounts of nanoceria in order to compare the doping effect of
nanoceria (SPN-0 is 0 w/w% of nanoceria, SPN-C23 is 23 w/w% of nanoceria). To study the
ROS scavenging ability of SPNs, 2°,7°-dichlorofluorescin diacetate (H,DCFDA) was used
as a ROS indicator to measure the production of ROS in the solution of SPNs, because non-
fluorescent HoDCFDA can be oxidized to highly-fluorescent DCF when ROS exist. The
results showed that at the neutral pH 7.4, ROS generation was inhibited by SPN-C23
compared to control groups (SPN-0 or without SPNs) (Figure 2C). Subsequently, production
of ROS at both neutral (pH=7.4) and acidic (pH=6.5) conditions was measured by
H,DCFDA after laser irradiation at an NIR wavelength of 808 nm. The results in Figure 2D
and E showed that the fluorescence intensity of ROS indicator in both SPN-0 and SPN-C23
groups increased proportionally with the irradiation time in 5 minutes, indicating the rapid
production of ROS. Nevertheless, it is interesting to observe a remarkable difference in ROS
production at pH = 7.4 from at pH = 6.5 in the presence of SPN-C23, showing that SPNs
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doped with higher level of nanoceria had the different features of ROS generation and it was
dependent on tissue microenvironments. Furthermore, /n vivo experiments were conducted
using the xenograft 4T1 tumor mouse model. In PDT, the tumor growth was efficiently
suppressed in both SPN-C23 and SPN-0 groups, however, SPN-C23 showed the stronger
capability to inhibit tumor growth compared to SPN-0 due to the higher level of ROS
production in the acidic tumor microenvironment (Figure 2F). To address whether
nanoceria-doped SPNs caused the damage to healthy tissues during PDT, healthy mice were
administered by SPN-0 and SPN-C23 respectively and subsequently they were irradiated
with NIR light. The histological analysis demonstrated that SPN-C23 maintained the intact
structures of mouse muscles compared to SPN-0 administered in mice (Figure 2G). This
study demonstrates that the rational design of SPN doped with nanoceria is important to
simultaneously kill tumor cells and protect healthy tissues when ROS production is
dependent tissue microenvironments.

Liu et al. designed copper ferrite nanospheres (CFNs) to regulate tumor microenvironments
and to increase ROS generation in PDT (Liu et al., 2018). They took advantage of the
Fenton reaction and integrated with PDT to create ROS-mediated nanotherapeutics for
improving antitumor efficacy. The relatively high concentration of H,O5 leads to generation
of toxic ROS (-OH) restricted only in tumor microenvironments, thus protecting healthy
tissues from the damage. CFNs have two redox pairs (Fe2*/Fe3* and Cu*/Cu?*), which
enable them to produce more efficient -OH through Fenton reactions after illuminated with
650 nm laser. Moreover, CFNSs can regulate the tumor microenvironment to manage tumor
hypoxia and antioxidation through a Fenton reaction by catalyzing H,O, to generate O, and
depletion of glutathione (GSH) by Fe3* and Cu?*. Therefore, this approach offers effective
PDT (Figure 3A).

Besides, Noh et al. proposed a mitochondrial targeting and brominated photodynamic
therapeutic agent (MitDt) (Noh et al., 2018). Mitochondria are crucial organelles in
mammalian cells and their functions are closely related to cell metabolism and signal
transduction (Wallace, 2012; X. Wang, Peralta, & Moraes, 2013). Targeting mitochondria by
cationic agents enhances the accumulation and retention of agents in tumor cells due to the
negatively charged transmembrane potential of mitochondria, therefore, avoiding damage to
healthy cells (Chandel, 2014). The heavy atom substitution into the PS enables the high ROS
production compared to the original dye due to low energy loss in excited states. Hence,
integrating a brominated PDT agent (heptamethine cyanine dye) with the cationic
mitochondrial targeting agent (triphenylphosphonium derivative) can lead to effective
ablation to tumor cells. Moreover, in order to obtain the charge balance and solubility of
therapeutic agents, the N-alkyl side chain was modified. This study has demonstrated
enhanced cancer therapies (Figure 3B).

2.2.2 Boosting singlet oxygen generation using a donor-acceptor system—
The limited toxic 1O, production and low photon utilization of PSs hinder the PDT
applications even though NIR is used. To address this problem, Huang et a/. proposed a
novel strategy to create a dyad PS based on a resonance-energy-transfer (RET) mechanism.
This new formulation was able to dramatically enhance NIR light absorption efficiency and
amplify 10, production because lower dosage of PSs and power of the NIR light were
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required (L. Huang et al., 2017). Herein, the donor of fluorophore moiety B-1 (distyryl-
BODIPY) was attached to the acceptor of PS moiety B-2 (diiodo-distyryl-BODIPY) to form
a dyad molecule (RET-BDP) (Figure 4A) (He, Lo, Yeung, Fong, & Ng, 2011). With this
combination, RET-BDP showed the superior toxic 10, production after irradiated with low-
power NIR LED light compared to the PS B-2 alone. To generate water soluble and tumor
targetable nanoparticles, RET-BDP was encapsulated with F-127-folic acid (RET-BDP-
TNM). Upon irradiation by NIR LED light (10mW cm~2), RET-BDP-TNM demonstrated
the better PDT effect in /n vitroand in vivo experiments compared to unmodified PSs. In
Figure 4B, RET-BDP shows an increased absorption band peak compared to B-1 and B-2
alone. The fluorescence emission spectra indicated that the donor B-1 had an emission peak
at 670 nm alone, while conjugated to B2, in RET-BDP, the emission of the donor B-1 was
suppressed largely, proving that efficient energy transfer existed (Figure 4C). After
encapsulated by F-127-folic acid, the small-size nanoparticle (12 = 3 nm) RET-BDP-TNM
was prepared. In controls, B1-TNM and B2-TNM were also prepared by encapsulation of
B-1 and B-2 using F-127-FA, respectively. The 10, production of RET-BDP-TNM was
measured with 1,3-diphenylisobenzofuran (DPBF). RET-BDP-TNM displayed quick and
improved 10, production under the irradiation of NIR LED light with respect to that of B1-
TNM or B2-TNM alone (Figure 4D). Afterwards, they took advantage of propidium iodide
(PI) assay to evaluate PDT effect of RET-BDP-TNM in HeLa cells. Figure 4E clearly shows
that the PI stained dead cells were observed after irradiation with NIR light, and the cell
viability was increased in the presence of sodium azide to scavenge 10,, implying that the
cell death was associated with ROS. 2°7’-dichlorofluorescin diacetate (DCFH-DA) was
utilized to test the ROS production of RET-BDP-TNM in HeLa cells. Figure 4F obviously
displays substantial generation of ROS of RET-BDP-TNM in tumor cells irradiated with
NIR light (bright green dots), and the emission of DCFH-DA was decreased in the presence
of sodium azide, suggesting ROS were scavenged. These results support that RET-BDP-
TNM effectively produces 10, to enhance cancer therapy (Figure 4G).

Tumors form a unique microenvironment, and it is challenging that PDT treatment can
completely eradicate tumors. Therefore, it is required to develop synergistic methods
combined with PDT (Zhou et al., 2014; Zuluaga & Lange, 2008). The combination of PDT
with other therapeutic methods may take the full advantages of each module, thus producing
much stronger anticancer effects than individual therapy (i.e. “1+1>2"). Unlike PDT, ideal
photothermal therapy (PTT) does not require oxygen in tumor microenvironment. Owing to
this characteristic, PTT is a phototherapy with a great potential in tumor ablation that uses
the heat generated from biocompatible photothermal agents accumulated in tumors to kill
tumor cells without damaging healthy tissue (Q. Chen et al., 2016; Du, Qin, Ma, Zhang, &
Xing, 2017; J. Zhang et al., 2017; S. Zhang et al., 2017). Nonetheless, PTT alone is not
enough to eradicate tumor cells due to the rapid development of resistance to thermal stress
of cancer cells, hence limited therapeutic efficacy was observed (Feder & Hofmann, 1999;
Linlin et al., 2016). Considering this, PTT combined with PDT can serve as a very
promising strategy to increase the cancer treatment efficacy (Bhana et al., 2016; Kerong et
al., 2015; Lin et al., 2013; Xing et al., 2016; Yan, Bjornmalm, & Caruso, 2013). Yang et al.
proposed a donor-acceptor (D-A) conjugated-polymer nanoparticles (CP-NPs) used for dual
PDT/PTT treatment (Figure 5A) (Tao et al., 2017). The D-A-type CP (BIBDF-BT) was
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synthesized by alkyl-chain-grafted bithiophene (BT) segment as an electron donor and (3E,
7E)-3,7-bis (2-oxoindolin-3-ylidene)benzo-[1,2-b:4,5-b’]-difuran-2,6(3H,7H)-dione
(BIBDF) unit as an isoindigo-based electron acceptor. Subsequently, D-A-type CP-NPs were
formed by encapsulating in poly(ethylene glycol);14-b-poly(caprolactone)gg (PEG-PCL).
The energy coupling of BT and BIBDF forms a low band gap, thus shifting absorption to
NIR. The energy transfer in the excited donor-acceptor system induced singlet-to-triplet
transition and generated ROS. In addition, the high electron-deficiency of isoindigo
derivative led to the efficient nonradiative decay and produced heat (Figure 5B). The
simultaneous generation of ROS and heat at tumor sites promoted the tumor ablation in
synergistic PDT/PTT treatment (Tao et al., 2017). Figure 5C showed that CP-NPs exhibited
a good photostability after repeatable irradiation and cooling processes since CP-NPs
displayed the negligible change in their temperature elevation as compared to gold nanorods
(AuNRs) and ICG (Indocyanine green)-loaded PEG-PCL micelles (ICG-M). Further studies
showed that CP-NPs had a good ability to continuously produce 10, during 15 min
irradiation (Figure 5D). In 4T1 tumor cells, it is found that CP-NPs were able to produce
remarkable intracellular 10, under irradiation at a low concentration of 0.5 ug mL~1 CP
(Figure 5E). Subsequently, they evaluated /n vivo ability of generating ROS and
hyperthermia in tumor-bearing mice administered with CP-NPs, followed by exposing the
tumor area to 785 nm. The result showed that abundant ROS were produced at the tumor
tissues when treated with CP-NPs under irradiation compared to several control groups, such
as vitamin C (\/c) used to scavenge ROS in the tumors (Figure 5F). The authors also
measured the /7 vivo ability of CP-NPs to increase temperature using infrared thermograph.
Under irradiation, CP-NPs at different doses produced the remarkable temperature
elevations ranging from 13 °C to 53 °C (Figure 5G, H). Therefore, CP-NPs can generate
ROS in in vivo and produce hyperthermia at tumor, leading to increased anticancer efficacy
(Figure 5I).

Near infrared light is usually used in PDT, and the effects of PDT and PTT sometimes
concurrently happen, thus it is needed to develop novel approaches to quantitatively
determine the individual contribution in cancer treatments. For example, Song et a/. (Song et
al., 2017) reported a BSA-MoS, nanoparticle conjugated with Cy5.5 that were used for PTT
and PDT in cancer treatment. To eliminate PTT effect, the authors studied the cell death
after laser irradiation to cells at 4 °C. To avoid PDT effect, the authors used sodium azide (a
radical quencher) for cell viability studies. The result showed that the combinatory effect of
PTT and PDT contributed to cell death. ICG is the common PDT agent, but it also produces
the heat due to absorption of near infrared. It is possible to quantitively measure each
contribution of PTT an PDT using the similar methods discussed above. However, it is
challenging to determine the individual contribution of PTT or PDT /n vivo.

2.3 Development of PSs for targeted PDT

Ideal PDT is not only determined by ROS production, but also by the degree of selectivity of
PSs to targeted tissues. A PS is the most critical element in PDT. Several generations of PSs
have been developed since the first use of hematoporphyrin derivatives to suppress tumor
growth in the mouse mammary fat pad in 1975 (Fan et al., 2016). Table 1 summarizes some
representative PSs for PDT. Unfortunately, the previous generation of agents showed several
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drawbacks including poor specific targeting properties and high toxic side effects (Paszko,
Ehrhardt, Senge, Kelleher, & Reynolds, 2011). Therefore, developing new generations of
PSs is aimed at designing targeting moieties to PSs to increase the tissue selectivity.

2.3.1 Genetical engineering of PS proteins for targeting and live imaging—
Increased selectivity of PSs to tumor tissues are critical for their clinical applications
(Josefsen & Boyle, 2008; Leung et al., 2008). In the biological studies, live cell imaging and
/n vivo live animal imaging require genetical engineering of some proteins for targeting
subcellular components. For example, some genetically targeted PSs such as KillerRed,
ReAsH and mini 10, generator (miniSOG) (Bulina et al., 2005; Shu et al., 2011; Tour,
Meijer, Zacharias, Adams, & Tsien, 2003; Westberg, Holmegaard, Pimenta, Etzerodt, &
Ogilby, 2015), have been engineered to enhance the specificity in living cells. However, few
genetically encoded PSs can be excited by light in far-red/NIR wavelengths, therefore deep
tissues imaging is limited. He et a/(J. He et al., 2016) utilized the genetically targetable
fluorogen activating protein (FAP) technology combined with a heavy atom-substituted
fluorogenic dye, creating a genetically targeted NIR light-activated PS (TAP) complex for
deep tissue penetration. The heavy atom iodine substitutions on the malachite green
fluorogen (MG-21) was needed to enhance the intersystem crossing, so that it increased the
yield of 10, and facilitated the excitation in the NIR range (Gandin, Lion, & Van de Vorst,
1983; J. He et al., 2016; Yogo, Urano, Ishitsuka, Maniwa, & Nagano, 2005). FAPgy 5+« in
living cell is a highly efficient fluorescence activation tag and it is the binder for MG
derivative. MG-2I binds to dL5** in living cells through receptor endocytosis and forms an
NIR light-excitable fluorescent complex with the ability to generate 10, (Figure 6A). They
tested cellular photoablation of FAP-TAPs on various types of HEK293 cells, including
mutant cells expressed with a FAP and wildtype cells. The results clearly showed that
fluorescently labeled TM-dL5**-expressing HEK cells treated with both MG-21 and laser
illumination were dead, whereas the cells expressing FAP treated with free dye and the wild-
type HEK cells treated with MG-2lI in the illumination field did not show the obvious
cytotoxicity (Figure 6B). /n vivo effectiveness of FAP-TAPs on cardiac cellular ablation in
living larval zebrafish expressed with dL5** in the heart (TgP22) has been tested as well.
The zebrafish embryos were treated with MG-21 or MG-ester in the concentration of 500 nM
and then were subjected to laser illumination. At 24 h post-illumination, TgP%?2 larvae
treated with MG-21 exhibited visibly development defects relative to control groups, such as
small eyes and collapsed, large cardiac edema, nonfunctional heart chambers. However,
zebrafish developed normally in control groups (Figure 6C), suggesting that MG-2I
combined with FAP together is a potent NIR light-excitable PS to cause a regenerative
response /n vivo. The FAPy 5=+ or TAPs (MG-2I) alone showed no photosensitizing ability.
This study indicates that PSs can be genetically engineered and activated by light in the NIR
range to induce cytotoxicity. This novel approach offers the opportunity to specifically
damage the subcellular organelles in live tissues to understand biological properties in the
response to ROS.

2.3.2 Surface-functionalized aggregation-induced emission (AIE) dots used
in PDT—In traditional PSs, limited ROS production can be caused by fluorescence
quenching of PSs because their hydrophobic characteristics and planar structures facilitate
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the aggregation in fluids. PSs generated by aggregation-induced emission (AIE) could
overcome this drawback in fluorescence quenching. Fluorogens with AIE characteristics
(AlEgens) exhibit nonradiative decay and show bright fluorescence in the aggregate state
due to the restriction of intramolecular motions (RIM) (Hu, Xu, & Liu, 2018).

Tumor tissues are usually comprised of leaky vasculature, so nanoparticles spontaneously
accumulate in tumor sites rather than in healthy tissues. Passive targeting to tumors was
proposed based on enhanced permeability and retention (EPR) effect when nanoparticles
have a long circulation time (Bertrand, Wu, Xu, Kamaly, & Farokhzad, 2014; Chu, Dong,
Shi, Zhang, & Wang, 2018; A. Z. Wang, Langer, & Farokhzad, 2012). While the passive
targeting of nanoparticles is used in cancer treatment, the tumor deposition of nanoparticles
is limited. In contrast, active targeting of PSs to diseased sites was proposed by
biofunctionalization of nanoparticles. The idea was that various targeting ligands (e.g. an
antibody) were decorated on the surface of nanoparticles to recognize specific receptors
highly expressed on tumor cells, thus enhancing the uptake of nanoparticles by tumor cells
(Bazak, Houri, El Achy, Kamel, & Refaat, 2015; Byrne, Betancourt, & Brannon-Peppas,
2008; F. Chen et al., 2013; Hong et al., 2012; Kamkaew, Chen, Zhan, Majewski, & Cai,
2016).

To significantly deliver PSs into tumor tissues, ligands that target special biomarkers highly
expressed on tumor cells can be conjugated to PS molecules. Li ef al. took advantage of a
red emissive AIE PS 2-(2,6-bis((E)-4-(phenyl(4’-(1,2,2-triphenylvinyl)-[1,1’-biphenyl]-4-
yl)amino)styryl)-4 H-pyran-4-ylidene)malononitrile (TTD) to create an integrin ayps
targeted AIE dot (T-TTD dot) for PDT in a cholangiocarcinoma mouse model (M. Li et al.,
2017). TTD showed AIE with bright fluorescence when it was aggregated, but it was non-
emissive when it was in an isolated molecular state. Compared to traditional PSs and PSs-
loaded nanoparticles, T-TTD dots did not suffer from rapid fluorescence quenching and
dramatic reduction of ROS production. Cyclic-Arg-Gly-Asp (cRGD) peptide is a targeting
ligand for a./B3 integrin protein overexpressed in certain cancers. Figure 7A represents the
hypothesis for development of the targeted PDT to treat cholangiocarcinoma tumor. After
~40 nm-sized T-TTD dots were intravenously injected to a tumor-bearing mouse, they
specifically targeted the tumor tissue by EPR effect. The nanoparticle uptake by tumor cells
was dependent on ligand-receptor-mediated endocytosis because cRGD peptide on dots can
bind to integrin a3 on tumors. Subsequently, the tumor area was exposed to light and the
red fluorescence emitted by T-TTD dots displayed the tumor margin and PDT directly
ablated the tumor. To evaluate the targeting ability of T-TTD dots to cholangiocarcinoma
tumor, confocal laser scanning microscopy (CLSM) showed (as shown in Figure 7B) a
strong red fluorescence observed in QBC 939 cells, however the fluorescent signal in the
normal L-O2 and HK-2 cells was negligible, suggesting the specific internalization of T-
TTD dots by QBC939 cells. Next, blocking experiments were conducted /n7 vivoto confirm
the ligand-receptor binding specificity. After cilengitide (integrin a\/p3 inhibitor) was
administered followed by the injection of T-TTD dots, the result showed that the
combination therapy dramatically decreased tumor growth, indicating that T-TTD dots
modified with cRGD targeting ligands can facilitate tumor accumulation (Figure 7C). The
significant antitumor effect has been achieved when the tumor was exposed to light (Figure
7D).
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2.4 PDT combined with cancer immunotherapies

Tumor microenvironment is a unique system including vasculature to transport nutrients for
tumor growth and residence of immune cells to suppress the host immune defense to
eliminate tumor cells. Manipulation of tumor microenvironments is a novel strategy to
increase the infiltration of immune cells to a tumor site. Hijacking immune cells would
increase the drug delivery of PSs, thus enhancing PDT. In the section, we will introduce a
new concept that PDT can be utilized to generate acute inflammation in tumor tissues to
mediate neutrophil transmigration from circulation to the tumors (Chu et al., 2018; Dong et
al., 2017, 2018). Neutrophils are the most abundant white blood cells in humans, occupying
40-75% (Nauseef & Borregaard, 2014). They are the first line of defense against invasion of
bacteria and viruses, playing a central role to maintain the homeostasis. Neutrophils are a
major component of acute inflammation. Inflammation is a host protection process against
tissue injury and infections. In acute inflammation, neutrophils are activated in circulation
and migrate across blood vessels to move to infectious or injured sites (J. Gao, Chu, &
Wang, 2016; J. Gao, Wang, & Wang, 2017). Although tumor microenvironments contain
immune cells, it is difficult to target these immune cells because of blood vessel barriers and
random movements of immune cells. In order to increase delivery of nanotherapeutics
including PSs into tumors, a new concept has been proposed that acute inflammation
induced by PDT or antibodies mediate the tumor filtration of neutrophils. We will discuss
two examples to illustrate the importance of combined therapies of PDT and immune
priming of tumor microenvironments.

2.4.1 Photosensitization priming of tumor microenvironments mediates
delivery of nanoparticles via neutrophils—PDT is involved with the generation of
ROS. ROS is a mediator to promote inflammation (Chu, Dong, Zhao, Gu, & Wang, 2017).
The inflammation is the immune response of the host to infections and tissue injury. The
characteristic of acute inflammation is the activation of neutrophils in circulation, and
neutrophils bind to activated blood endothelium and transmigrate into the inflamed tissues
via crossing blood vessel barrier (Chu et al., 2018). Although the innovations in synthesis
and engineering of nanoparticles allow to increase targeted delivery of drugs, blood vessel
barrier is still an issue to translate nanotechnology in cancer therapies (Z. Wang & Malik,
2013; Z. Wang et al., 2011; Z. Wang et al., 2009). PDT can spontaneously promote tissue
inflammation because of ROS production. There are many opportunities to combine PDT
with associated immune responses to develop synergistic methods for cancer therapies.

Chu et al. reported a novel strategy where photosensitization can activate neutrophil
recruitment to facilitate the delivery of nanoparticles across tumor blood vessel barrier (Chu
etal., 2017). In this study, the PS pyropheophorbide-a (Ppa) was administered into a tumor-
bearing mouse v/atail vain, followed by exposure of tumor region with the light to produce
ROS that induces acute inflammation in tumor tissues. Subsequently, neutrophils containing
nanoparticles rapidly transmigrated into deep tumor tissues in response of acute
inflammation (Figure 8A). During acute inflammation, CD11b highly expressed on activated
neutrophils in circulation. After injection of anti-CD11b-coated nanoparticles (NPs-anti-
CD11b), they were rapidly internalized by neutrophils through the receptor-mediatied
endocytosis. Neutrophils containing NPs-anti-CD11b migrated into the tumor due to their
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tissue infiltration feature. Figure 8B clearly displayed that NPs-anti-CD11b were taken up
by neutrophils, residing outside of the blood vessel. Comparing to a series of control
experiments, photosensitization and anti-CD11b ligands were needed for transport of
nanoparticles into tumors (Figure 8C, D). Figure 8E shows that nanoparticle movement was
inhibited when neutrophils were depleted by injection of anti-LY-6G antibody. To address
whether neutrophils can be a carrier to deliver therapeutics for cancer therapies, the authors
conjugated anti-CD11b to gold nanorods (GNRs) (GNRs-anti-CD11b) because GNRs can
generate the heat to kill tumor cells. When GNRs-anti-CD11b were given to a tumor-bearing
mouse, the tumor tissue temperatures dramatically increased after the exposure of laser
(Figure 8F, G). The comparison with several controls (different coating of nanoparticles and
photosensitization) shows that neutrophil tumor infiltration is required to enhance the tumor
tissue temperatures. To demonstrate the usefulness of this new cancer therapy platform, the
authors studied the tumor growth and mouse survival after treatment of GNRs-anti-CD11b.
The results (Figure 8H and 1) demonstrated that targeting of activated neutrophils in situ
using bio-conjugated nanoparticles is the useful method to deliver therapeutics into tumor
tissues. This study also shows that combination of PDT with neutrophil-mediated delivery of
nanotherapeutics may improve the current cancer therapies.

2.4.2 PDT combined with neutrophil immunotherapy—Immunotherapy is a
powerful tool to initiate the innate and adaptive responses to recognize tumor cells
(Mellman, Coukos, & Dranoff, 2011). In the past decade, monoclonal antibodies are major
biologic therapies for cancer treatment. The idea is that specific tumor antigens are targeted
by antibodies, for example, anti-HER-2 mAb trastuzumab applied to treat breast cancer
shows the benefit (Hudis, 2007).

In a B16 melanoma-bearing mouse, monoclonal antibody TA99 specific to gp75 antigen
expressed on tumor cells can promote neutrophil tumor infiltration based on antibody-
dependent cell-mediated cytotoxicity (ADCC) for cancer immunotherapy (Albanesi et al.,
2013). It is found that neutrophils play a crucial role in this immunotherapy. Recent studies
show that albumin nanoparticles can specifically bind to activated neutrophils and deliver
anti-inflammation agents to infectious tissues. Chu et al. hypothesized whether they can
utilize neutrophils to mediate the delivery of PSs for improved PDT (Chu et al., 2016). In
Figure 9A, it is noted that the content of neutrophils in tumor cells was significantly boosted
48 h after the administration of TA99. The authors assumed that if nanoparticles can be
internalized by neutrophils /n vivo, the neutrophils would carry a therapeutic into tumors for
cancer therapy. By taking the advantage of fluorescence confocal microscopy, the authors
observed that albumin nanoparticles can be taken up by activated neutrophils in the presence
of TA99, while in the absence of TA99, there were negligible neutrophils that internalized
albumin nanoparticles (Figure 9B). The further study showed that the presence of TA99
dramatically enhanced the concentration of nanoparticles in tumors compared to those in the
absence of TA99 and when neutrophils were abolished (Figure 9C), indicating that
nanoparticle delivery was strongly dependent on neutrophil tumor infiltration. To examine
the effectiveness of PDT in cancer treatment, the authors loaded PS Ppa in albumin
nanoparticles and administered to tumor-bearing mice along with TA99, tumor growth was
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dramatically suppressed and mouse survival was increased compared to the treatments with
the nanoparticles alone or TA99 alone (Figure 9D, E).

3. PDT in infectious diseases

An emerging research area in PDT is to fight infectious diseases. The current issue in
bacterial infections is that bacteria rapidly develop multi-drug resistance for new antibiotics
(Wainwright et al., 2017), therefore it is urgent to seek novel antimicrobial approaches
totally different from traditional development of antibiotics. There are two major molecular
mechanisms regulating antibiotic resistance: 1) Intrinsic or natural resistance of antibiotics
where microorganisms do not have the target sites for the drugs, or they have low bacterial
permeability to antibiotics. 2) Acquired resistance where microorganisms develop defense
mechanisms to prevent the entrance of antibiotics. While antimicrobial resistance is a natural
existence of biological properties, it is often increased as a result of the adaption forced upon
microbes by continuous or repeated exposure to antibiotics used to prevent or treat infections
in humans or other species. It is recognized that excessive antibiotic use is the most
important factor contributing to increased antimicrobial resistance (Y. Wang et al., 2017).
Targeted delivery of antibiotics to infectious tissues may be a novel strategy to diminish
antibiotic resistance. A recent study showed that nanoparticles coated with ICAM-1
antibody can specifically target infectious microenvironments to deliver antibiotic
(ciprofloxacin) to treat sepsis and acute lung infections induced by P, aeruginosa (C. Y.
Zhang, Gao, & Wang, 2018).

While this result demonstrates a new direction to solve the current crisis on antibiotic
resistance, many fundamental issues still remain. PDT used in killing bacteria is a new
concept to develop novel approaches to fight infections because PDT has the natural features
to prevent bacteria from developing drug resistance (Spellberg, Bartlett, & Gilbert, 2013). To
develop effective antimicrobial PDT therapy, it is required that PS should precisely target to
microbial cells (Malik, Ladan, & Nitzan, 1992). In general, microbial cells are more
negatively charged relative to mammalian cells, therefore positively charged PS can
selectively and firmly bind to microbial cell membrane, thus avoiding the binding of PS to
host mammalian cells (Hamblin, 2016). Since biological systems are so complicated, the
trafficking and bio-distribution of PS may be difficult to predict. Therefore, designing
nanoparticle-based carriers may control the trafficking of PS and improve antimicrobial
therapy compared to free PS.

In this section, we describe several examples to illustrate the design of new nanomaterials to
target infectious tissues for improved treatments of infectious diseases. Finally, we discuss
the potential issue in microbial resistance to PDT-induced oxidative stress.

3.1 Inhibiting bacterial multidrug-resistance using AIE luminogen

Multidrug-resistant (MDR) bacteria are severe microorganisms that may cause the deaths
due to ineffectiveness of antibiotics. It is urgent to develop a new method to kill MDT
bacteria that is independent on antibiotics. PDT is a physical approach to deactivate bacterial
activities via the generation of ROS in bacteria.
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The recent study demonstrated that a PS made of a bifunctional aggregation-induced
emission luminogen (AlEgen) can generate ROS to kill Gram-positive and Gram-negative
bacteria (Y. Li et al., 2018). We have discussed that AlEgen displays weak fluorescence as
isolated molecules in liquid, however the fluorescence was enhanced in the aggregated state
of AlEgen. This feature allows the high production of ROS and bioimaging. Specifically,
AlEgen, triphenylthylene-naphthalimide triazole (TriPE-NT) is composed of
triphenylethylene (TriPE) connected to naphthalimide triazole (NT) to form positively
charged TriPE-NT. The authors assessed the AIEgen characteristics by measuring a PL
intensity after water was added to tetrahydrofuran (THF) at the different ratios. It was
observed that the fluorescence of TriPE-NT was strongly dependent on the water addition,
and the fluorescence reached to maximum when the water at 90% (Figure 10A). The result
suggested that the bright emission was due to the aggregation of TriPE-NT, and accordingly
the size of TriPE-NT was 30 nm in diameter. In addition, TriPE-NT can generate ROS
measured by a ROS indicator, dichlorofluorescein (DCFH) upon the light irradiation (Figure
10B). Furthermore, TriPE-NT was evaluated in wild types and MDR bacteria of Escherichia
coli (E. coli) and Staphylococcus epidermidis (S. epidermidis), showing the enhanced
bacterial killing. The results in Figure 10C and D show that TriPE-NT can kill both Gram-
positive and Gram-negative wild and MDR bacteria because of antimicrobial agents NT in
TriPE-NT without the light irradiation. However, the exposure to light enhanced the
antibacterial ability of TriPE-NT, implying that PDT generated ROS to improve bacterial
killing. Furthermore, the authors performed /n vivo antibacterial effects of TriPE-NT in rat
bacteria-infected wound model. They measured the sizes of wounds 3 days and 7 days after
the treatment with TriPE-NT and light irradiation. The results showed the significant wound
reduction after PDT, indicating the potent antimicrobial effect of TriPE-NT (Figure 10E and
F).

3.2 PTT/PDT synergetic function in advanced bacteria-infected wound therapy

Gao et al. reported a novel antimicrobial nanotherapeutic, MoS,-BNN6 comprised of N, N’-
di-sec-butyl-N, N’-dinitroso-1,4-phenylenediamine (BNNG6) loaded in a-cyclodextrin (a-
CD) and molybdenum sulfide (M0S,), can be used to build the combined therapies of PTT
and NIR laser triggered releasing of nitric oxide (NO) for antibacterial therapy (Figure 11A)
(Q. Gao et al., 2018). BNNG6 is a heat-sensitive NO donor and MoS serves as the
photothermal agent and nanocarrier. Under NIR irradiation, hyperthermia generated from
MoS,-BNNG6 controlled the release of NO specifically in targeted bacteria. NO can kill a
broad range of bacteria through several mechanism, such as NO as a signaling molecule to
initiate immune response against infection and reactive nitrogen species (RNS) produced by
NO directly bind DNA. Furthermore, NO can help the reconstruction of collagen and
myofibroblast in wound healing. The combination of PTT and NO antibacterial function
could be a novel strategy to kill antibiotic-resistant bacteria. Inspired by this idea, the
authors evaluated the bactericidal effect of MoS,-BNNG6 in ampicillin resistant Escherichia
coli (Amp" E. coli) and heat-resistant £scherichia faecalis (E. faecalis) bacteria. Figure 11B
shows that MoS,-BNNG6 obviously decreased the colony numbers of two type antibiotics-
resistant bacteria under light irradiation. The wound healing experiments (Figure 11C and
D) showed that MoS,-BNN6 was more potent than several control groups in bacterial
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infections, and this therapy platform was safe, demonstrating a new strategy to treat bacterial
infections.

3.3 Antimicrobial resistance to PDT-induced oxidative stress

PDT approaches theoretically do not develop antibiotic resistance because antibiotics are not
used in PDT. However, the recent studies showed that there was the potential for bacteria to
develop the resistance to PDT-induced oxidative stress. Oxidative stress occurs when the
level of ROS accumulation exceeds the bacterial scavenger ability. Bacteria have the ability
to respond to oxidative stress, such as activate protective systems that can fix oxidative
damage, limit the concentration of Fe2* and protect susceptible enzymes from inactivation
(Taylor, Stapleton, & Paul Luzio, 2002). PDT attacks bacteria through ROS, the PS is not
required to enter into bacteria, which further prevent the chance develop resistance to PDT
(Almeida, Faustino, & Tome, 2015). Additionally, we know that the efflux system is a major
component for antimicrobial resistance because bacteria can remove exogenous toxic
substrates like antibiotics out of cells (Webber & Piddock, 2003). Efflux systems are
transport proteins, therefore it is worth to emphasize that proteins are major susceptible
targets of PDT (Alves et al., 2014). Giuliani et al. examined whether bacteria can develop
the resistance to a specific agent in PDT by continually exposing bacteria to the agent
(Giuliani et al., 2010). They found that after 20 repetitive exposure to tetracationic PS Zn
(11) phthalocyanine derivative under 30 J/cm? of 600-700 nm light, Gram-positive bacteria
Staphylococcus aureus, and Gram-negative bacteria Pseudomonas aeruginosa were both
unable to develop resistance to the agent. When treated without light, the minimum
inhibitory PS concentration for S. aureus increased. This indicates that S.aureus possibly
developed some ability to protect itself from the damage induced by PS in the low light.

4. CONCLUSIONS AND PERSPECTIVES

PDT has demonstrated the usefulness in cancer therapies because of several features, such as
minimal invasiveness, harmless, feasibility, high selectivity and efficiency (D. E. J. G. J.
Dolmans, D. Fukumura, & R. K. Jain, 2003; Z. Huang, 2005). To improve the delivery
efficiency and tissue specificity of PSs, many nanoparticle-based formulations have been
proposed and developed. In this Review, we are focused on the recent innovations in
nanoparticle engineering and rational design of new PSs. For example, design of new PSs is
to increase the light absorption efficiency and ROS generation. Conjugated polymer-based
and D-A system-based new PSs have been developed. In the future, organic chemistry and
materials sciences will play a central role in improving the design of PSs. In addition, tissue
oxygen contents in tumors are critical to enhance the ROS generation. We have described
two examples where inorganic materials (lanthanides and Fe3+/Cu2+) were used to generate
ROS that is not dependent on tissue oxygen. It is interesting to design conjugated polymer-
based PS nanoparticles that can respond to tumor microenvironments. We believe that there
are more rooms to develop new nanomaterials that are responsive to tumor
microenvironments, and photosensitization process is controlled by material properties and
tissue physiology.

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal. Page 15

Genetically engineering PS-protein complexes is a new direction for live cell imaging and
intravital microscopy. Coupling of a PS to a protein in a cell is to localize light to activate
cellular functions in the subcellular component. Local ROS generation can be exploited to
investigate signaling pathways to contribute inflammation responses. Because protein
expression is specific in the locations of a cell, PDT may promote the targeted damage of
organelles in a cell. We believe that this tool will be benefit to biologists to address the basic
cellular biology.

Most exciting is that PDT can be combined to cancer immunotherapies. Here, we only
described two examples where PDT is a tool to initiate acute inflammation in tumor tissues.
Neutrophil tumor infiltration has been utilized to deliver albumin nanoparticles (Chu et al.,
2016) and gold nanoparticles (Chu et al., 2017). The data are promising and strongly support
the new concept of synergistic therapies of PDT and immunotherapies. Tumor
microenvironments are unique tissues including vasculature and immune cells. How we
combine PDT and tumor immunology for cancer therapies is a very interesting and exciting
question. We believe that there are many opportunities to explore the role of PDT in cancer
immunotherapies.

Bacteria rapidly develop antibiotic resistance, thus it is urgent to develop new therapeutics
that do not promote antimicrobial resistance. For example, PDT is the physical method to
generate ROS to destroy bacteria, so-called antimicrobial photodynamic inactivation (aPDI).
The novel feature of aPDI may prevent antibiotic resistance because PSs do not show the
acquired drug resistance as antibiotics do. In addition, production of ROS by PDT can act
multiple targets in bacteria, such as lipids, proteins, and DNA, thus avoiding the drug
resistance development (Spellberg et al., 2013). We have discussed a recent study to show
that AIE luminogens can increase ROS production to dramatically kill a wide range of
bacteria. In addition, the integration of PTT/PDT provides a promising method to effectively
kill antibiotic resistant bacteria in the wound mouse model. We expect that new
nanomaterials will improve the current therapies in infectious diseases.

Pathogenesis of cancers and infectious diseases has the similarity because it is strongly
dependent on the host immune responses. Vascular inflammation plays a central role in the
disease developments. Recent studies show that targeting inflamed vasculature is a novel
strategy to specifically deliver therapeutics to diseased lesions. In inflammatory sites, blood
vessel endothelium highly expresses intercellular adhesion molecules (such as ICAM-1) that
recruit neutrophils (a type of white blood cells) in response to infections. In the studies, Gao
et al proposed to generate nanovesicles directly made from neutrophil membrane using
nitrogen cavitation, and showed that the nanovesicles can specifically deliver antibiotics and
anti-inflammatory agents in inflammation sites in lung infections (J. Gao et al., 2016; J. Gao
et al., 2017) and stroke (Dong et al., 2019). In addition, Zhang et a/designed pH-responsive
polymer micelles coated with anti-ICAM-1 to treat sepsis and acute lung injury induced by
bacteria (C. Y. Zhang et al., 2018). These studies show that neutrophil membrane derived
nanovesicles and bio-conjugated nanoparticles may be the good carriers to deliver
photosensitizers to cancer tissues and infectious sites, thus improving PDT therapies in
cancer and infectious diseases.
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In summary, the current developments in design of new nanomaterials, genetic engineering
of a PS and PDT-priming of tumor microenvironments show the promising therapies to
cancers. In addition, the new application of PDT in infectious diseases may avoid the
antibiotic resistance that is a threat to the globe epidemic. We expect that the advances in
nanotechnology, materials engineering and immunology may offer the translation of PDT to
improve current therapies in cancers and infectious diseases.
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Schematic illustration of the photochemical reactions in PDT.
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Schematics show the components of SPNs doped with nanoceria and the concept of
controllable photodynamic capacities of SPNs that are dependent on tissue
microenvironments (A), and the differences between conventional PDT and self-regulated
PDT when nanoceria are doped in SPNs (B). (C) /n vitro studies show the capabilities of
ROS scavenging by SPNs. Fluorescence intensities of ROS indicator were measured after
addition of SPNs doped with different amount of nanoceria. (D) /n7 vitro ROS generation
from SPNs. The fluorescence changes of ROS indicator mixed with SPN-0 or SPN-C23 in
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different pH conditions irradiated with laser at 808 nm (0.44 W/cm?) as a function of
irradiation time. (E) The graph illustrates the different responses of ROS in SPN-0 or SPN-
C23 after irradiated with NIR laser and ROS responses were measured by HoDCFDA. (F)
Tumor growth after mice were treated with different drug formulations. (G) Histological
H&E staining of mouse muscles 24 h after the different treatments irradiated with NIR laser
for 5 min. Reproduced with permission (Zhu et al., 2017). Copyright 2017, American
Chemical Society.
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Figure 3.
(A) Synthetic process of CFNs and their therapeutic mechanism. Reproduced with

permission (Liu et al., 2018). Copyright 2018, American Chemical Society. (B) Structure
and synthetic processes for MitDt groups. Reproduced with permission (Noh et al., 2018).
Copyright 2017, Wiley-VCH.
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Figure 4.
(A) Concept and structure of RET-BDP-TNM. (B) Absorption spectra of donor moiety B-1,

acceptor moiety B-2, and RET-BDP. (C) Fluorescence emission spectra of donor moiety
B-1, acceptor moiety B-2, and RET-BDP upon excitation with 610 nm light. (D) The change
of DPBF optical density vsirradiation time for mixtures of DPBF with RET-BDP-TNM, B1-
TNM, and B2-TNM respectively, upon excitation with 645 nm light (10 mW cm™2). (E)
PDT effect of RET-BDP-TNM in HelLa cells with Pl staining for dead cells observed by
confocal fluorescence microscopy. (F) ROS generation of RET-BDP-TNM in HelLa cells
measured by DCFH-DA. (G) digital pictures of 4T1 tumors with different treatments. Scale
bar represents 30 pm. Reproduced with permission (L. Huang et al., 2017). Copyright 2017,
John Wiley and Sons.

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2020 September 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 29

—o— CP-NPs —>— AuNRs —— ICG-M

o
o

Self-assembly

'
o

w
]

Temperature (°C)

2515 :
0 10 20 30 40 50
Time (min)

CP-NPs ICG-M

—o— 0 min —o—0 min\n

0.74—°—5min —o— 5 min 07
—&—10 min —&—10 min
—— 15 min —o—15 min

0 100 200 300 O 100 200 300
Irradiation time (s)

Normalized absorption
¢ S 3
—
o
@©

Donor (BT)

E PBS

No irradiation

CP-NPs/Irradiation CP-NPs/lIrradiation/Vc

Irradiation

- ; _ 804——cp-NPs (0.5 mgkg™)
40 I st R letis s °\° Arradiation
60 Py i ~ 60{——CP-NPs (1.5 mgkg")
(&) © frradiation
s0 = 20 .2 40{——CP-NPs (1.5 mgkg”)
’ - E Nrradiation/Ve
: 0 3 3 o —1ce-M©5makg)
o{& -—o—rPBs . 0.5 mg kg _ [¥p] 1 Nrradiation
- —5—1.5 mg kg . = 1.5 mg kg A,’vc ~—— PBS/Irradiation
: —a—3.0 mg kg 6.0 mg kg 0{——rpBS
6.0 mg ko' j| S 0 100 200 300 400 500 600 0 10 20 30 40 50 60
Time (s) Time (d)

Figureb5.
(A) Structure of D-A-type CP-NPs. (B) Photophysical mechanism for dual PTT/PDT in

cancer treatment using D-A-type CP-NPs. (C) The plot of temperature changes in CP-NPs,
AuUNRs, and ICG-M during repeatable irradiation/cooling cycles. (D) The plot of ROS
production of CP-NPs and ICG-M during different irradiation time (Agx = 785 nm, 1.5 W
cm~2). (E) 10, generation in acridine orange (AO) stained 4T1 tumor cells treated with
different concentrations of CP-NPs with or without irradiation observed using confocal
microscopy (Scale bar represents 20 um). (F) ROS generation in tumor of the mice stained
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by DHE under irradiation with different treatments (scale bar represents 100 pm). (G)
Temperature elevation in tumor area (yellow circle) of the mice treated with different doses
of CP-NPs under irradiation. (H) Quantification of temperature elevation at tumor area of the
mice treated with different doses of CP-NPs under irradiation. (1) 4T1 tumor-bearing mice
survival rate with different treatments. Reproduced with permission (Tao et al., 2017).
Copyright 2017, John Wiley and Sons.
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Figure6.
(A) Schematic illustration of photosensitizing effect induced by FAP-TAPs. (B) Cellular

photoablation of FAP-TAPs on HEK cells expressing TM-dL5** and wild-type HEK293
cells. Fluorescently labeled HEK cells were treated with MG-2I, MG-ester and non-targeted
MG-21/ dL5** in the concentration of 400 nM for 30 min before illuminated with light (Aex
=640 nm, 0.76 W cm™2, 1 min). 30 minutes later, live/dead cell viability was assayed. Scale
bar represents 10 um. (C) FAP-TAPs demonstrate the damage to cardiac function and
phenotype development of adult zebrafish expressed dL5** in the heart, photos show the
change in development of phenotype from 0 h.p.i. to 96 h.p.i. in wild-type and dL5**
expressed zebrafish with different treatments. scale bar represents 1000 um. Reproduced
with permission (J. He et al., 2016). Copyright 2016, Springer Nature.
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Figure7.
(A) Hypothesis depiction of T-TTD dots accumulation in tumor through passive and active

targeting, and tumor ablation viaPDT. (B) Fluorescent signal of T-TTD dots (red) observed
in QBC939 cells, while weak fluorescence of T-TTD dots in L-O2, and HK-2 cells after
incubation with T-TTD dots (5 pg/mL) for 4 h. Nuclei is labeled as blue and cytoskeleton is
labeled as green. Scale bar represents 50 um. (C) /n7 vivo targeting ability of T-TTD dots to
tumor, after blocking the receptors, the tumor uptake of dots is significantly inhibited. (D)
Tumor volume curve of mice with different treatments. Data represent mean + SD; **p <
0.01. Reproduced with permission (M. Li et al., 2017). Copyright 2017, American Chemical
Society.
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Figure 8.

(A) Hypothesis illustration of NPs taken up by activated neutrophils to inflamed tumors
induced by photosensitization. (B), (C), (D), (E) Mouse tumors with different treatments
observed using intravital microscopy. PS represents photosensitization (intravenous injection
of Ppa followed by tumors irradiated with 660nm laser). (F) Images of hyperthermia in
mouse tumors with different treatments after photosensitization. (G) Temperature change of
tumor versus irradiation time during photosensitization. (H) Tumor volume and (1) survival
rate of the tumor-bearing mice with different treatments. Data represent mean + standard
deviation, **p < 0.01. Reproduced with permission (Chu et al., 2017). Copyright 2017, John
Wiley and Sons.
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(A) Contents of neutrophils in tumor tissue 24 h or 48 h after injection of PBS and TA99.
Tumor samples were subjected to single cell suspension after treatments and measured by
flow cytometry. (B) Neutrophils (green) uptake of albumin nanoparticles (red) with or
without TA99 observed using fluorescence confocal microscopy. Nucleus was marked by
DAPI (blue). (C) Contents of BSA NPs in tumor tissue with different indicated treatments,
TA99 obviously increases the contents of albumin NPs in tumor tissue. Anti-Gr-1 antibody
applied for depleting neutrophils. The measurements of (D) tumor volume, (E) survival rates

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2020 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shietal.

Page 35

of bearing melanoma mice illuminated with 660 nm laser under different treatments.
Treatments include injection of vehicles, TA99, Ppa-loaded NPs, or both of TA99 and Ppa-
loaded NPs, the effectiveness of PDT mediated cancer therapy has been confirmed, *p <
0.05, **p < 0.01. Reproduced with permission (Chu et al., 2016). Copyright 2016, John
Wiley and Sons.
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Figure 10.

(Ag Measurements of PL intensity of TriPE-NT in THF with different proportion of water.
(B) Plotting of fluorescence intensity of DCFH with or without presence of TriPE-NT
irradiated with white light. (C) Survival rates of £. coliwild type and MDR bacteria under
different white light irradiation time treated with or without TriPE-NT. (D) Survival rates of
S. epidermidis wild type and MDR bacteria under different white light irradiation time
treated with or without TriPE-NT. (E) The percentage of £. co/i wild type and MDR
bacteria-infected wound area 3 or 7 days after surgery, with or without treatment of TriPE-
NT. (F) The percentage of S. epidermidis wild type and MDR bacteria-infected wound area
3 or 7 days after surgery, with or without treatment of TriPE-NT and irradiation. (#p <
0.001, 0.001 < *p < 0.05). Reproduced with permission (Y. Li et al., 2018). Copyright 2018,
John Wiley and Sons.
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(A) Synthesis process of MoS,-BNNG6 and PTT/NO synergistic treatments for killing
bacteria. (B) Field Emission Scanning Electron Microscopy (FE-SEM) photos of Amp'
E.coli (first and second lines) and £. faecalis (third and fourth lines) with different indicated
treatments. Red arrows indicate the broken sites of bacteria. (C) Wound area changes of
mice with indicated treatments. (D) Body weight change of mice with different treatments.
Reproduced with permission (Q. Gao et al., 2018). Copyright 2018, John Wiley and Sons.
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Table 1.
Summary of representative PSs used in PDT.
Type Class Representative PSs Absorption Ref.
wavelength
First Porphyrin derivatives Photofrin (HPD), HP, 630 nm ( M. C. DeRosa & Crutchley, 2002; Ethirajan,
generation of PpIX Chen, Joshi, & Pandey, 2011; Ma, Qu, & Zhao,
organic PSs 2015; O’Connor, Gallagher, & Byrne, 2009; Tu
et al., 2009)
Second Pyropheophorbide-a Photochlor 665 nm (Bellnier et al., 2006; Nava et al., 2011)
generation of
organic PSs
Phthalocyanine ZnPC, SPCD, AIC,Pc, 660 nm (Miller et al., 2007; Taratula et al., 2013; Yurt
derivatives Pc4 etal., 2017; Zhao et al., 2012)
Chlorine derivatives Ce6, m-THPC 660 nm (Ai et al., 2015; Reidy, Campanile, Muff, Born,
& Fuchs, 2012; Senge, 2012)
Benzoporphyrin Visudyne 690 nm (Huggett et al., 2014)
derivatives
NIR-absorbing PSs ICG, Cypate, Tookad, 700-800 nm (Guo et al., 2014; Z. Huang et al., 2007;
Naphthalocyanines Shafirstein et al., 2012; Wohrle et al., 1993)
Inorganic PSs TiO,, CdSe, ZnO, Cgy, UV, NIR (Ancona et al., 2018; S. J. He et al., 2016; Y. Y.
etc. Huang et al., 2014; Xie et al., 2016)
Third PSs bearing targeting PS bioconjugates UV, NIR (Q. Chenetal., 2016; Du et al., 2017; Han,
generation of moieties Park, Park, & Na, 2016; Idris et al., 2012; Noh
PSs etal., 2018)
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