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Abstract: Photodynamic therapy (PDT) has emerged as a potential therapeutic option for most
localized cancers. Its high measure of specificity and minimal risk of side effects compared to
other therapies has put PDT on the forefront of cancer research in the current era. The primary
cause of treatment failure and high mortality rates is the occurrence of cancer resistance to therapy.
Hence, PDT is designed to be selective and tumor-specific. However, because of complex biological
characteristics and cell signaling, cancer cells have shown a propensity to acquire cellular resistance
to PDT by modulating the photosensitization process or its products. Fortunately, nanotechnology
has provided many answers in biomedical and clinical applications, and modern PDT now employs
the use of nanomaterials to enhance its efficacy and mitigate the effects of acquired resistance.
This review, therefore, sought to scrutinize the mechanisms of cellular resistance that affect the
therapeutic response with an emphasis on the use of nanomaterials as a way of overriding cancer
cell resistance. The resistance mechanisms that have been reported are complex and photosensitizer
(PS)-specific. We conclude that altering the structure of PSs using nanotechnology is an ideal paradigm
for enhancing PDT efficacy in the presence of cellular resistance.

Keywords: photodynamic therapy (PDT); photosensitizer (PS); cellular resistance; nanoparticles
(NPs); drug delivery systems (DDS); pharmacokinetics

1. Introduction

The rapid effort in the search for new cancer therapies has in recent years, made a significant
impact in cancer and biomedical research. At present, numerous therapeutic options, including
hormone therapies, gene expression modulators, immunotherapies, apoptosis inducers, angiogenesis
inhibitors, hormone therapies, signal transduction inhibitors, therapeutic vaccines, and gene therapy,
have been employed for treating different cancers, which have shown improved cancer therapy and
prognosis [1–3]. Another benefit from the field of cancer research is the advent of therapies with
an interdisciplinary approach involving a close-fitting association between complex processes in
biology, biophysics, and biochemistry, which ultimately aim at achieving targeted tumor eradication.
The complexity in such therapies is a very useful feature for cancer therapies since it provides a solution
to most of the hurdles in treating tumors. Due to their altered cell signaling, cancer cells not only
grow rapidly, but also have enhanced survival dispositions [4] that, in turn, make putative therapies
ineffective and rather lethal to normal tissue.

Photodynamic therapy (PDT) is one example where a complex interplay between all these scientific
domains is applied. It employs the use of two individually distinct elements, i.e., a photoactivatable
drug called a photosensitizer (PS) and light, especially from lasers, to achieve one purpose [5].
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This feature gives PDT a high measure of specificity and minimal risk of side effects when compared to
other therapies and, hence, PDT has been on the forefront of cancer research in the current era. As an
anticancer therapy, PDT kills cancer cells through oxidative stress produced by the highly cytotoxic
Reactive Oxygen Species (ROS), generated by the PS in its activated state. The molecular mechanisms
involved in the PDT process have been amply elucidated and characterized in literature [6]. The main
form of ROS produced in PDT is singlet oxygen (1O2), which initiates reactions and leads to activation
of apoptosis, necrosis, and macro-autophagy (MA) in cells as well as activation of the immune system
and the destruction of tumor vasculature in vivo [7,8]. The establishment of PDT as an alternative
treatment modality for most localized cancers has given more hope for the possibility of maximum
cancer eradication with a good prognosis of cancer. Although most studies are still in vitro and some in
clinical trials, PDT has currently been approved for treating topical lesions and several types of cancers
including, but not limited to, cancer of the esophagus, papillary bladder, lung, and melanoma [9]. PDT
has many advantages over other therapeutic options and studies have shown and proven that PDT is a
preferred therapeutic option for many cancers [10].

Nevertheless, major concerns of cancer cell resistance to PDT have emerged despite its thorough
thought-out approach. There are instances where PDT can be rendered ineffective or, in extreme cases,
trigger lethal therapeutic outcomes including cancer propagation, if administered incorrectly [11].
In the early days of PDT studies, numerous issues that brought challenges in the use of PDT have
been addressed and corrected over the years. Such issues include PS hydrophobicity, which has been
corrected by metallizing hydrophobic PSs to render them more water soluble [12,13]. Another setback
was the issue of PS dimerization, which has been corrected by increasing the zeta potential, which
stabilizes PSs through steric repulsion [14]. Activation wavelength was also once a limiting factor
in the use of PDT for deeper tissues, but now the increased use of PSs that are activated in the red
region (therapeutic window), the wavelength at which tissues are idyllically transparent, has solved
this barrier. However, the matters arising from recent PDT research show increasing levels of PDT
resistance. Despite its numerous advantages over most therapies, the resistance patterns in PDT are
possible causes of treatment failure as is the case with chemotherapy.

Nanotechnology has, thus far, provided many answers to the problems of PDT and its applications.
Especially due to the contemporary reports of cancer cell resistance to PDT, in recent years [15],
the manipulation of matter on nanoscale sizes is of paramount importance in the use of PDT.
The resistance patterns and mechanisms involved in PDT have been described and this has led to
the development of efficient PS modification mechanisms, e.g., functionalization and conjugation
to nanoparticles (NPs) and immune agents, and the advent of other drug delivery systems (DDS),
e.g., liposomes and nanotubes [10,16]. This review, therefore, sought to examine the cellular resistance
patterns in PDT and the use of nanotechnology to discourse at great length on the biochemical and
biological interplays that affect the therapeutic responses.

2. Photodynamic Therapy

2.1. Basic Pharmacokinetic and Pharmacodynamics of PDT

For any therapeutic option, the main themes to evaluate are the pharmacokinetic and
pharmacodynamic factors, which are utterly vital in determining the therapeutic outcome.
The distinctiveness of PDT with other therapies lies in its high selectivity for tumor cells. The two
nontoxic components, the PS and light, can produce cytotoxicity after a physical interaction at the site
of the tumor. The PS selectively localizes in tumors and tumor vasculature due to many characteristics
of the tumor (Figure 1) and stays inside the cancer cells until light is irradiated onto the tumor.
The activating light is then focused onto the tumor area to activate the absorbed PS detonating an added
level of selectivity where the rest of the body tissues are not affected. The light is of an appropriate
wavelength and energy, usually laser, although other light sources, e.g., polychromatic light can be
used for other cancers, especially those affecting the superficial layers of the body [17]. Though the PS
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and light are the essential components in PDT, there is a third component necessary for PDT to occur,
i.e., the inherent molecular oxygen present in the tissue extracellular and intracellular spaces, which is
readily available to be a substrate for the activated PS to form ROS. Depending on the cancer, the PS
can be administered locally or systemically via injections. At the PS administration stage, there is
a high level of tumor selectivity due to various factors including the high tumor vasculature that
increases the surface area for PS entry in cancer tissue than normal tissue; The increased membrane
permeability of cancer cells other than normal cells due to overexpression of low-density lipoprotein
(LDL) membrane receptors; and also the decreased lymphatic drainage of tumor tissue [18]. All these
characteristics of cancer tissue increase their affinity for PS entry alongside the specific and focused
application of light only at the tumor site (Figure 1).

Pharmaceutics 2020, ROUND 1 CORRECTIONS 3 of 20 

 

the PS can be administered locally or systemically via injections. At the PS administration stage, there 

is a high level of tumor selectivity due to various factors including the high tumor vasculature that 

increases the surface area for PS entry in cancer tissue than normal tissue; The increased membrane 

permeability of cancer cells other than normal cells due to overexpression of low-density lipoprotein 

(LDL) membrane receptors; and also the decreased lymphatic drainage of tumor tissue [18]. All these 

characteristics of cancer tissue increase their affinity for PS entry alongside the specific and focused 

application of light only at the tumor site (Figure 1).  

 

 

Figure 1. Schematic representation of photodynamic therapy (PDT) of cancer showing the 

administration of photosensitizer (PS), its actions, and the photodynamic process to achieve a tumor. 

1. The PS is administered into the body orally or intravenously. 2. The PS circulates in the vascular 

system and selectively accumulates in the tumor cells. 3. Light is specifically directed to the tumor 

region and activates the PS 4. The PS in its activated state causes cytotoxic reactions to repress the 

tumor. 

Eventually, after irradiation, either of three mechanisms achieve the therapeutic outcome. These 

also depend on the PS site of localization. Most prominent is direct tumor cell death by apoptosis or 

necrosis, which occurs when the PS was taken up by tumor cells and localized in either one or more 

of the different cellular organelles including cell membrane, mitochondria, lysosomes, and 

endoplasmic reticulum [8]. At the point where the PS accumulates in the cells, there are two classes 

of reactions that can occur simultaneously: photooxidation by free radicals (type I reaction) and 

photooxidation by 1O2 (type II reaction) [6,8]. Although these reactions occur simultaneously, one can 

hypothesize that the type of reaction preferred would depend on the tumor microenvironment. For 

instance, the availability of oxygen in the cancer tissue would favor type II reaction and, in cancers 

that are highly hypoxic, type I reaction would be more prominent. Some studies have also shown 

that the balance between type I and type II reactions depend on the PS being used, affinity of the PS 

with the substrate, and the concentrations of oxygen and substrate [19,20]. Ding et al. [21] studied the 

photoactivation switch from Type II to Type I reactions in hypoxic tumor cells by using micelles and 

noted that these carriers modulated the resulting reaction under different microenvironments. 

In the second mechanism, the PS that adsorbed to the dense blood vessel network of tumor 

tissues causes potent anti-vascular effects that destroy the tumor vasculature leading to thrombosis 

and hemorrhaging that subsequently, lead to tumor death via deprivation of oxygen and nutrients. 

Lastly, an ancillary mechanism that follows is the direct activation of the immune system [22]. When 

Figure 1. Schematic representation of photodynamic therapy (PDT) of cancer showing the
administration of photosensitizer (PS), its actions, and the photodynamic process to achieve a tumor.
1. The PS is administered into the body orally or intravenously. 2. The PS circulates in the vascular
system and selectively accumulates in the tumor cells. 3. Light is specifically directed to the tumor
region and activates the PS 4. The PS in its activated state causes cytotoxic reactions to repress the tumor.

Eventually, after irradiation, either of three mechanisms achieve the therapeutic outcome.
These also depend on the PS site of localization. Most prominent is direct tumor cell death by
apoptosis or necrosis, which occurs when the PS was taken up by tumor cells and localized in either
one or more of the different cellular organelles including cell membrane, mitochondria, lysosomes,
and endoplasmic reticulum [8]. At the point where the PS accumulates in the cells, there are two
classes of reactions that can occur simultaneously: photooxidation by free radicals (type I reaction) and
photooxidation by 1O2 (type II reaction) [6,8]. Although these reactions occur simultaneously, one
can hypothesize that the type of reaction preferred would depend on the tumor microenvironment.
For instance, the availability of oxygen in the cancer tissue would favor type II reaction and, in cancers
that are highly hypoxic, type I reaction would be more prominent. Some studies have also shown
that the balance between type I and type II reactions depend on the PS being used, affinity of the PS
with the substrate, and the concentrations of oxygen and substrate [19,20]. Ding et al. [21] studied the
photoactivation switch from Type II to Type I reactions in hypoxic tumor cells by using micelles and
noted that these carriers modulated the resulting reaction under different microenvironments.

In the second mechanism, the PS that adsorbed to the dense blood vessel network of tumor
tissues causes potent anti-vascular effects that destroy the tumor vasculature leading to thrombosis and
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hemorrhaging that subsequently, lead to tumor death via deprivation of oxygen and nutrients. Lastly,
an ancillary mechanism that follows is the direct activation of the immune system [22]. When the
tumor cells and vasculature are stressed due to the PDT effect, acute inflammation is induced, and it is
heightened by the release of cytokines and stress response proteins from the dying tissue. This leads
to an influx of leukocytes that can both contribute to tumor destruction as well as stimulation of the
immune system to recognize and destroy tumor cells [23].

The one thing with which every novel therapeutic option is trying to achieve is the selective
eradication of tumor cells without harming healthy cells. In tissues that have the potential to regenerate
post cancer treatment, preservation of the normal cells during therapy would allow for total recovery
without frailty. The mechanism through which PDT works provides this desired therapeutic outcome
unlike most therapies, such as chemotherapy and radiation. However, the emergence of cell resistance
to PDT as described below also stretches out an area of major concern.

2.2. Mechanisms of Resistance in PDT

The products of type I and type II reactions of PDT, i.e., ROS and 1O2, respectively, are chemically
very reactive molecules and have a very short half-life, which results in specific parts of the cells
that are within a 20-nm radius being affected [24]. This minimizes the therapeutic effect on normal
cells. Because of this short life span of PDT products, PS localization is a primary factor with great
importance in the success of PDT. Different PSs have an affinity for different parts of the cell and, hence,
the PSs can localize in different organelles. Regardless of where the PS localizes, cytotoxicity occurs
through disruption of membrane and intracellular proteins that subsequently leads to activation of
apoptosis, autophagy, and/or necrosis.

Apart from the direct cellular cytotoxicity of PDT, numerous studies have reported on other
significant effects of PDT on gene expression and cell signaling. Several studies show that the PDT
process induces activation of different cell signal transduction pathways and the expression of other
extracellular signal regulated kinases [25–29]. PDT also results in activation of antiapoptotic Bcl-2
proteins [30] and stimulation of the autophagic response of cells [31,32]. Castano and colleagues [33]
reported on the important aspects involved in the chemical structure, photochemistry, photo-physics,
and subcellular localization of PSs, and the changes in cellular metabolism and intracellular signaling
and modes of cell death in PDT [34]. In the end, the complex reactions of cells from the interaction
with PDT products provides a platform through which cancer cells acquire resistance to PDT.

Recently, cancer resistance to therapy is a recognized paradigm and a major concern in clinical
oncology. Although resistance to most chemotherapeutic drugs may be attributed to a range of genetic
variations and individual differences, the cancer cell’s ability to resist drugs is ascribed to several
common intrinsic properties of all cancer cells. Enough evidence also shows that another cause of
treatment resistance is the heterogeneous nature of tumors with cancer stem cells (CSCs) at the core of the
tumor [35–38]. CSCs are responsible for many processes including tumorigenesis, tumor maintenance,
metastasis, treatment resistance, and post-treatment tumor recurrence [39,40]. Their mechanism of
resistance is attributed to many inherent properties including the presence of ATP-Binding Cassette
(ABC) transporters, slow cell kinetics, stem cell signaling pathways, overexpression of DNA repair
proteins, and their existence in hypoxic niches. It is not surprising that, in PDT, cancer cell resistance
has also been noted and reported. As seen in chemotherapy, drug efflux is also a cause of resistance
in PDT, where the PSs are pumped out before their action [41–43]. Numerous drug efflux proteins
associated with chemotherapy resistance have also been implicated in PDT resistance including
multidrug resistance (MDR) phenotype [41], P-glycoprotein (P-gp) [15], and ATP-binding cassette
super-family G member 2 (ABCG2) [15,43,44].

However, though not widely discussed in the episteme of PDT, there have emerged other numerous
intracellular mechanisms by which cells resist PDT. As shown in Table 1 below, these mechanisms have
been amply characterized and reported in common cancer cell lines. A better understanding of these
mechanisms, therefore, is necessary for improving PDT as an option of cancer therapy. With second
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and third generation PSs, the predicament of getting the PS internalized by the cancer cells was taken
care of since these PSs are more hydrophilic and, with the use of metalized PS molecules, PS uptake
is assured. However, most of these resistance mechanisms are acquired through biological events
that occur during and after cell-drug (PS) interactions, which occur during the photodynamic process.
Common resistance patterns are summarized in Table 1 below.

Table 1. Photodynamic therapy (PDT) resistance mechanisms.

Proposed Mechanism(s) Cell Line Photosensitizer(s) Reference

MDR Mediated drug efflux * P388/ADR murine leukemia Copper benzochlorin
iminium salt, a cationic PS [41]

ABCG2 associated drug efflux * NCI-H1650 MX50
bronchoalveolar carcinoma

Pyropheophorbide

[42–44]
Chlorin e6

PpIX from 5-aminolevulinic
acid (ALA)

Endocytic vesicle localization
of TPPS2a MES-SA/Dx5 cells

Disulfonated
meso-tetraphenylporphine

(TPPS2a)
[45]

Modulation of the PS uptake
and/or subcellular localization

as well as changes in
mitochondrial size and function

RIF-1 fibrosarcoma

Photofrin II

[46–48]
Polyhematoporphyrin (PHP)

Zinc (II)
pyridinium-substituted

phthalocyanine (ZnPCP)

Alterations in the enzymes of
the heme pathway that

produces PpIX

murine mammary
adenocarcinoma 5-aminolevulinic acid (ALA) [49]

Attenuation of light in tissue LD human glioma spheroids 5-aminolevulinic acid (ALA) [50]

Delayed apoptotic response sp P388 murine leukemia tin octaethylpurpurin
amidine (SnOPA) [51]

* Also associated with chemotherapy resistance, sp signaling pathways, LD light-dose dependent resistance.

Earlier studies by other groups [46,52] confirm that treatment of cancer cells alters the expression
of many cellular functions including the levels of stress responsive proteins, known as the Heat Shock
Proteins (HSPs). HSPs are found in all major cellular compartments and play an important role in
thermal stress and protein homeostasis during stressful conditions [53]. Although ironically some
HSPs influence anti-cancer properties, as is the case of curcumin in colon cancer cells reported by
Liang et al. [54], they commonly assist in cell survival and resistance to apoptosis through repair and
refolding of misfolded and damaged peptides [55,56]. In PDT, HSP-mediated inhibition of apoptosis
has been reported in previous studies [57]. This implies a possible resistance mechanism to putative
PDT. Furthermore, in as much as ROS, are products of PDT responsible for cell cytotoxicity, biologically,
they are also common by-products of normal metabolic processes, which serve as essential signaling
mediators in vital processes including cellular proliferation, aging, physiologic death, and many
other cellular processes [58]. As described previously, cells may follow either apoptotic signaling,
autophagy, or other cell fate mechanisms depending on various physiological changes intercellularly
and intracellularly. Autophagy is one of the cell death pathways post-PDT. However, macro-autophagy
specifically contributes to acquisition of some resistance patterns. Macro-autophagy is designed to
remove damaged or unnecessary organelles, but the subcellular site of ROS production, the type of ROS,
and the modified targets, are very crucial factors that determine the pro-death or pro-survival functions
of macro-autophagy. Dewaele et al. [32] found that, besides the increased apoptosis in PDT-treated
cells, attenuation of macro-autophagy enhances the accumulation of ROS-damaged proteins, which
leads to the activation of cell pathways that remove ROS damaged cytoplasmic components. Hence,
this prevents damage by ROS generated during PDT.
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Ji et al. [59] found another intriguing phenomenon in PDT-treated human esophageal normal
Het-1A cells, which had a high expression of Hypoxia-Inducible Factor1 (HIF1)-alpha. Their findings
suggested that PDT-induced tissue hypoxia as a result of vascular damage and oxygen consumption
would limit the efficacy of PDT. Colleagues elsewhere have also found and described other mechanisms
of PDT resistance including, but not limited to, the changes in mitochondrial size and function,
alterations in the enzymatic pathways, delays in apoptotic responses, and many more (Table 1). To date,
many resistance mechanisms have been reported in different tumors and cell lines. Additionally,
there is a strong association of resistance to the individual PSs and not the photosensitization itself
and, hence, different cancer cells have been recognized for their resistance to different types of PSs by
varying mechanisms. Mayhew et al. [60] evidently presented that the mechanism of PDT resistance
may depend upon the physical nature of individual PSs. Additionally, the conflicting results regarding
co-resistance between PDT and other putative therapies further explain the existence of a wide array
of varying resistance mechanisms. In the end, PDT resistance poses a major challenge that needs
proper interventions.

3. Nanotechnology in PDT

To maximize cancer eradication amid the trends in cell resistance to therapy and the indeterminate
PS delivery, modern research in cancer has seen a rampant increase in the investigation of nanomaterials
and their use in biological and medicinal applications. PDT has also scooped a measurable amount of
benefits from these recent advances in nanotechnology. Due to the complexity of the pharmacological
and immunological interactions involved in PDT, and the numerous reports on PDT resistance, ideas
to modify the PS, its potency, and how it is delivered to the target tissue using nanotechnology, have
emerged and stand out to be very effective options for PDT. Additionally, though most nanomaterials
are useful only as carrier molecules, some have in themselves, shown photoactive properties that can
be explored for their use in PDT.

The goal of any cancer therapeutic is to destroy the tumor cells while minimizing damage to
normal cells. In resistant tumors, increasing the dose of the PS or the irradiation time should not be
an option. We demonstrated in a study [11] that high PS concentrations and long exposure times
result in the uptake of the PS by normal cells, which, subsequently, would cause an unfavorable
PDT outcome and possibly photosensitivity during and after treatment. Moreover, the structure of
the PS is the main factor in acquisition of resistance [15], and because the cytotoxic species have a
short life span and can only affect substrates within a 20-nm radius [24], where the PS localizes in
the tumor, and intracellular PS concentration, are very important in the final effect of PDT. For such
reasons, altering the structure of the PS is the ideal approach for mitigating the problem of cellular
resistance. Moreover, another cause of substandard PDT outcome is the problem of drug delivery to
the target tissue, and nonspecific distribution of the PS in the body, which limit the drug potency with
a concomitant increase of side effects.

To maximize the efficacy of PDT, therefore, targeted delivery of the PS using nanotechnology
is paramount. Numerous nanomaterials have been studied for use in DDS. Ideally, the choice of
nanomaterial used depends on many factors including, but limited to, the desired therapeutic effect,
type of PS, the preferred target, cost, and stability (Table 2).
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Table 2. Nanomaterials used in oncology.

Nanomaterial Description Application Reference(s)

Nanoparticles (NPs)

NPs are nanosized colloidal particles with a polymeric matrix that can adsorb or
bind a therapeutic compound. NPs can be classified as metallic NPs, polymeric
NPs (PNPs) and solid lipid NPs (SLNs), depending on the material of which
they are made.

Chemotherapy
PDT [61]

Quantum dots
Semiconductor particles with an inert polymer coating. The material used for
the core can be chosen depending on the emission wavelength range being
targeted. Targeted molecules can be attached to the coating.

Cancer imaging
PDT [62,63]

Carbon nanotubes
Cylinder-like assemblies of carbon atoms with cross-sectional dimensions in the
nanometer range, and lengths that can extend over a thousand times
their diameters.

Biomarker detection
chemotherapy [64,65]

Dendrimers These polymers possess an architecture that gives them an alterable size and
shape with several branches around an inner core.

PDT
Chemotherapy
Cancer imaging

[66–68]

Liposomes Uni/multilamellar nanosized carrier molecules made of lipids surrounding a
water core, formed from the dispersion of phospholipids in an aqueous medium.

PDT
Chemotherapy [69,70]

Nanowires and
nanocantilever arrays

Nanocantilever are flexible beams that can be coated with molecules capable of
binding to cancer biomarkers. When certain biomolecular interactions occur on
one surface of a microcantilever beam, the cantilever bends and can be detected.
Nanoscale sensing wires that can be coated with molecules such as antibodies to
bind to proteins of interest and transmit their information through electrodes
to computers.

Biomarker detection
Early detection of precancerous and

malignant lesions from biological fluids
[71]

Liquid Crystalline Systems
Also called anisotropic phase, they are polymers that lie between the boundaries
of solid substances and liquids when in melt state, and, macroscopically, in the
melt state, they are fluids.

Transdermal delivery of vitamins [72]
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When used in DDS, nanomaterials can (1) protect the PS against enzymatic degradation, (2) control
PS release allowing a constant and uniform concentration into target cells, (3) facilitate entry of
PS into the target cells, (4) can be conjugated to multiple drug molecules that increases drug load
and also simultaneously enable combinatory cancer therapy, and (5) they can bypass common drug
resistance mechanisms [16,73,74]. Nanomaterials have been extensively studied for their use in different
applications including DDS for chemotherapy and emerging PDT, molecular and cellular imaging,
biomarker detection, and several others. Apart from a few pharmacokinetics flouts, no resistance to
nano-based DDS has been reported in literature to this day.

In the presence of many different types of nanomaterials used as shown in Table 2 above,
dendrimers, liposomes, and metal NPs are researched more for PDT drug delivery. The wide range
of nanomaterials currently available for use in cancer treatment possess many features that can be
explored for applicability in the attenuation of the resistance patterns previously described (Table 1).
Notably, though most resistant patterns are positioned toward the PS, a couple of mechanisms have
a common interplay with chemotherapy resistance. Correspondingly, most of these nanomaterials
have shown enhanced potency and reduced resistance in both chemotherapy and PDT. In all practical
senses, though some features have been noted as effective for chemotherapy, a similar approach can be
inferred to PDT and the attenuation of PDT resistance.

3.1. Attenuating Cellular Resistance Using Nanotechnology

As discussed earlier, increasing the dose of PDT would not resolve the problem of resistance
cordially. Most nanomaterials, therefore, provide a solution for attenuation of resistance by increasing
drug load to individual cells through active targeting and increased uptake. Some possess properties
to override specific resistance mechanisms, some can disrupt cell repair systems, and some can
directly enhance the photosensitization process. In specific instances, the mechanisms of attenuation
have been amply described and, hence, provided more knowledge that can be used to design
better photosensitization models. With reference to Table 1, the section below presents some of the
nanotechnological approaches suitable for attenuation of cellular resistance to PDT.

3.1.1. Modulation of the PS Uptake and/or Subcellular Localization

Certain cancer cells evade treatment by preventing the entry of the PS or altering the localization
of the PS inside the cell [15,75]. This mechanism results in the unavailability of the PS, which results in
unsuccessful cell death when light is introduced. Hence, receptor targeting by using molecules that
bind membrane receptors on cell surfaces or those that target membranes of intracellular organelles is
a very significant solution to the problem of impaired PS update and its intracellular kinetics. Receptor
targeting molecules can be conjugated to NPs in properly designed DDS systems to achieve this
purpose. Therefore, the concept of DDS being widely and routinely used in many therapeutics, is also
an essential component in attenuating cellular resistance. In addition to that, certain NPs have the
propensity to enter cells by electrostatic attraction and phagocytic internalization [76]. Once inside the
cells, they are able to freely localize in the cytoplasm and affect cellular organelles.

Our group [77] and others [78–80] have extensively studied the effect of nano-based PDT to enhance
PS uptake. A multi-component compound engineered using metallated phthalocyanine, poly ethylene
glycol (PEG), a gold (Au) NP, and an antibody against the melanoma inhibitory activity, an antigen
highly expressed on melanoma cells, was used for treating melanoma cells and showed enhanced
PDT in vitro [77]. Such a compound possesses many functions including specific targeting, binding,
and increased cellular uptake of the PS. By doing so, cellular resistance acquired by modulation
of PS uptake in cells that decrease the expression and function of LDL receptor, involved in the
transport of certain PSs, can be avoided. Similarly, in another study, a multicomponent drug conjugate
comprising of an antibody against the breast cancer specific antigen, the human epidermal growth
factor receptor 2 (HER2), zinc phthalocyanine, and PEGylated AuNP was synthesized for treating
breast cancer cells [80]. The compound indicated stability toward aggregation, and, when used in
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PDT, showed efficient production of cytotoxic 1O2. In addition to the marked cytotoxicity indicated,
the compound demonstrated selective targeting of breast cancer cells that overexpress the HER2,
via immunomodulatory interaction between the drug and the cells. Matsuzaki et al. [81] studied the
effects of an anti-glypican-1 antibody-drug conjugate comprised of a cytotoxic drug monomethyl
auristatin F (MMAF) and an antibody against Glypican-1 (GPC1), which is highly expressed in solid
tumors. They presented that the drug conjugate showed enhanced uptake and antitumor activity in
glypican-1 positive uterine cervical cancer cells.

PDT has also benefited from the exciting field of research that employs the use of aptamers
due to their specific targeting ability and enhanced membrane transfer. These molecules are small
single-stranded Deoxyribonucleic Acid (DNA) or Ribonucleic Acid (RNA) oligonucleotides that
can bind target molecules with high affinity and specificity, which is analogous to the action of
antibodies [82]. Historically, one can credit the discovery of aptamers to the emergence of the Human
Immunodeficiency Virus (HIV) in the early 1980s. During the time when HIV was developing to
become a public health problem, research on HIV in search of therapies and management strategies led
to the discovery of fascinating RNA transcripts that bound to viral or cellular proteins with high affinity
and specificity [83]. These molecules were encoded by the viral particle to modulate the activity of
proteins essential for their replication or to inhibit the activity of proteins involved in cellular antiviral
responses. It was after that time when scientists hypothesized that these molecules can be synthesized
to specifically target proteins in the body for diagnostic and therapeutic purposes.

Since the discovery of aptamers 40 years ago, a few research groups have investigated their
application in PDT and DDS. Aptamers are small with most of them ranging from 20 to 60 nucleotides
long and have a higher tissue absorption rate. Their small size allows them to be used for both surface
biomarker recognition and intracellular targeting. In previous studies, aptamer-NP conjugates have
certainly shown better tissue penetration [84,85]. Recently, Kim et al. [85] developed a tumor-specific
aptamer-conjugated polymeric PS for treating gastrointestinal cancer using an AS1411 aptamer, which
binds to nucleolin on the membrane of cancer cells. This compound was use in a laparoscopy-based
PDT and their results showed enhanced and effective eradication of cancer cells under laser irradiation.
Similarly, another group [86] previously studied a similar molecule that showed tight binding between
the PS and the aptamer by intercalation and outside binding. When used to treat MCF7 cells, there was
marked photodamage compared to cells that did not express nucleolin. These molecules are, therefore,
potential candidates for specific targeting, nuclear targeting, and enhancement of PS uptake in cells that
modulated PS uptake and localization. Aptamers can be conjugated to an array of PSs using a NP core
to target cellular components for enhanced uptake and directed localization. Even with intracellular
targets as desired recognition molecules, aptamers can be used. Overriding the modulation of PS
uptake and localization by resistant cells can therefore benefit from the use of aptamers due to their
immense specific targeting potential, and ease of modification.

Using such innovations, no observations have been reported on continued resistance, this far.
This is a result of the specific binding, which increases the amount of time the PS is available for
active transportation into the cells, even in the presence of reduced carrier molecules. Inside the cell,
alteration of PS kinetics to cellular organelles is also avoided when intracellular targets, including the
nucleus, mitochondria, and other cytoplasmic organelles, are directed. The added advantages with the
use of these molecules include their low cost, non-immunogenic nature and the fact that they can be
developed for a wide range of cellular targets.

3.1.2. Enhanced Damage Repair and Evasion of Apoptosis

Other cell types do not confer resistance by avoiding PS entry, but rather using mechanisms
that prevent damage after the photosensitization. In these cases, the PS and light would both be
effective in function, which causes notable photosensitization in the cell. However, due to acquired
mechanisms, these resistant subtypes prevent the induced damage. In one study, it was observed that
ALA-PDT resistant subtypes had a higher concentration of intracellular proteins and increased number
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of mitochondria [49]. To combat the effect of enhanced damage repair and evasion of apoptosis, details
of which have been discussed in preceding sections (Section 2.2 above), nanomaterials can be used to
increase intracellular drug load and concentration, which, in turn, increases the amount of reactions
produced and, hence, exceeds the rate at which the cell is able to repair the induced damage. Thus, the
more the PS concentration is, the higher the PDT effect is and, consequently, the less likely a resistant
cell is able to repair damage. This intervention is applicable in cells that use enhanced DNA repair
mechanisms, increased HSPs, Increased HIFs, and other repair molecules.

Consequently, certain NPs not only attenuate the effects of increased damage repair and evasion
of apoptosis by increasing drug load, but also affect cellular pathways directly. Some NPs, especially
metal NPs, directly modulate autophagy and the apoptotic pathways. As mentioned previously,
macro-autophagy confers cellular resistance by aiding in the removal of ROS-damaged cytoplasmic
components post-treatment. However, modulation of the autophagy responses that result in more
cellular damage and activation of apoptosis is a desired effect of therapies including PDT. Recent
studies show that certain nanomaterials like iron-based NPs (FeNPs) possess direct cytotoxic effects
by inducing oxidative stress and, especially when combined with other factors, their effects can alter
intracellular signaling, which directly contributes to apoptosis [87]. The latter can be achieved in
instances where an appropriate PS is conjugated to these FeNPs to treat resistant cells. The combined
effect of PDT induces ROS and 1O2 with the oxidative stress induced by FeNPs that can potentially
evade the cells’ ability to repair damaged molecules before apoptosis. Looking at the strong association
between resistance and individual PS, this approach is more appropriate with possible resistance to
common PSs. In an earlier study, Park et al. studied the effect of magnetic-FeNPs in RAW264.7 cells
and in a murine alveolar macrophage cell line, and showed the induction of autophagy that preceded
apoptosis through mitochondrial damage and ER stress, which resulted in programmed cell death [88].
However, as interesting as this looks, care should be taken when using Fe-based nanomaterials because
of their impact on normal cells, especially immune cells.

An important compound in the body that directly scavenges the many different types of oxidant
species including ROS, 1O2, superoxide anion, hydroxyl radical, hydroperoxides, peroxynitrites,
lipid peroxides, nitric oxide, and carbon radicals is Glutathione [89]. Apart from the prevention of
damage by cellular antioxidant defense mechanisms such as superoxide dismutases (SOD) and catalase
dehydrogenases, PDT damage is also avoided when glutathione scavenges the cytotoxic products
of PDT, i.e., ROS and 1O2 [90–93]. When designing PSs for PDT, therefore, in appropriate situations,
certain NPs with the ability to prevent the defensive effect of glutathione should be incorporated.
Ling et al. [94] studied the effect of glutathione-scavenging Poly (disulfide amide) NPs for treating
cisplatin resistance cells. The study showed that the glutathione scavenging approach resulted in
the reduction of glutathione and increased apoptosis of cisplatin-resistant cells. Although not much
research has elucidated the usability of glutathione scavenging NPs in PDT, a similar approach seen in
chemotherapy can be employed in cases of PDT resistance due to the action of glutathione. However,
similar to Fe-based NPs, much consideration should be given in the design of such compounds because
of their effects on normal cells. Section 4.3 below has more details.

Attenuation of resistance using compounds that directly override the mechanisms of repair
and evasion of apoptosis is an important method. This shows another area where nano-based
DDS is important because most of these molecules require a carrier molecule like NPs for their
administration. When conjugated to NPs and PS, the three-component biomolecule has multifunctional
characteristics including photosensitization, diminution of resistance, and increased stability and
bioavailability. For instance, the observation that the ubiquitin-proteasome system creates a proteolytic
pathway responsible for the rapid removal of PDT-damaged cellular organelles can be prevented by
using proteasome inhibitors [95]. Reported by Szokalska et al. [96], the combination of proteasome
inhibitors and PDT led to increased antitumor effects. Although, in the study, the cells were pretreated
with the proteasome inhibiters, which is followed by PDT. These two functions can be performed
simultaneously using an NP-PS-proteasome inhibiter conjugate. Similarly, in the case of resistance
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because of (HIF-1)-alpha in cancer cells, Broekgaarden et al. [97] noted that inhibition of the HIF-1 with
acriflavine increased the efficacy of PDT by the sensitization of hypoxic tumor cells to nano-based PDT
using zinc phthalocyanine-encapsulating cationic liposomes.

3.1.3. Enhanced Drug Efflux

Most PS efflux mechanisms observed in PDT are those that are also associated with multi-drug
efflux transporters, i.e., MDR, P-gp, and ABCG2. Cross-resistance to PDT and chemotherapy has been
reported numerous times due to these ABC transporters [41–44]. To avoid PS efflux, repressing the
activity of these transporters is a significant intervention. A noble example is the repression of P-gp
activity by using P-gp inhibitors. Due to the important role that P-gp plays in drug efflux, a P-gp
inhibitor, e.g., verapamil [98], can be considered for conjugation of a multi-functionalized NP to deliver
both the photosensitizing agent and the anti-efflux drug simultaneously. Another common drug efflux
molecule, ABCG2, was inhibited using tyrosine kinase inhibitors [99]. Imatinib mesylate, which is
a tyrosine kinase inhibitor, increased accumulation of PS in cell lines that expressed ABCG2, and
enhanced PDT efficacy both in vitro and in vivo. Many have employed the option of pretreatment
with the inhibitors, which is followed by PDT. However, with the use of NPs, a simpler way through
multifunctional conjugation of all molecules with NP is a potential preference.

3.1.4. Resistance from Other Factors Other Than Cellular Mechanisms

Importantly, there are other characteristics of cancer other than inherent cellular features,
which confer resistance to PDT. A hypoxic tumor microenvironment is a well-established finding in
most tumors. Since O2 is a necessary element in the PDT process, lack of O2 enhances tumor resistance
to PDT [100]. The lack of O2 in itself is a limiting factor in the PDT process, and very dangerous
since the presence of light in the absence of the PS substrate has a photo-bio-modulatory action,
which can worsen the cancer post-PDT [11]. In certain tumors, especially deep tissue malignancies,
targeting tumor hypoxia when using PDT is utterly important. Manganese dioxide (MnO2) NPs have
a high reactivity with intracellular hydrogen peroxide (H2O2) within the tumor microenvironment to
generate O2. These NPs have been used in several cases to enhance the efficacy of PDT in hypoxic
tumors [100,101].

Furthermore, other NPs with additional therapeutic features, e.g., the photothermal effect of
AuNp and the ability of up-convention NPs to convert low energy photons into high energy photons,
are important interventions for the attenuation of resistance conferred by features of the tumor
microenvironment, tumor size, and position. Recent developments in nano-based PDT aim at
producing multifunctional molecules that not only possess photosensitizing features but also possess
other therapeutic features that are aimed at maximizing the efficacy of PDT even in the presence of
cancer resistance. A multifunctional approach is the most daring solution to the problem of PDT
resistance. Zeng et al. [102] recently used a unique development that combined the photosensitizing
effect with other features including:

• Catalase-like activities to decompose H2O2 to O2

• Glutathione consumption for enhancing PDT efficacy
• Increased PS dose
• AS1411 aptamer for nuclear targeting
• Excellent stability

4. Pharmacokinetic Pitfalls in Nanomedicine

Despite being a solution for the existing cellular resistance to PDT, nano-based PDT has factors
that need scrutiny in order to achieve the desired outcome. Most information regarding the use of NPs
is reported from in vitro studies and, to date, the numbers of approved clinical trials and/or confirmed
use of NPs in clinical practice are minimal. When in vitro research is done on NPs, the interaction
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between NPs, biological systems, and the immune system in vivo is somewhat overlooked. While it is
true that NPs help prevent cellular resistance to PDT as described, there are a few necessary factors to
consider when using NPs and their interactions with biological systems.

4.1. Nanoparticles and Formation of Protein Corona

One characteristic of NPs that makes them useful for PDT applications is the readiness to bind
other molecules by surface adsorption or formation of chemical bonds. Paradoxically, the same feature
of NPs has been proven to render them inept in vivo due to the formation of protein layers around the
NP, which has been termed “protein corona.” Human plasma contains a large amount of dissolved
proteins [103] and, when the NP is injected intravenously into the body, these bind to the NP surface
and form an adsorption layer of surrounding matter, which interferes with the NP’s physicochemical
properties and defines its interactions with target cells. As shown in Figure 2 below, the formation of
the protein corona alters the size, surface charge, surface composition, and functionality of NPs, which
gives them a completely new biological identity [104]. Nguyen and Lee [104] described important
information of protein corona emphasizing its formation, structure, and effects. Different forces
including hydrogen bonding, Van der Waal interactions, electrostatic interactions, and hydrophobic
interactions play a role in the bonding and/or adsorption of proteins to the NP surface [105,106].
The resulting protein corona is divided into “hard corona,” which comprises of higher affinity proteins
on the NP surface that may irreversibly bind to NPs and “soft corona,” which is formed by lower
affinity proteins that are reversibly bound by the NPs (Figure 2).
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system during therapy. (A). AuNPs in their original form before administration (B). AuNPs in the
vascular system exposed to intravascular proteins (C). AuNPs coated with proteins and protein
fragments, which renders the AuNP unrecognizable at the target site.

Nonetheless, numerous findings have presented ways of combating the effects of protein corona.
Mirshafiee et al. [107] studied effects of protein pre-coating on the composition of the protein corona
and the cellular uptake of NPs and demonstrated that pre-coating the surface of NPs with specific
proteins to recruit similar proteins from plasma directs the formation of a protein corona enriched with
predesignated plasma proteins that could be exploited for cell targeting. Therefore, this reduces the
deleterious effects of the protein corona on cellular targeting and uptake. In other findings [108,109],
it was shown that controlling the surface functionality of NPs modulates their physiochemistry and
modify the protein corona formed on the NP surface, which, ultimately, defines its interactions
with biological systems. Furthermore, the charge of NPs is very important not only for its cellular
uptake, but for the type of proteins it attracts when in vivo. This phenomenon provides another
means of controlling the protein corona by engineering NPs with biomolecules that inhibit interaction
with proteins [110]. An effective way of increasing biocompatibility and blood circulation time is
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by engineering NPs with zwitterionic surfaces that will prevent the formation of protein corona.
Safavi-Sohi et al. [110] used cysteine as a zwitterionic ligand and it was demonstrated that the cysteine
conjugated NPs inhibited corona-induced mistargeting. Ideally, limitations in biocompatibility, cellular
targeting, and blood circulation time can be overcome by engineering surface functionalized NPs
with other biomolecules that prevent the influence of protein corona. A variety of coupling methods
are available for conjugation. The NP surfaces are modified by conjugation to polyethylene glycol
(PEG), which stabilizes the NPs by steric repulsion that inhibits colloidal aggregation in physiological
conditions. Steric repulsion between individual NPs in this instance helps prevent aggregation of the
NPS by enabling the NPs to repel one another. This occurs due to either one or the combination of
the osmotic effect (i.e., high concentration of PEG chains in the region of overlap) and the volume
restriction effect.

4.2. Nanoparticles and the Immune System

It is somewhat ironic that the unique properties these molecules have in the nanoscale dimensions
can be beneficial to biological systems and harmful to health, at times. The immune system in a healthy
individual is designed to recognize and effect upon any foreign material for elimination. Metal-based
NPs such as Au, may be toxic and stimulate an immune inflammatory reaction, and activate the
complement system in vivo [111,112]. Poland et al. [113] studied the effect of the administering carbon
nanotubes in mice and reported the induction of inflammation and the formation of granulomatous
lesions. Nanomaterials, especially metal NPs, are recognized as foreign by the immune system but,
incidentally, if the immune system categorizes them to be unharmful, they are ignored or tolerated [114].
Hence, the design and physicochemical properties of NPs such as size, shape, surface charge, and
solubility in water are extremely important to their interaction with the immune system and NPs can
be designed to either inhibit the immune system, enhance it, or simply avoid recognition [115].

On the other hand, certain metal NPs, especially FeNPs, discussed in Section 3.1.2 above, have
a lethal effect on the immune system [116]. These NPs are toxic to cells of the immune system and
suppress the function of human T lymphocytes. Therefore, although they are suggested as a potential
compound in the attenuation of resistance due to modulation of autophagy, their use in PDT needs to
be assessed with more focus given to the option of using them in DDS to direct them to the targeted
cancerous tissues using monoclonal antibodies (mAbs) or other targeting molecules. Lower doses are
also an important factor to consider in order to minimize toxicity of immune cells.

For drug delivery, designing NPs to escape immune recognition is very important. The available
interventions that prevent immune recognition are also effective against the formation of protein corona,
as described previously. Polyethylene glycol (PEG) is one molecule that has good resistance against
nonspecific adsorption and, in many studies, has been used in the engineering of multifunctional
NPs for drug delivery [80,106,117]. Additionally, when NPs are coated with PEG, they are
shielded from opsonization, aggregation, and phagocytosis and the systemic circulation time is
prolonged [117]. Idyllically, by means of hybrid nanostructured carriers using copolymers, polypeptoids
and multi-functionalized DDS, the hitches in the applications of nanomaterials for PS delivery can be
eliminated [118–120]. Ultimately, the development of a DDS that employs the use of nanomaterials
should require a detailed assessment of the preferred therapeutic outcome, the mode of administration,
the characteristics of the target tissue, and its microenvironment.

4.3. Nanoparticles and Their Toxicity to Healthy Tissue

Another adverse effect of certain NPs, which is not pleasant to hear, seeing the many advantages
they have, is their significant toxicity to normal tissue. Apart from their effect on immune cells,
the oxidative stress produced by Fe-based NPs in neural tissue can cause side effects including neural
degeneration [121]. The effect of these NPs have also been linked to certain neurodegenerative
conditions including Parkinson’s and Alzheimer’s diseases [121–123]. Therefore, using Fe-based NPs
should be done with proper assessment and dose-management. Additionally, with reference to the
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choice of NPs when treating patients, these NPs can be avoided in patients with underlying neurologic
conditions or those at risk of neurodegenerative diseases. ZnO-NPs have also been studied in PDT
of certain cancers [124,125]. However, many reports of these NPs include their high ROS induction
rate, which leads to cell death through autophagic vacuole accumulation and mitochondria damage in
normal skin cells [126]. These observations require the need to carefully consider the dose, type of
cancer, and underlying patient conditions.

Section 3.1 above described the important role that Poly (disulfide amide) NPs play in scavenging
glutathione in cancer cells. However, it is very important to know that glutathione is a very important
molecule in the body. Because of its important role and the high concentration in most healthy cells,
glutathione is often referred to as the “master” antioxidant and is responsible for removing oxidants
in healthy cells. In line with this, it is necessary to manage the proper use and administration of
glutathione scavenging NPs. This is another example where targeted delivery of the PDT compound
is important. The design of PDT agents comprising these NPs should include cancer cell-targeting
molecules to avoid their accumulation in normal tissue.

5. Conclusions

In summary, present studies have adequately demonstrated cellular resistance to PDT in many
cancer cell lines. In this case, we examined the mechanisms of PDT and the acquisition of resistance to
PDT. The resistance mechanisms that have been reported are complex and PS-specific, which range
from PS efflux to intrinsic cellular signaling after treatment. We, therefore, conclude that altering the
photosensitizing molecule using nanotechnology is an ideal paradigm for the enhancement of PDT
efficacy in the presence of cellular resistance. Most importantly, because of the nature of resistance,
a multifunctional approach using modified PSs, nanomaterials, cell targeting ligands, mAbs, and other
biomolecules to produce a single photosensitizing compound with other intrinsic features, is the most
recommended direction to take in the advancement of PDT.

Prospective research perspectives should include studies on the co-delivery of therapeutic
agents to a target site in one constructed biomolecule other than mere combination therapy by
administering two or more therapies individually. This will minimize risk of treatment failure due
to resistance since most resistance patterns, unlike efflux, are conferred to individual drugs or PS.
This is possible by using multi-functionalized carrier molecules such as PEGylated NP-PS-Chemo
conjugates, PEGylated NP-PS-Aptamer conjugates, PEGylated NP-PS-mAb conjugates, and PEGylated
NP-PS1-PS2-mAb/Aptamer conjugates (i.e., conjugating two or more PSs in one biomolecule). However,
this should be done with proper scrutiny and taking into account that the final photophysical
and physicochemical properties of the molecule are conducive for biological systems and relevant
for the therapeutic action. Researchers should also take advantage of novel elements that show
photoactive properties in other applications. A good example is the cage structure carbon nanomaterial,
C60 fullerene, which has been studied for its unique photophysical and photochemical properties since
the 1980s. A PS-C60–PEG should be studied for its potential use in attenuating some of the discussed
cellular mechanisms.

Additionally, although a considerable amount of biomarkers to specific tumors have been
recognized along the years, research still need to be conducted in search for new targets in cancers
including gene modulation, elements of the tumor microenvironment, and cellular response pathways,
which would all aid in the betterment of novel drug designs and combinatory therapies.

Author Contributions: E.P.C. and H.A. took part in conceptualization of the manuscript, carried out the design,
and writing of the original draft. H. took part in general administration and supervision, acquired the funding,
and was responsible for conceptualization, validation, reviewing, and editing of the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: The South African Research Chairs Initiative of the Department of Science and Technology and National
Research Foundation of South Africa (Grant no. 98337) supported the research this work is based on.



Pharmaceutics 2020, 12, 632 15 of 21

Acknowledgments: The authors sincerely thank the staff and colleagues at the Laser Research Centre and the
Department of Biomedical Technology, University of Johannesburg.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ramaswami, R.; Harding, V.; Newsom-Davis, T. Novel cancer therapies: Treatments driven by tumour
biology. Postgrad. Med. J. 2013, 89, 652–658. [CrossRef]

2. Liu, Y.; Wu, L.; Tong, R. PD-1/PD-L1 Inhibitors in Cervical Cancer. Front. Pharmacol. 2019, 10, 65. [CrossRef]
[PubMed]

3. Cordeiro, M.N.; De Lima, R.C.P.; Paolini, F.; da Silva Melo, A.R.; Campos, A.P.F.; Venuti, A.; De Freitas, A.C.
Current research into novel therapeutic vaccines against cervical cancer. Expert Rev. Anticancer Ther. 2018, 18,
365–376. [CrossRef]

4. Giancotti, F.G. Deregulation of Cell Signaling in Cancer. FEBS Lett. 2014, 588, 2558–2570. [CrossRef]
[PubMed]

5. Abrahamse, H.; Hamblin, M.R. New Photosensitizers for Photodynamic Therapy. Biochem. J. 2016, 473, 347–364.
[CrossRef] [PubMed]

6. Sibata, C.H.; Colussi, V.C.; Oleinick, N.L.; Kinsella, T.J. Photodynamic therapy: A new concept in medical
treatment. Braz. J. Med. Biol. Res. 2000, 33, 869–880. [CrossRef] [PubMed]

7. Shishkova, N.; Kuznetsova, O.; Berezov, T. Photodynamic therapy for gynecological diseases and breast
cancer. Cancer Biol. Med. 2012, 9, 9–17.

8. Mroz, P.; Yaroslavsky, A.; Kharkwal, G.B.; Hamblin, M.R. Cell death pathways in photodynamic therapy of
cancer. Cancers 2011, 3, 2516–2539. [CrossRef]

9. Baskaran, R.; Lee, J.; Yang, S.G. Clinical development of photodynamic agents and therapeutic applications.
Biomater. Res. 2018, 22, 25. [CrossRef]

10. Calixto, G.M.; Bernegossi, J.; de Freitas, L.M.; Fontana, C.R.; Chorilli, M. Nanotechnology Based Drug
Delivery Systems for Photodynamic Therapy of Cancer: A Review. Molecules 2016, 21, 342. [CrossRef]

11. Chizenga, E.P.; Chandran, R.; Abrahamse, H. Photodynamic therapy of cervical cancer by eradication of
cervical cancer cells and cervical cancer stem cells. Oncotarget 2019, 10, 4380–4396. [CrossRef] [PubMed]

12. Edrei, R.; Gottfried, V.; Van Lier, J.E.; Kimel, S. Sulfonated phthalocyanines: Photophysical properties, in vitro
cell uptake and structure-activity relationships. J. Porphyr. Phthalocyanines 1998, 2, 191–199. [CrossRef]

13. Nyokong, T. Effects of substituents on the photochemical and photophysical properties of main group metal
phthalocyanines. Coord. Chem. Rev. 2007, 251, 1707–1722. [CrossRef]

14. Rodríguez-Arco, L.; López-López, M.T.; González-Caballero, F.; Durán, J.D.G. Steric repulsion as a way to
achieve the required stability for the preparation of ionic liquid-based ferrofluids. J. Colloid Interface Sci. 2011,
357, 252–254. [CrossRef] [PubMed]

15. Casas, A.; Di Venosa, G.; Hasan, T.; Batlle, A.I. Mechanisms of resistance to photodynamic therapy.
Curr. Med. Chem. 2011, 18, 2486–2515. [CrossRef]

16. Misra, R.; Acharya, S.; Sahoo, S.K. Cancer nanotechnology: Application of nanotechnology in cancer therapy.
Drug. Discov. Today 2010, 15, 842–850. [CrossRef] [PubMed]

17. Brancaleon, L.; Moseley, H. Laser and Non-laser Light Sources for Photodynamic Therapy. Lasers Med. Sci.
2002, 17, 173–186. [CrossRef]

18. Henderson, B.W.; Dougherty, T.J. How does photodynamic therapy work? Photochem. Photobiol. 1992,
55, 145–157. [CrossRef]

19. Kharkwal, G.B.; Sharma, S.K.; Huang, Y.-Y.; Dai, T.; Hamblin, M.R. Photodynamic therapy for infections:
Clinical applications. Lasers Surg. Med. 2011, 43, 755–767. [CrossRef]

20. Dolmans, D.E.J.G.J.; Fukumura, D.; Jain, R.K. Photodynamic therapy for cancer. Nat. Rev. Cancer 2003,
3, 380–387. [CrossRef]

21. Ding, H.; Yu, H.; Dong, Y.; Tian, R.; Huang, G.; Boothman, D.A.; Sumer, B.D.; Gao, J. Photoactivation switch
from type II to type I reactions by electron-rich micelles for improved photodynamic therapy of cancer cells
under hypoxia. J. Control. Release 2011, 156, 276–280. [CrossRef]

22. Mroz, P.; Hashmi, J.T.; Huang, Y.Y.; Lange, N.; Hamblin, M.R. Stimulation of anti-tumor immunity by
photodynamic therapy. Expert. Rev. Clin. Immunol. 2011, 7, 75–91. [CrossRef] [PubMed]

http://dx.doi.org/10.1136/postgradmedj-2012-131533
http://dx.doi.org/10.3389/fphar.2019.00065
http://www.ncbi.nlm.nih.gov/pubmed/30774597
http://dx.doi.org/10.1080/14737140.2018.1445527
http://dx.doi.org/10.1016/j.febslet.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24561200
http://dx.doi.org/10.1042/BJ20150942
http://www.ncbi.nlm.nih.gov/pubmed/26862179
http://dx.doi.org/10.1590/S0100-879X2000000800002
http://www.ncbi.nlm.nih.gov/pubmed/11023333
http://dx.doi.org/10.3390/cancers3022516
http://dx.doi.org/10.1186/s40824-018-0140-z
http://dx.doi.org/10.3390/molecules21030342
http://dx.doi.org/10.18632/oncotarget.27029
http://www.ncbi.nlm.nih.gov/pubmed/31320992
http://dx.doi.org/10.1002/(SICI)1099-1409(199805/06)2:3&lt;191::AID-JPP65&gt;3.0.CO;2-4
http://dx.doi.org/10.1016/j.ccr.2006.11.011
http://dx.doi.org/10.1016/j.jcis.2011.01.083
http://www.ncbi.nlm.nih.gov/pubmed/21345446
http://dx.doi.org/10.2174/092986711795843272
http://dx.doi.org/10.1016/j.drudis.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20727417
http://dx.doi.org/10.1007/s101030200027
http://dx.doi.org/10.1111/j.1751-1097.1992.tb04222.x
http://dx.doi.org/10.1002/lsm.21080
http://dx.doi.org/10.1038/nrc1071
http://dx.doi.org/10.1016/j.jconrel.2011.08.019
http://dx.doi.org/10.1586/eci.10.81
http://www.ncbi.nlm.nih.gov/pubmed/21162652


Pharmaceutics 2020, 12, 632 16 of 21

23. Castano, A.P.; Demidova, T.N.; Hamblin, M.R. Mechanisms in photodynamic therapy: Part three-Photosensitizer
pharmacokinetics, biodistribution, tumor localization and modes of tumor destruction. Photodiagnosis Photodyn.
Ther. 2005, 2, 91–106. [CrossRef]

24. Allison, R.R.; Moghissi, K. Photodynamic therapy mechanisms. Clin. Endosc. 2013, 46, 24–29. [CrossRef]
25. Xue, L.Y.; Qiu, Y.; He, J.; Kung, H.J.; Oleinick, N.L. Etk/Bmx, a PH-domain-containing tyrosine kinase,

protects prostate cancer cells from apoptosis induced by photodynamic therapy or thapsigargin. Oncogene
1999, 18, 3391–3398. [CrossRef] [PubMed]

26. Zhuang, S.; Kochevar, I.E. Singlet oxygen-induced activation of Akt/protein kinase B is independent of
growth factor receptors. Photochem. Photobiol. 2013, 78, 361–371.

27. Espada, J.; Galaz, S.; Sanz-Rodríguez, F.; Blázquez-Castro, A.; Stockert, J.C.; Bagazgoitia, L.; Jaén, P.;
González, S.; Cano, A.; Juarranz, A. Oncogenic H-Ras and PI3K signaling can inhibit E-cadherin dependent
apoptosis and promote cell survival after photodynamic therapy in mouse keratinocytes. J. Cell Physiol. 2013,
219, 4–93. [CrossRef]

28. Kocanova, S.; Buytaert, E.; Matroule, J.Y.; Piette, J.; Golab, J.; de Witte, P.; Agostinis, P. Induction of
heme-oxygenase 1 requires the p38MAPK and PI3K pathways and suppresses apoptotic cell death following
hypericin-mediated photodynamic therapy. Apoptosis 2007, 12, 731–741. [CrossRef]

29. Tong, Z.; Singh, G.; Rainbow, A.J. Sustained activation of the extracellular signal-regulated kinase pathway
protects cells from photofrin-mediated photodynamic therapy. Cancer Res. 2002, 62, 5528–5535.

30. Srivastava, M.; Ahmad, H.; Gupta, S.; Mukhtar, H. Involvement of Bcl-2 and Bax in photodynamic therapy
mediated apoptosis. J. Biol. Chem. 2001, 276, 15481–15488. [CrossRef]

31. Davids, L.M.; Kleemann, B.; Cooper, S.; Kidson, S.H. Melanomas display increased cytoprotection to
hypericin-mediated cytotoxicity through the induction of autophagy. Cell Biol. Int. 2009, 33, 1065–1072.
[CrossRef] [PubMed]

32. Dewaele, M.; Martinet, W.; Rubio, N.; Verfaillie, T.; de Witte, P.A.; Piette, J.; Agostinis, P. Autophagy pathways
activated in response to PDT contribute to cell resistance against ROS damage. J. Cell. Mol. Med. 2011,
15, 1402–1414. [PubMed]

33. Castano, A.P.; Demidova, T.N.; Hamblin, M.R. Mechanisms in photodynamic therapy: Part one-photosensitizers,
photochemistry and cellular localization. Photodiagnosis Photodyn. Ther. 2004, 1, 279–293. [CrossRef]

34. Castano, A.P.; Demidova, T.N.; Hamblin, M.R. Mechanisms in photodynamic therapy: Part two-cellular
signaling, cell metabolism and modes of cell death. Photodiagn. Photodyn. 2005, 2, 1–23. [CrossRef]

35. Cui, H.; Zhang, A.J.; Chen, M.; Liu, J.J. ABC transporter inhibitors in reversing multidrug resistance to
chemotherapy. Curr. Drug Targets 2015, 16, 1356–1371. [CrossRef] [PubMed]

36. Alison, M.R.; Lin, W.R.; Lim, S.M.; Nicholson, L.J. Cancer stem cells: In the line of fire. Cancer Treat. Rev.
2012, 38, 589–598. [CrossRef]

37. Holohan, C.; Van Schaeybroeck, S.; Longley, D.B.; Johnston, P.G. Cancer drug resistance: An evolving
paradigm. Nat. Rev. Cancer 2013, 13, 714–726. [CrossRef]

38. Rycaj, K.; Tang, D.G. Cancer stem cells and radioresistance. Int. J. Radiat. Biol. 2014, 90, 615–621. [CrossRef]
39. Doherty, M.R.; Smigiel, J.M.; Junk, D.J.; Jackson, M.W. Cancer stem cell plasticity drives therapeutic resistance.

Cancers 2016, 8, 8. [CrossRef]
40. Eramo, A.; Ricci-Vitiani, L.; Pallini, A.R.; Lotti, F.; Sette, G.; Pilozzi, E.; Larocca, L.M.; Peschle, C.; De Maria, R.

Chemotherapy resistance of glioblastoma stem cells. Cell Death Differ. 2006, 13, 1238–1241. [CrossRef]
41. Kessel, D.; Woodburn, K.; Skalkos, D. Impaired accumulation of a cationic photosensitizing agent by a cell

line exhibiting multidrug resistance. Photochem. Photobiol. 1994, 60, 61–63. [CrossRef] [PubMed]
42. Tsunoda, Y.; Usuda, J.; Imai, K.; Kubota, M.; Maehara, S.; Ohtani, K. The expression of BCRP/ABCG2 causes

resistance to Photofrin-PDT. Jpn. J. Laser Surg. Med. 2008, 28, 355–361. [CrossRef]
43. Gupta, N.; Martin, P.M.; Miyauchi, S.; Ananth, S.; Herdman, A.V.; Martindale, R.G.; Podolsky, R.; Ganapathy, V.

Down-regulation of BCRP/ABCG2 in colorectal and cervical cancer. Biochem. Biophys. Res. Commun. 2006,
343, 571–577. [CrossRef] [PubMed]

44. Robey, R.W.; Steadman, K.; Polgar, O.; Morisaki, K.; Blayney, M.; Mistry, P.; Bates, S.E. Pheophorbide a is a
specific probe for ABCG2 function and inhibition. Cancer Res. 2004, 64, 1242–1246. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1572-1000(05)00060-8
http://dx.doi.org/10.5946/ce.2013.46.1.24
http://dx.doi.org/10.1038/sj.onc.1202687
http://www.ncbi.nlm.nih.gov/pubmed/10362360
http://dx.doi.org/10.1002/jcp.21652
http://dx.doi.org/10.1007/s10495-006-0016-x
http://dx.doi.org/10.1074/jbc.M006920200
http://dx.doi.org/10.1016/j.cellbi.2009.06.026
http://www.ncbi.nlm.nih.gov/pubmed/19596456
http://www.ncbi.nlm.nih.gov/pubmed/20626525
http://dx.doi.org/10.1016/S1572-1000(05)00007-4
http://dx.doi.org/10.1016/S1572-1000(05)00030-X
http://dx.doi.org/10.2174/1389450116666150330113506
http://www.ncbi.nlm.nih.gov/pubmed/25901528
http://dx.doi.org/10.1016/j.ctrv.2012.03.003
http://dx.doi.org/10.1038/nrc3599
http://dx.doi.org/10.3109/09553002.2014.892227
http://dx.doi.org/10.3390/cancers8010008
http://dx.doi.org/10.1038/sj.cdd.4401872
http://dx.doi.org/10.1111/j.1751-1097.1994.tb03943.x
http://www.ncbi.nlm.nih.gov/pubmed/8073077
http://dx.doi.org/10.2530/jslsm.28.355
http://dx.doi.org/10.1016/j.bbrc.2006.02.172
http://www.ncbi.nlm.nih.gov/pubmed/16554028
http://dx.doi.org/10.1158/0008-5472.CAN-03-3298
http://www.ncbi.nlm.nih.gov/pubmed/14973080


Pharmaceutics 2020, 12, 632 17 of 21

45. Selbo, P.K.; Weyergang, A.; Bonsted, A.; Bown, S.G.; Berg, K. Photochemical internalization of therapeutic
macromolecular agents: A novel strategy to kill multidrug-resistant cancer cells. J. Pharmacol. Exp. Ther.
2006, 319, 604–612. [CrossRef]

46. Gomer, C.; Ryter, S.; Ferrario, A.; Rucker, N.; Wong, S.; Fisher, A. Photodynamic Therapy-mediated oxidative
stress can induce the expression of heat shock proteins. Cancer Res. 1996, 56, 2355–2360.

47. Singh, K.K.; Russell, J.; Sigala, B.; Zhang, Y.; Williams, J.; Keshav, K.F. Mitochondrial DNA determines the
cellular response to cancer therapeutic agents. Oncogene 1999, 18, 6641–6646. [CrossRef]

48. Luna, M.; Gomer, C. Isolation and initial characterization of mouse tumor cells resistant to porphyrinmediated
photodynamic therapy. Cancer Res. 1991, 51, 4243–4249.

49. Casas, A.; Perotti, C.; Ortel, B.; Di Venosa, G.; Saccoliti, M.; Batlle, A.; Hasan, T. Tumor cell lines resistant to
ALA-mediated photodynamic therapy and possible tools to target surviving cells. Int. J. Oncol. 2006, 29,
397–405. [CrossRef]

50. Madsen, S.J.; Sun, C.H.; Tromberg, B.J.; Hirschberg, H. Repetitive 5-aminolevulinic acid-mediated
photodynamic therapy on human glioma spheroids. J. Neurooncol. 2003, 62, 243–250. [CrossRef]

51. Kessel, D.; Luo, Y.; Deng, Y.; Chang, C.K. The role of subcellular localization in initiation of apoptosis by
photodynamic therapy. Photochem. Photobiol. 1997, 65, 422–426. [CrossRef] [PubMed]

52. Sharkey, S.; Wilson, B.; Moorehead, R.; Singh, G. Mitochondrial alterations in Photodynamic Therapy
resistant cells. Cancer Res. 1993, 53, 4994–4999. [PubMed]

53. Kampinga, H.H.; Hageman, J.; Vos, M.J.; Kubota, H.; Tanguay, R.M.; Bruford, E.A.; Cheetham, M.E.; Chen, B.;
Hightower, L.E. Guidelines for the nomenclature of the human heat shock proteins. Cell Stress Chaperones
2009, 14, 105–111. [CrossRef] [PubMed]

54. Liang, H.H.; Huang, C.Y.; Chou, C.W.; Makondi, P.T.; Huang, M.T.; Wei, P.L.; Chang, Y.J. Heat shock protein
27 influences the anti-cancer effect of curcumin in colon cancer cells through ROS production and autophagy
activation. Life Sci. 2018, 209, 43–51. [CrossRef] [PubMed]

55. Samali, A.; Cotter, T.G. Heat shock proteins increase resistance to apoptosis. Exp. Cell Res. 1996, 223, 163–170.
[CrossRef]

56. Ikwegbue, P.C.; Masamba, P.; Oyinloye, B.E.; Kappo, A.P. Roles of Heat Shock Proteins in Apoptosis,
Oxidative Stress, Human Inflammatory Diseases, and Cancer. Pharmaceuticals 2018, 11, 2. [CrossRef]

57. Nonaka, M.; Ikeda, H.; Inokuchi, T. Inhibitory Effect of Heat Shock Protein 70 on Apoptosis Induced by
Photodynamic Therapy in vitro. Photochem. Photobiol. 2004, 79, 94–98. [CrossRef]

58. Benz, C.C.; Yau, C. Ageing, oxidative stress and cancer: Paradigms in parallax. Nat. Rev. Cancer 2008,
8, 875–879. [CrossRef]

59. Ji, Z.; Yang, G.; Shahzidi, S.; Tkacz-Stachowska, K.; Suo, Z.; Nesland, J.M.; Peng, Q. Induction of
hypoxia-inducible factor-1α overexpression by cobalt chloride enhances cellular resistance to photodynamic
therapy. Cancer Lett. 2006, 244, 182–189. [CrossRef]

60. Mayhew, S.; Vernon, D.; Schofield, J.; Griffiths, J.; Brown, S. Investigation of cross-resistance to a range of
photosensitizers, hyperthermia and UV light in two radiation-induced fibrosarcoma cell strains resistant to
photodynamic therapy in vitro. Photochem. Photobiol. 2001, 73, 39–46. [CrossRef]

61. Bernegossi, J.; Calixto, G.; Santos, B.F.; Aida, K.L.; Negrini, T.C.; Duque, C.; Gremião, M.P.D.; Chorilli, M.
Highlights in peptide nanoparticle carriers intended to oral diseases. Curr. Top. Med. Chem. 2015, 15, 345–355.

62. Gao, X.; Yang, L.; Petros, J.A.; Marshall, F.F.; Simons, J.W.; Nie, S. In vivo molecular and cellular imaging
with quantum dots. Curr. Opin. Biotechnol. 2005, 16, 63–73. [CrossRef] [PubMed]

63. Morosini, V.; Bastogne, T.; Frochot, C.; Schneider, R.; François, A.; Guillemin, F.; Barberi-Heyob, M. Quantum
dot–folic acid conjugates as potential photosensitizers in photodynamic therapy of cancer. Photochem.
Photobiol. Sci. 2011, 10, 842–851. [CrossRef] [PubMed]

64. Ruoff, R.S.; Qian, D.; Kam Liu, W. Mechanical properties of carbon nanotubes: Theoretical predictions and
experimental measurements. C. R. Phys. 2003, 4, 993–1008. [CrossRef]

65. Zhang, M.; Wang, W.; Wu, F.; Yuan, P.; Chi, C.; Zhou, N. Magnetic and fluorescent carbon nanotubes for dual
modal imaging and photothermal and chemo-therapy of cancer cells in living mice. Carbon 2017, 123, 70–83.
[CrossRef]

66. Caminade, A.M.; Turrin, C.O.; Majoral, J.P. Biological properties of water-soluble phosphorhydrazone
dendrimers. Braz. J. Pharm. Sci. 2011, 49, 33–44. [CrossRef]

http://dx.doi.org/10.1124/jpet.106.109165
http://dx.doi.org/10.1038/sj.onc.1203056
http://dx.doi.org/10.3892/ijo.29.2.397
http://dx.doi.org/10.1023/A:1023362011705
http://dx.doi.org/10.1111/j.1751-1097.1997.tb08581.x
http://www.ncbi.nlm.nih.gov/pubmed/9077123
http://www.ncbi.nlm.nih.gov/pubmed/8402690
http://dx.doi.org/10.1007/s12192-008-0068-7
http://www.ncbi.nlm.nih.gov/pubmed/18663603
http://dx.doi.org/10.1016/j.lfs.2018.07.047
http://www.ncbi.nlm.nih.gov/pubmed/30056019
http://dx.doi.org/10.1006/excr.1996.0070
http://dx.doi.org/10.3390/ph11010002
http://dx.doi.org/10.1111/j.1751-1097.2004.tb09862.x
http://dx.doi.org/10.1038/nrc2522
http://dx.doi.org/10.1016/j.canlet.2005.12.010
http://dx.doi.org/10.1562/0031-8655(2001)073&lt;0039:IOCRTA&gt;2.0.CO;2
http://dx.doi.org/10.1016/j.copbio.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15722017
http://dx.doi.org/10.1039/c0pp00380h
http://www.ncbi.nlm.nih.gov/pubmed/21479314
http://dx.doi.org/10.1016/j.crhy.2003.08.001
http://dx.doi.org/10.1016/j.carbon.2017.07.032
http://dx.doi.org/10.1590/S1984-82502013000700004


Pharmaceutics 2020, 12, 632 18 of 21

67. Narsireddy, A.; Vijayashree, K.; Adimoolam, M.G.; Manorama, S.V.; Rao, N.M. Photosensitizer and
peptide-conjugated pamam dendrimer for targeted in vivo photodynamic therapy. Int. J. Nanomed. 2015,
10, 6865–6878.

68. Kobayashi, H.; Brechbiel, M.W. Dendrimer-based macromolecular MRI contrast agents: Characteristics and
applications. Mol. Imaging 2003, 2, 1–10. [CrossRef]

69. Derycke, A.S.; Kamuhabwa, A.; Gijsens, A.; Roskams, T.; de Vos, D.; Kasran, A.; Huwyler, J.; Missiaen, L.;
de Witte, P.A. Transferrin-conjugated liposome targeting of photosensitizer alpcs4 to rat bladder carcinoma
cells. J. Natl. Cancer Inst. 2004, 96, 1620–1630. [CrossRef]

70. Torchillin, V. Antibody-modified liposomes for cancer chemotherapy. Expert Opin. Drug Deliv. 2008,
5, 1003–1025. [CrossRef]

71. Ferrari, M. Cancer nanotechnology: Opportunities and challenges. Nat. Rev. Cancer 2005, 5, 161–171. [CrossRef]
72. Lopes, L.B.; Speretta, F.F.F.; Bentley, M.V.L.B. Enhancement of skin penetration of vitamin K using

monoolein-based liquid crystalline systems. Eur. J. Pharm. Sci. 2007, 32, 209–215. [CrossRef] [PubMed]
73. Calixto, G.; Bernegossi, J.; Fonseca-Santos, B.; Chorilli, M. Nanotechnology-based drug delivery systems for

treatment of oral cancer: A review. Int. J. Nanomed. 2014, 9, 3719–3735. [CrossRef] [PubMed]
74. Bovis, M.J.; Woodhams, J.H.; Loizidou, M.; Scheglmann, D.; Bown, S.G.; MacRobert, A.J. Improved in vivo

delivery of m-thpc via pegylated liposomes for use in photodynamic therapy. J. Control. Release 2012,
157, 196–205. [CrossRef] [PubMed]

75. Luna, M.; Ferrario, A.; Rucker, N.; Gomer, C. Decreased expression and function of alpha-2 macroglobulin
receptor/low density lipoprotein receptor-related protein in photodynamic therapy resistant mouse tumor
cells. Cancer Res. 1995, 55, 1820–1823.

76. Park, E.; Shim, H.; Lee, G.; Kim, J.H.; Kim, D.W. Comparison of toxicity between the different-type TiO2

nanowires in vivo and in vitro. Arch. Toxicol. 2013, 87, 1219–1230. [CrossRef]
77. Naidoo, C.; Kruger, C.A.; Abrahamse, H. Targeted photodynamic therapy treatment of in vitro A375

metastatic melanoma cells. Oncotarget 2019, 10, 6079–6095. [CrossRef]
78. Muehlmann, L.A.; Rodrigues, M.C.; Figueiró Longo, J.P.; Garcia, M.P.; Py-Daniel, K.R.; Veloso, A.B.;

de Souza, P.E.N.; da Silva, S.W.; Azevedo, R.B. Aluminium-phthalocyanine chloride nanoemulsions for
anticancer photodynamic therapy: Development and in vitro activity against monolayers and spheroids of
human mammary adenocarcinoma MCF-7 cells. J. Nanobiotechnol. 2015, 13, 1–11. [CrossRef]

79. Nombona, N.; Antunes, E.; Chidawanyika, W.; Kleyi, P.; Tshentu, Z.; Nyokong, T. Synthesis, photophysics
and photochemistry of phthalocyanine-ε-polylysine conjugates in the presence of metal nanoparticles against
Staphylococcus aureus. J. Photochem. Photobiol. A Chem. 2012, 233, 24–33. [CrossRef]

80. Stuchinskaya, T.; Moreno, M.; Cook, M.J.; Edwards, D.R.; Russell, D.A. Targeted photodynamic therapy
of breast cancer cells using antibody-phthalocyanine-gold nanoparticle conjugates. Photoch. Photobiol. Sci.
2011, 10, 822–831. [CrossRef]

81. Matsuzaki, S.; Serada, S.; Hiramatsu, K.; Nojima, S.; Matsuzaki, S.; Ueda, Y.; Ohkawara, T.; Mabuchi, S.;
Fujimoto, M.; Morii, E.; et al. Anti-glypican-1 antibody-drug conjugate exhibits potent preclinical antitumor
activity against glypican-1 positive uterine cervical cancer. Int. J. Cancer 2018, 142, 1056–1066. [CrossRef]

82. Lakhin, A.V.; Tarantul, V.Z.; Gening, L.V. Aptamers: Problems, solutions and prospects. Acta Naturae 2013,
5, 34–43. [CrossRef]

83. Nimjee, S.M.; Rusconi, C.P.; Sullenger, B.A. Aptamers: An emerging class of therapeutics. Annu. Rev. Med.
2005, 56, 555–583. [CrossRef]

84. Mallikaratchy, P.; Tang, Z.; Tan, W. Cell specific aptamer-photosensitizer conjugates as a molecular tool in
photodynamic therapy. Chem. Med. Chem. 2008, 3, 425–428. [CrossRef] [PubMed]

85. Kim, J.; Park, W.; Kim, D.; Lee, E.S.; Lee, D.H.; Jeong, S.; Park, J.M.; Na, K. Tumor-Specific Aptamer-Conjugated
Polymeric Photosensitizer for Effective Endo-Laparoscopic Photodynamic Therapy. Adv. Funct. Mater. 2019,
29, 1900084. [CrossRef]

86. Shieh, Y.-A.; Yang, S.-J.; Wei, M.-F.; Shieh, M.-J. Aptamer-Based Tumor-Targeted Drug Delivery for
Photodynamic Therapy. ACS Nano 2010, 4, 1433–1442. [CrossRef]

87. Paunovic, J.; Vucevic, D.; Radosavljevic, T.; Mandić-Rajčević, S.; Pantic, I. Iron-based nanoparticles and their
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