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Abstract: Colorectal cancer (CRC) involving a malignant tumour remains one of the greatest con-
tributing causes of fatal mortality and has become the third globally ranked malignancy in terms of
cancer-associated deaths. Conventional CRC treatment approaches such as surgery, radiation, and
chemotherapy are the most utilized approaches to treat this disease. However, they are limited by
low selectivity and systemic toxicity, so they cannot completely eradicate this disease. Photodynamic
therapy (PDT) is an emerging therapeutic modality that exerts selective cytotoxicity to cancerous
cells through the activation of photosensitizers (PSs) under light irradiation to produce cytotoxic
reactive oxygen species (ROS), which then cause cancer cell death. Cumulative research findings
have highlighted the significant role of traditional PDT in CRC treatment; however, the therapeutic
efficacy of the classical PDT strategy is restricted due to skin photosensitivity, poor cancerous tissue
specificity, and limited penetration of light. The application of nanoparticles in PDT can mitigate
some of these shortcomings and enhance the targeting ability of PS in order to effectively use PDT
against CRC as well as to reduce systemic side effects. Although 2D culture models are widely
used in cancer research, they have some limitations. Therefore, 3D models in CRC PDT, particularly
multicellular tumour spheroids (MCTS), have attracted researchers. This review summarizes several
photosensitizers that are currently used in CRC PDT and gives an overview of recent advances in
nanoparticle application for enhanced CRC PDT. In addition, the progress of 3D-model applications
in CRC PDT is discussed.
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1. Introduction

Cancer has become the second largest lethal disease that causes fatal mortality, world-
wide [1]. As an extremely heterogeneous disease, cancer is characterized by uncontrolled
growth proliferation within different tissues and the tendency to metastasize, resulting
in tumour-related death [2]. Colorectal cancer (CRC) has become the fourth most com-
monly diagnosed and the third most fatal malignancy, with a steady rise of more than a
million new cases excepted each year [3]. Despite promising advancements in the standard
treatment approaches, a higher mortality rate is still associated with CRC [3].

Generally, more than 90% of CRCs are adenocarcinomas that originate from the
mucosal epithelial cells of the surrounding colon surface [4]. The cancer arises when
certain cells of the mucosal epithelium transform into malignant unregulated polyps after
acquiring a series of genetic or epigenetic mutations [3]. Although approximately 10%
of polyps may progress to become cancerous, if they are not eliminated, these malignant
cells may develop the ability to spread into the walls of the colon and potentially invade
beyond the colorectal wall, thereby promoting metastases to distant organs [3]. CRC can
be classified into four stages based on the guidelines from the American Joint Committee
on Cancer, beginning with stage 0, which is the earliest and least advanced stage of CRCs
(localized cancer); CRC then progresses through the early stages (I to II-C) to the most
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advanced stages (III-A to IV-B) (Figure 1) [5]. Several genetic and environmental factors
that can exacerbate CRC development include active smoking, heavy alcohol consumption,
poor diet, advancing age, obesity, and environmental toxicity [3].

Stages of Colorectal cancer

Stage Il Stage IV

Figure 1. Different stages of colorectal cancer using the American Joint Committee (AJCC) on Cancer
based on tumour, nodes, metastasis (TNM) classification.

CRC survival is highly dependent on the stage of the malignancy at diagnosis, and
when the cancer is at a localized stage, it is associated with an improved 5-year survival rate
of up to 90% [6]. However, advanced stages of CRC often lack the chance for an efficient
therapeutic intervention [7]. Early diagnosis of CRC is therefore of great importance, even
in an asymptomatic or benign stage, to yield better outcomes [7]. Currently, traditional
modalities for CRC early diagnosis include colonoscopy, sigmoidoscopy, faecal occult blood
test (FOBT), and faecal immunochemical tests (FITs) [7]. However, they are associated with
several drawbacks such as bowel perforation, invasiveness, and unpleasantness [7].

Within the conventional therapeutic modalities for CRC, surgery, chemotherapy, and
radiotherapy have been established as the widely used treatments [5]. Surgery is a stan-
dard option for the treatment of earlier stages of CRC development, potentially preventing
recurrence as well as increasing the CRC survival rate [5]. However, it still presents
some unfavourable drawbacks such as colon haemorrhages in poorly located cancerous
tissues [5]. Furthermore, the treatment efficacy of traditional CRC therapies, such as
chemotherapy and radiotherapy, are associated with various complications, such as severe
adverse systemic effects, toxicity, non-specific cancer-targeting abilities, and multidrug
resistance [8]. In addition to the traditional treatment modalities, cellular therapy, gene
therapy, immunotherapy, and targeted therapy have exhibited outstanding potential in
CRC treatment [8]. These strategies seek to boost the immune system’s ability to recognize
cancer cells and fortify its response [8]. The immune system can then initiate various mech-
anisms that can improve the accumulation of antitumour agents at the cancer tissue site
and the distribution of site-specific gene modifications in order to enable the introduction
of foreign DNA material into the host genome to destroy tumours [8]. However, some
challenges such as the cost and systemic toxicity of these modalities may restrain their
application [8]. Thus, it is necessary to focus on novel alternative therapeutic interventions
that are non-invasive, with high selectivity for tumour cells and minimal toxicity [9].

To address some of the drawbacks that are associated with conventional CRC therapies,
photodynamic therapy (PDT) has emerged as a novel alternative intervention in CRC
anticancer therapy [5,9]. It is based on the selective uptake of a photosensitizer (PS)
molecule followed by PS activation using light irradiation at an appropriate wavelength
and as a result, reactive oxygen species (ROS) are produced which in turn lead to cell
death [10]. Since PSs are activated only in the light-irradiated area, this allows for more
specific targeting of the tumour area compared to systemic chemotherapeutic approach [11].

Although there has been growing interest in PDT applications in the research field,
there are still areas for improvement within this novel therapy [12]. To improve the
overall efficacy of PDT, it is vital to deliver the PS to the desired cancerous cells and
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potentially reduce undesirable side effects in normal tissues [13]. With the introduction of
the nanotechnology concept to colorectal cancer treatment, the efficient delivery of PSs is an
achievable task in PDT advancement [13]. Recently, nanoparticles (NPs) have become well-
appreciated owing to their unique properties to potentially facilitate optimal site-specific
PS delivery and accumulation through passive or active targeting approaches [14].

Most CRC PDT preclinical studies have been conducted on two-dimensional (2D)
culture systems and animal models in order to evaluate photodynamic efficiency [15].
Although 2D cultures can provide an understanding of the PS mechanisms of action
and cellular responses, there are several setbacks associated with these models [16]. For
example, the cells are grown in monolayers which offer unnatural physiological conditions,
and there is a reduction in cell-to-cell and cell-to-extracellular matrix (ECM) interactions;
therefore, the models fail to capture the realistic presentation of the microenvironment
of the cells [16]. The introduction of three-dimensional (3D) culture models in PDT has
gained considerable interest over 2D models as they can accurately mimic the tumour
microenvironment [16,17]. This review outlines the progress of PDT and the application
of nanocarriers as an innovative therapeutic strategy for the effective PDT treatment of
colorectal cancer. Additionally, this review highlights the importance of 3D culture models
over 2D models in CRC PDT anticancer therapy.

2. PDT in CRC Therapeutics

Although there has been great improvement in the development of conventional
therapeutic strategies, some of these modalities, such as systemic chemotherapy, lack
selectivity and have adverse side effects that still hamper their successful response out-
comes in CRC [18,19]. PDT is a tumour-selective and minimally invasive CRC therapeutic
modality that utilizes visible light and a photoactivable photosensitizer (PS) to treat CRC
tumours [20]. The PS is topically or systemically administered to the cancer site in order
to obliterate diseased tissues [10]. After irradiation with a dose of light at a specific wave-
length, the PS generates highly cytotoxic reactive oxygen species (ROS) that are capable of
initiating oxidative cell destruction and inducing cell death through the mechanisms of
necrosis, apoptosis, and autophagy [21,22].

Individually, each element that is required for PDT is non-toxic, however, when the
light-sensitive PS is combined with the appropriate wavelength of light and molecular
oxygen, the photochemical mechanism results in the production of toxic ROS species that
initiate irreversible cell damage [23]. There are several factors that determine the extent
of this damage and the mode of cell death that is induced by PDT, including the PS type,
subcellular localisation, wavelength and intensity of the light applied, and the type of
tumour [10,12].

As an antitumour modality, PDT is considered to be a more localized form of in-
tervention that is highly selective to the targeted cancer cells compared to other CRC
treatments such as chemotherapy and radiotherapy [24]. The localized light irradiation
in PDT can cause negligible collateral damage to healthy cells with minimal systemic
toxicity, as opposed to surgery, chemotherapy, and radiotherapy, which induce systemic
toxicity and damage to surrounding cells [22]. As such, PDT can be used as a repeatable
protocol since it is generally well-tolerated [25]. Moreover, PDT treatment in comparison
to conventional modalities is a simple procedure that can significantly reduce the CRC
long-term morbidity [11].

3. Principle of PDT

After exposure to light irradiation at the appropriate wavelength, a photosensitive
photosensitizer (PS) absorbs a photon that causes its excitation from its ground state
level (Sg) to a more energetic state called the singlet excited state (S1) [26]. The PS then
undergoes intersystem crossing (ISC) to the photoactive excited triplet state (T1) [20]. The
PS in the excited triplet state (T1) can interact with surrounding oxygen molecules to
kill cancer cells through type I or Il mechanisms [20]. In the type I mechanism, the PS
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reacts directly with cell biomolecules and undergoes electron transfer reactions, forming
several types of ROS such as superoxide and hydroxyl radicals, which are cytotoxic to
the biomolecules [12]. As for the type II mechanism, the excess energy of the PS that
is generated in the excited triplet state (T1) is transferred to oxygen molecules, thereby
producing cytotoxic singlet oxygen [12]. Consequently, singlet oxygen induces cell death,
vascular shutdown, activation of antitumour immune responses, and irreversible damage
(Figure 2) [10,12]. Additionally, the phototoxic damage that is exerted by ROS on the
neoplastic cell membrane can provoke an inflammatory response to promote antitumour
immune responses [27].
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Figure 2. Graphical presentation of photodynamic therapy (PDT) mechanism. Created based on the literature

references [10,14].

4. Cell Death Mechanism Associated with PDT

The reactive oxygen species (ROS) that are formed by the activation of a PS upon
light excitation can cause cell damage to intracellular organelles of the cancerous cells and
consequently trigger the PDT cancer cell death [23]. Normally, PSs can localize within
various cellular organelles, such as the mitochondria, endoplasmic reticulum (ER), Golgi
apparatus, lysosomes and plasma membrane [28]. Generally, the mode and extent of the
cell death in the targeted cells after PDT depends on the subcellular localisation of the PS,
the bioavailability of PS, the concentration of oxygen, the physicochemical properties of
the PS, the cell type and the fluency and wavelength of light [23,29].

Cellular death via PDT is generally achieved through three different pathways: apop-
tosis, necrosis, and autophagy [30]. Apoptosis is defined as programmed cell death that
is characterized by the energy-dependent biochemical mechanisms of the highly regu-
lated cellular reactions that take place in every cell of the body [30]. There are two main
initiating pathways that are involved in the apoptosis process: the activation of death
receptors (the extrinsic pathway) or the release of cytochrome c from mitochondria (the
intrinsic pathway) [26]. Mitochondria are central processing organelles that play a critical
role in the regulation of apoptosis and the energy metabolism of cells; their targeting is
highly desirable in order to improve PDT potency [31]. Therefore, the PSs that target the
mitochondria or ER can cause photodamage to the mitochondrial outer membrane that
is linked to the anti-apoptotic proteins Bcl-2 and Bcl-xL [26,31]. Evidence of apoptotic re-
sponses and mitochondrial localisation patterns were reported in the zinc (Zn) metal-based
phthalocyanine (ZnPcSmix) PS-mediated PDT treatment of colon adenocarcinoma cells
(DLD-1 and Caco-2) [32,33].

Autophagy is thought to be a regulated pathway that is strongly associated with
lysosomal degradation of cytoplasmic organelles or cytosolic components [30,34]. This
pathway is characterized by double membrane vesicles known as autophagosomes which
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transport degraded cytoplasmic constituents to the lysosome [11]. Autophagy is critically
involved in cellular homeostasis and cell survival, along with the continuous turnover
of cellular components through the degradation of cytoplasmic components, and the
recycling of the redundant products [30,34]. Although autophagy has been considered
as a cell survival mechanism, evidence relating to the autophagy-induced cell death in
PDT application continues to accrue [34,35]. Moreover, inhibition of autophagy could
serve as a potential avenue for PDT-mediated anticancer therapy [34,35]. Song et al [34]
reported that m-tetra (hydroxyphenyl)chlorin (m-THPC)-PDT treatment induced apoptosis
and autophagy in CRC cells through the upregulation of ROS, activation of the JNK
pathway and inhibition of the mTOR/p70S6K pathway [34]. The inactivation of the
ROS/JNK signalling pathway and/or inhibition of PDT-induced autophagy could enhance
the efficacy of PDT-mediated treatment in CRC cells [34,35]. The studies went further
to demonstrate the significant phototoxicity, inhibited proliferation and increased ROS
production that was induced by m-THPC-PDT treatment in HCT116 and SW480 cells [34].
Other studies also suggested that the PS targeting of organelles such as the lysosomes,
which have pertinent functions in autophagy, could provoke lethal photodamage of cells
and enhance the efficacy of PDT [30,36].

Necrosis is a death mode that involves extensive cell injury and results in irreversible
changes to intracellular organelles (the nucleus, mitochondria) [30]. The end-stage of
necrosis in PDT is generally characterized by cellular swelling, cytoplasmic granulation,
and plasma membrane breakdown [29,30]. In PDT, the mediation of the uncontrolled
necrotic death pathway often occurs after an overdose of PS/photoirradiation or direct
photodamage of the plasma membrane, resulting in the rapid loss of plasma membrane
integrity and cell lysis [30].

In addition to eliciting direct tumour cell death via excessive ROS generation, PDT-
induced tumour destruction may also result in the disruption of the tumour microvascu-
lature, thereby depriving the tumour tissue of oxygen and nutrients, resulting in tumour
death [10]. PDT is also capable of triggering an inflammatory response, which causes the
infiltration of leukocytes to the target area and the release of pro-inflammatory factors
and cytokines [37]. Moreover, ROS can further elicit immunogenic cell death, which is
accompanied by the release of damage-associated molecular patterns (DAMPs) from the
the damaged/dying cells, which then act as danger signals [37,38]. Upon the recognition of
DAMPs, the innate immune phagocytes (macrophages, neutrophils and dendritic cells) can
neutralize and remove cellular debris [37]. Furthermore, antigen-presenting cells, such as
dendritic cells, can be activated (upon stimulation by the DAMPs) and present the tumour-
associated antigens (TAAs) and antigenic peptides to the naive T cells, thereby initiating an
adaptive immune response, which could provide long-term systemic antitumour immune
control [37,39].

5. Photosensitizers Used in CRC

PSs are usually non-toxic molecules which absorb visible light at a specific wavelength
and, preferably, display a high molecular absorption coefficient [21]. Most importantly, in
order to achieve the best PDT efficacy, choosing a suitable PS is one of the most crucial
stages [10]. An ideal PS should be chemically pure and highly photochemically and
photophysically stable with negligible dark cytotoxicity, and be highly selective for tumours
with minimal photosensitivity after excitation [21]. Moreover, an ideal PS should exhibit a
high molecular absorption coefficient, with a good absorption in the therapeutic window
between 650 and 780 nm (red spectrum of light), in order to penetrate the tissues deeper
than 5-10 mm of the targeted tumour area [5,12]. Additionally, it should produce a higher
quantum yield in the excited state for ROS generation [10,30]. There are several PSs that are
most commonly used for CRC PDT, such as phthalocyanine, porphyrin derivatives, meso-
substituted derivatives, chlorin, and hypericin [40]. Generally, PSs for PDT are categorized
into three different generations: first-generation, second-generation, and third-generation
PSs, some of which have been investigated for CRC therapy and are summarized in Table 1.
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5.1. First-Generation PSs

PDT first began with the discovery of first-generation PSs, hematoporphyrins (Hp), in
the 19th century [25]. A hematoporphyrin derivative, which was formed after the purifica-
tion of Hp, was the first PS to be clinically approved for PDT [25]. The commercial form of
the hematoporphyrin derivative (HpD) is photofrin, which has been widely investigated
in PDT treatment of lung, brain, laryngeal, skin, gastric, and esophageal cancers [11]. Sun
and colleagues [41] reported the PDT effects and antitumour efficacy of photofrin in pa-
tients with advanced CRC [41]. Several other studies have also established that photofrin
application in CRC can be an effective PS PDT antitumour therapeutic [25,42].

However, first-generation PSs have been associated with distinct limitations, including:
a relatively weak absorption of light and poor light penetration, which is attributed to
short wavelength absorption, poor solubility, which can cause photosensitivity, and an
undesirable toxicity profile [25]. Moreover, they suffer from poor chemical purity [43].
Consequently, second-generation PSs were developed as a major effort to resolve the
shortcomings of first-generation PSs [12].

5.2. Second-Generation PSs

In comparison to first-generation PSs, the second-generation PSs possess significantly
improved spectral and photochemical characteristics, which are attributed to their structure
and composition [44,45]. They have a longer wavelength absorption in the red and NIR
region of the spectrum (650-800 nm) and can be used to improve penetration into deep
seated tissues [11,25]. In addition, the photosensitivity, stability and tissue selectivity have
also been significantly improved compared to first-generation PSs [36,37].

Most second-generation PSs are represented by a group of porphyrinoid compounds
that encompass porphyrin or porphyrin-based macrocyclic structures such as benzopor-
phyrins, purpurins, texaphyrins, phthalocyanines, naphthalocyanines, and protoporphyrin
IX [46]. One commonly used second-generation PS, 5-aminolevulinic acid (ALA), which is a
precursor of porphyrin, has been extensively studied over the years and has demonstrated
considerable potential in PDT and photodiagnosis for CRC treatment [7,40,46].

The phthalocynanine types of PSs such as zinc phthalocyanine (ZnPc), aluminium ph-
thalocyanine tetrasulfonate (ALPcS,), and silicon phthalocynanine (HOSiPcOSi(CH3),(CH2)3
N(CHS3); (Pc4), and the chlorin-structured PSs such as monoaspartyl chlorin e6 (NPe6)
and temoporfin are other commonly used second-generation PSs in CRC treatment that
have demonstrated tremendous potential efficacy [40,47,48]. This is mostly due to their
improved photophysical characteristics such as a high absorption coefficient in the red to
near-infrared spectral region up to ~750 nm, thereby offering a great depth of penetration
and the generation of a high quantum yield of singlet oxygen [40,49]. Furthermore, in ad-
dition to their absorption Q bands in the red region, sharp Soret bands have been observed
for some of the second-generation PSs that were derived from porphyrins such as zinc
phthalocyanine and chlorin e6 (Ce6) [40,50], which could offer diagnostic opportunities.

Li et al. [51] reported the improved phototherapeutic effect of PDT when chlorin
e6 (Ce6) was used [48]. This second-generation Ce6 PS demonstrated improved ROS
generation, enhanced apoptosis, inhibition of cell proliferation and an overall high PDT
sensitising efficacy in SW480 colon cancer cells after laser-light irradiation using a 650 nm
laser, at an irradiation dose of 6 J/cm? [51]. Similarly, the use of phthalocyanines has been
reported to be effective in CRC treatment, particularly those that were modified by the
co-ordination of transition metal ions such as aluminium and zinc [40]. They have been
extensively investigated in CRC PDT because they exhibited high singlet oxygen quantum
yields and displayed efficient ROS generation and phototoxicity [40]. Related to CRC PDT
treatment, Table 1 summarizes findings from CRC PDT-related studies that utilized first-
and second-generation PSs.

Although second-generation PSs have demonstrated great potential in PDT, they
suffer from several drawbacks such as poor solubility in aqueous solution and poor tu-
mour selectivity, which not only affect the uptake of the PSs, but also their subcellular
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distribution [45]. For the further improvement of PDT efficacy, third-generation PSs were
introduced, which are composed of second-generation PSs that are conjugated to nanopar-
ticle carriers, and antibodies [24]. These PSs have a higher selectivity and specificity for the
cancerous tissues [14,45].

5.3. Third-Generation PSs

The third-generation PSs have been proposed by researchers to improve the bioavail-
ability of PSs and alleviate undesirable systemic side effects, resulting in better therapeutic
effects [10]. The application of nanotechnology as a fundamental tool to PDT in CRC is the
key research direction to resolve some of the drawbacks that are associated with second-
generation PSs and to improve selective cellular localisation in affected tumours [14,24].
Generally, third-generation PSs are comprised of second-generation PSs that are either
anchored to or encapsulated by nanocarriers such as nanoparticles, liposomes or micelle
carriers in order to increase the uptake and accumulation of NP-PSs by cancerous tis-
sues [18,52]. The NPs can also be decorated with active targeting agents such as antibodies,
biomarkers, or ligands in order to efficiently bind to receptors that are overexpressed on the
surfaces of cancer cells [5,18]. This new generation of PSs has displayed a longer absorp-
tion spectra and exhibited improved characteristics such as an increased biocompatibility,
enhanced cancer targeting capabilities, and increased levels of ROS production relative to
the first- and second-generation PSs [53].

Table 1. First- and second-generation photosensitizers evaluated in pre-clinical studies for CRC PDT.

PS Generation Cell Type Remarks Ref.
Sinoporphyrin sodium and The effects of sinoporphyrin sodium-PDT
photofrin 2nd, 1st HCT-8 and HCT-116 and photofrin-PDT resulted in significant [54]
antitumour efficacy
Tetraaryl brominated Colorectal Significant reduction in cell growth and
porphyrin (TBr4) and with 2nd adenocarcinoma cells,  necrotic cell death within in vitro and [55]
the diaryl (BBr2) derivative. HT29 in vivo studies
Gallium (III) phthalocyanine ond Caco-2 GaPcCl with PDT led to 60% to 80% cell [56]
chloride (GaPcCl) viability cytotoxic and apoptotic cell death.
Tetra 4-(3-(piperidinium-1-
Zi?:é?ﬁiglzlle;:a}l]) 2nd (cl?ll(cgi?_itlaé)carc1noma High phototoxicity on HCT-116 cells [571]
phthalocyanine (Zn6a)
Selenium tetrasubstituted ond Murine colon Significant increment in ROS level and 58]
zinc (II) phthalocyanines carcinoma CT26 efficient antitumour effect.
HY mediated PDT demonstrated cytotoxic
Hypericin (HY) 2nd SW480 and SW620 effect and inhibition of tumour cell [59]
proliferation in a dose-dependent manner.
Chlorin e6 (Ce6) ond SW620 Ceb mediated PDT §ig111ficantly reduced the [60]
healing and migration rate of colon cells.
PDT with 5-ALA improved anticancer
5-aminolevulinic acid 2nd SW480 and SW620 effects and inhibited of the secretion of [61]
cytokines (IL-10)
Decreased cell survival rate in a
dose-dependent manner and significant
Ce6 2nd SW480 inhibitofy effect on F-actin miciﬁlament (621
and cytoskeleton.
5-aminolevulinic acid 2nd Caco-2 Cell viability 1.nh1b1t1on~€.>2.4%, and [63]
improved antitumour efficacy
5’&0’35’2}? —Iier’ira(qumohn—Z— ond HT29 colorectal 2-TQP displayed effective phototoxic effects [64]
') porphy adenocarcinoma with no dark toxicity on cells

(2TQP)
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Table 1. Cont.

PS Generation Cell Type Remarks Ref.
Cell proliferation inhibited, and efficient
Hypericin (HYP) 2nd HCT116 and SW620 ROS generated by HYP-PDT treatment. [65]

Sinoporphyrin sodium
(DVDMS)

Apoptosis was induced
DVDMS-PDT triggered apoptosis.

2nd CX-1 Inhibitory effect in a dose and time [66]
dependent manner

6. Current Limitations of CRC PDT

Although PDT has been reported to be an effective alternative therapy for CRC
treatment, it still has certain drawbacks such as poor PS water solubility, the difficulty
of treating deep-seated tumours due to the low tissue penetration of the illuminating
light, and the difficulty of PS localisation at depths at which cancerous tissues can be
targeted [5,18]. The common PSs, particularly the first-generation PSs, are often associated
with extensive retention within cancer tissue, which can to lead to skin photosensitivity [11].
In traditional PDT, high doses of unconventional PSs within the cancerous tissues are often
required, which can cause systemic toxicity and serious damage to healthy tissues [67].

Moreover, cancer tissues are generally in a low oxygen state, and therefore provide an
insufficient oxygen yield for the overall efficacy of PDT, resulting in PDT-induced hypoxia
which compromises the generation of ROS and the complete destruction of the tumour [5].
Additionally, most of the traditional PSs, such as porphyrins and other tetrapyrrole deriva-
tives, are poorly soluble in physiological solutions; thus, they have a strong tendency to
aggregate, which could hinder their bioavailability and biodistribution within tumour
cells [68].

Conventional PDT, like other traditional therapies, has also been associated with recur-
rence and resistance [69]. The possible mechanism of resistance to PDT may be attributed to
several properties, such as inherent tumour heterogeneity and drug efflux [69,70]. Nonethe-
less, studies have reported that a cancer cell population that is resistant to chemotherapeutic
treatment, to some extent, can be slightly more susceptible to PDT [70]. The recurrence and
progression of colorectal cancer (CRC) has been linked to the presence of cancer stem-like
cells (CSCs) that exhibit a high resistance to PDT [35]. Therefore, therapeutic strategies
might be required in order to eliminate the advanced types of CRC, including both the
primary tumours and the secondary systemic disease [5].

In this regard, extensive investigations into the application of nanoparticle (NP)-
based PS drug carriers have been pursued with the hope of providing an alternative that
minimizes some of the shortfalls of conventional PDT by improving PS uptake within
the CRC cells [14,18]. For this purpose, several nanocarrier platforms such as liposomes,
dendrimers, and polymeric and inorganic nanoparticles have been developed and modified
with PSs in order to minimize the systemic side effects and increase the therapeutic effects
of CRC PDT [18,52].

7. Nanotechnology as a Favourable Strategy in PDT for CRC Therapy

The application of NPs in CRC PDT treatment presents a great potential to alleviate
several of the limitations of traditional PSs and increase their bioavailability [24,43]. NPs are
distinct nanocarriers that could enhance the efficient delivery of PS molecules to targeted
sites and minimize the therapeutic side effects, thereby increasing PDT effectiveness [14].
NPs are typically between 1 and 100 nm in size [24] and they generally exhibit a relatively
large surface-area-to-volume ratio, which can increase their surface interaction with PSs
and promote the loading capacity of the PS, thereby improving the concentration delivery
and enhancing either passive or active uptake in the cancerous cells [71,72]. The controlled
small size range of NPs offers accurate mimicking of biological molecules, protection
of the PS cargo from the hostile immune system barriers, and prolongation of the PS
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systemic circulation lifetime and PS delivery, while avoiding unwanted side effects [72].
Furthermore, NPs with smaller sizes can facilitate the transportation of the PS to the
targeted cells by exploiting the enhanced permeability and retention (EPR) effect [14].

NP carrier platforms can also be fabricated to exhibit favourable distinct physico-
chemical and biological properties by altering their composition, shape, size, and surface
properties [72]. In addition, they are favourable platforms for PS delivery owing to the
easy encapsulation or embedment of PSs, as well as various other active moieties [24].
Functionalisation of NPs with active moieties offers better stability and solubility, reduced
toxicity, improved localized PS delivery, enhanced selectivity and site-specific PS delivery
to targeted cells, thereby ultimately improving the PDT therapeutic efficiency [22,72].

7.1. NPs-Mediated PS Delivery in CRC PDT

The application of NPs in PS delivery has presented multiple benefits in resolving
the drawbacks that are associated with traditional PSs. The types of nanocarrier delivery
platforms that have been employed as carriers of PSs in CRC PDT can be categorized into
organic nanocarriers such as liposomes, lipid NPs, and polymeric NPs, and inorganic NPs
that include silver, gold, quantum dots, and silica nanoparticles [24,73]. Among organic
NPs, liposomes are comprised of an aqueous core enclosed by phospholipid bilayers which
can encapsulate the PS for efficient delivery [24,73]. They also display several advantages
such as biocompatibility and biodegradability characteristics, and a high loading capacity to
carry the PSs. They also protect PSs from early degradation and environmental factors [73].
In one study, Bakhshizadeh et al. [74] investigated the PDT/sonodynamic therapy (SDT)
effect of liposomes that were incorporated with zinc phthalocyanine against a CT26 cell
line that was derived from a colon tumour carcinoma of a BALB/c mouse [74]. The final
liposomal zinc phthalocyanine formulation presented an average size of 40 nm with a
great encapsulation efficiency of more than 85% [74]. Moreover, liposome-encapsulated
zinc phthalocyanine significantly inhibited the growth of the CT26 tumour in comparison
to the untreated control groups within the sonophotodynamic therapy (80% of tumours
were recovered) [74]. According to the results, the zinc phthalocyanine incorporated in the
liposome that is associated with SPDT treatment may possibly be an effective treatment for
CRC [74]. Likewise, Wu et al. [75] represented a novel drug-delivery system of m-THPC PS,
FosPeg® which was a new liposomal formulation of m-THPC [75]. Improved PS absorption
and PDT antitumour effects were observed in the HT-29 human colorectal adenocarcinoma
cell line [75]. The liposomal formulation most likely improved the delivery of the PS [73,76].

Inorganic NPs have also presented several advantages in CRC PDT [5,18]. The noble
metallic NPs such as gold NPs (AuNPs) have high surface-to-volume ratios and are easily
tuneable, which offers the possibility of functionalize them with antibodies [72]. They also
have a low toxicity with negligible side effects [72]. Additionally, gold NPs display inher-
ent physicochemical properties such as the surface plasmon resonance (SPR) that could
introduce heat or toxic radicals into the tumour tissues after the irradiation during PDT [77].
PEGylated gold NPs also present good biocompatibility with the biological system, so
they can passively accumulate within tumours through the EPR effect [14,77,78]. A study
exploring AuNPs for use in targeted PDT in CRC was proposed by Obaid et al. [79]. The
authors stabilized AuNPs with a mixed monolayer of the hydrophobic ZnPc photosensi-
tizer (C11Pc) and the hydrophilic polyethylene glycol (PEG), and further covalently bound
them to jacalin or monoclonal anti-HER-2 antibodies [79]. The zinc phthalocyanine-gold
NPs with antibody moieties demonstrated an increased phototoxicity in HT-29 colorectal
adenocarcinoma cells [79]. Thus, the nanoconjugate was able to selectively kill targeted
HT-29 colorectal adenocarcinoma cells via PDT [79].

There are two strategies that are most commonly used to mediate the targeted delivery
of PSs to tumours using NPs: passive and active targeting strategies, which are illustrated
in Figure 3 [8,69].
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Figure 3. Schematic presentation of passive and active tumour targeting.

7.1.1. Passive Targeting Strategy

Passive targeting generally exploits the enhanced permeability and retention (EPR)
effect in order to facilitate the effective accumulation and delivery of PS nanocarriers in the
tumour cells [20]. Passive targeting of NP-PS occurs due to the different pathophysiological
characteristics of the solid tumour, which can favour the accumulation of nanocarriers [80].
Generally, a leaky tumour vasculature and the poor lymphatic drainage due to the abrupt
neovascularisation that is associated with rapid cancer growth can determine the extent of
the EPR effect [80]. The EPR effect can compromise the microenvironment within the CRC
tumours, allowing the permeation and accumulation of NP-PS at the cancerous site [80].
Therefore, intravenously administered NP-PS would tend to selectively accumulate more
in the CRC cancerous tissues, relative to healthy tissues, and relatively improve the activity
of the NP-PS at colonic tissues [80].

Recently, numerous in vitro and in vivo studies have demonstrated the merits of using
passively targeted NP-PS approaches against colorectal cancer [18]. In one study, Yurt
and colleagues [81] introduced titanium dioxide NPs (TiO, NPs) that were loaded with
subphthalocyanine (SubPc) PSs [81]. During the in vitro study, the authors found that
the SubPc-TiO, nanoparticles had superior efficacy and exerted higher phototoxicity on
PDT-treated HT29 colon cells compared to cells that were treated with free SubPc [81],
which improved the cellular internalisation of the nanoconjugates by passively targeting
the NPs [81]. The SubPc-TiO; also displayed theranostic/fluorescent potential in colon
tumours [74]. In another study, de Freitas et al. [82] investigated the cellular uptake of
curcumin (CUR) that were combined with silver nanoparticles (AgNPs) and hydrogels
comprised of chitosan (CHT) and chondroitin sulphate (CS), which are natural biopolymers
from the vitro study of Caco-2 cells [82]. The CHT/CS/CUR-AgNPs yielded significant
Caco-2 inhibition after PDT photoactivation [82]. In addition, the fluorescence intensity
of curcumin on the Caco-2 cells that were treated with the nanoformulation increased
owing to the EPR effect, which most likely improved the preferentially cellular absorp-
tion of CUR [82]. Similarly, Ballestri et al. [83] improved the passive tumour-targeting of
non-symmetric di-methyl-amino-ethylacrylate diaryl-porphyrin (PorVa) PSs that were con-
jugated with core-shell poly methyl methacrylate NPs (PMMA) [83]. They showed that PSs
conjugated with PMMA NPs improved antitumour effects and efficiently eliminated cancer,
upon irradiation of an in vitro-cultured HCT116 human colon carcinoma cell line [83]. Stud-
ies have reported that the size and shape of the NPs that are utilized in PDT can generally
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affect their interactions with biological barriers and tumour microenvironments, and subse-
quently compromise their accumulation via the EPR effect [84] In this sense, smaller sized
NP-PS delivery vessels are possibly desirable in order to further improve the penetration
of PSs into tumours [48]. Moreover, the introduction of modifications to the surface of
the nanoparticles, such as polyethylene glycol (PEG) could shield them from opsonisation
and aggregation and prolong their circulation time [69,70]. Polyethylene glycol (PEG) is
one of the commonly utilized ligands in the designing of multifunctional NPs for PS drug
delivery [69,70]. For instance, Ryu et al. [85] reported the use of nanophotosensitisers
that were composed of methoxy poly(ethylene glycol) (MePEG) and Ce6 with a small
diameter of less than 100 nm in the Ce6-mediated PDT treatment of colon cancer cells [85].
The Ce6 nanophotosensitisers demonstrated an improved cellular uptake, phototoxicity,
and reactive oxygen species (ROS) generation in the in vitro cell culture experiment [79].
Additionally, the Ce6 nanophotosensitiser nanoconjugates could selectively accumulate in
CRC tumours and ethoxy poly(ethylene glycol) (MePEG) could enhance the tumour tissue
penetration [85].

Within the subject of in vivo experiments, several studies have also evaluated the
advantages of passive targeting in CRC PDT [15]. For example, Bretin et al. [86] studied the
photodynamic activity of a fabricated PS 5-(4-hydroxyphenyl)-10,15, 20-triphenylporphyrin
(TPPOH) xylan-coated silica NP (SNP) within CRC xenograft mice models [86]. The
SNP/TPPOH-mediated CRC PDT treatment presented a dramatically improved uptake
and sufficient ROS production which led to increased cytotoxicity and improved PDT
anticancer efficacy on human CRC cell lines [86]. They suggested that the improved uptake
was probably attributed to passive targeting via the EPR effect [86]. Table 2 highlights
in vivo studies demonstrating the potential of passive targeting of NPs to achieve improved
PDT efficacy within CRC treatment.

Table 2. Summary of in vivo studies PDT of passive NP-based PS delivery systems in CRC PDT treatment.

In Vivo CRC PDT Studies Reported on Passive Nanoparticle-Based Photosensitizers

Nanosystem Key Findings Cell Type Ref.
Encaspulated
chitosan nanoparticles  5-Aminolevulinic acid Superior photodynamic cytotoxicity ~mouse colon tumours [87]
(CS NPs) 5-ALA and photothermal effects, higher tumour accumulation ~ CT-26 cells
(IR780)
Effective accumulated in colon Murine CT-26 colon
lipid nanoparticles HPPH tumours and enhanced anticancer carcinoma and HT29  [88]
activity tumour bearing mice
PheoA-ss-GC Increased selective accumulation HT-29
nanoparticles pheophorbidea (PheoA) and significant reduction in tumour tumour-bearing mice [89]
(PheoA-ss-CNPs), growth &
Functionalized 2—[1.—hexyloxyethyl]—2— Improved localisation and the . .
. devinyl BALB/c mice bearing
polyacrylamide . tumour response to the treatment [90]
pyropheophorbide-a - o Colon26 tumours
(AFPAA) was approximately 40%.
(HPPH)
Chlorin-core The combinative effects of
star-shaped block chemotherapy and PDT HT-29 xenograft [91]
P -SN-38/CBSC demonstrated model.
copolymer (CSBC)

significant anticancer efficacy.

7.1.2. Active Targeting Strategy

The active targeting strategy involves the use of high-affinity ligands or targeting moi-
eties on the surface of the nanocarriers that bind to specific overexpressed receptors on the
target tumour cells, in order to enhance the overall PS cellular uptake and localisation [14].
Moreover, the use of targeting moieties could possibly enable the delivery of the PS at the
targeted site, which could significantly increase their cytotoxic effect and reduce unwanted
side effects [14,18].
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The surface of NPs can be functionalised with targeting moieties such as aptamers,
ligands, monoclonal antibodies, and antibody fragments that could identify specific cancer
cell receptors in order to promote specific targeting [14].

Some of the widely investigated receptors and possible targets for CRC PDT include
the epidermal growth factor receptor (EGFR), transferrin receptors, fibroblast growth
factor receptors (FGFR), and the epithelial cell-adhesion molecule (EpCAM), among oth-
ers [13]. For example, the transferrin receptor (CD71) is generally expressed to regulate
iron homeostasis within normal human cells, however, malignant tumours are often found
to express abnormal levels of expression of the transferrin receptor (CD71), which may be
targeted by antibodies in targeted PDT [92]. In one study, Sardoiwala et al. [92] synthesised
hypericin-loaded transferrin nanoformulations (HTfNPs) for the treatment of colorectal
cancer [92]. The nanoformulation demonstrated stability and when it was used in PDT, it
showed efficient generation of cytotoxic reactive oxygen species (ROS) [92]. Additionally,
the anticancer effect of HTfNP-assisted PDT via the induction of PP2A-mediated BMI1
was demonstrated [92]. Moreover, the transferrin nanoparticles demonstrated the im-
proved bioavailability of hypericin and better targeting at the tumour site [92]. In another
study, Wang et al. [93] proposed a transferrin-IR780 NP (Tf-IR780 NPs) system for use on
transferrin-overexpressed CT26 tumours in both in vitro and in vivo studies in order to
actively target and suppress tumours [93]. This nanosystem showed improved targeting
and greater antitumour effects, suggesting that the PS nanoconjugates had specifically
targeted the transferrin receptors that were overexpressed on CRC cells [93].

Antibody-mediated NP-PS delivery is being investigated for PDT active targeting and
may feasibly reduce the unwanted side effects in healthy cells as well as enhance targeting
efficiency, owing to the high specificity and affinity of the antibody—antigen interactions [84].
One of the desirable properties of the targeting moieties that are conjugated onto the NP is
their high affinity as well as their capability to specifically recognize and actively bind to the
appropriate antigens or receptors that are exclusively or uniquely overexpressed on only
the targeted CRC cells [5]. Subsequently, NP-PS internalisation through receptor-mediated
endocytosis is improved and PS delivery is enhanced [94]. Table 3 summarizes the studies
that investigated active PS delivery in CRC.

Table 3. In vitro and in vivo CRC PDT studies reported on active nanoparticle-based photosensitisers.

In Vitro CRC PDT Studies Reported on Active Nanoparticle-Based Photosensitizers

Nanosystem Ligand/Moieties PS Key Findings Cell Type Ref.
Excellent synergistic
EGFR-hydrogel EGFRantibody ~ chlorine6 (Ceg) ~ nticancereffectwith - HT-29 (Human colon o,
increased protein cancer cell lines)
expression levels.
Liposomes
encapsulated Ce6 and Efficient tumour
ph(?sphomosmde IP1-549 chlorin e6 targeting, and anticancer ~ CT26 cells [96]
3-kinase gamma activit
(PI3Ky) inhibitor y
IP1-549
Higher tumour
. selectivity, increased
Manr}ose—conjug.a ted Mannose- M-chlorin Cytotoxic}i/ty, and HT29, HCT116, CT26 [97]
chlorin (M-chlorin) I cells
significantly suppressed
tumour growth
VPA moiety-platinum Platinum diimine Minimal dark toxicity SW480 human colon
VPA moiety and improved cytotoxic [98]

diimine complexes

complexes cancer cell line

effect on cancer cells
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Table 3. Cont.

In Vitro CRC PDT Studies Reported on Active Nanoparticle-Based Photosensitizers

Nanosystem Ligand/Moieties PS Key Findings Cell Type Ref.
TPP-coniugated Enhanced specific Human colon
ol mer]—ligid hbrid  iphenylphosphonium ZCNP/IR780 mitochondria-targeting  carcinoma (HT-29) and [99]
Irjlan};) articlfes y (TPP) and enhanced anticancer =~ HT-29 cell-bearing
p effect. xenograft
In vivo CRC PDT studies reported on active nanoparticle-based photosensitizers
Nanosystem PS Key Findings Cell Type Ref.
Liposome
encapsulated
S?c()éo::)nj:ézer chlorin The nanoformulations
hosphoinositide 1PI1-549 Ceb improved PDT CT26 cells [96]
g—kinl:)ise gamma therapeutic effect
(PI3KY) inhibitor
IP1-549
Verteporfin-loaded
D-«-tocopheryl .
polyethylene glycol H1ghe;r fumour
succinate (TPGS) selectivity of PS,
. tLyp-1 decoration (t-NP) Verteporfin inhibition of tumour
nanoparticles . HCT15 colon cells [100]
modified with tLyp-1 peptide (VP) growth and enhanced
tumour homing and in vivo photodynamic
effects.

peptide tLyp-1
decoration (t-NP)

8. PDT Combined with Other Therapies in CRC Treatment

It is well documented that in colorectal tumours there is evidence of complex hetero-
geneity within specific mutations, which may present challenges for the majority of current
treatment modalities [101]. In general, several conventional monotherapies that are used in
CRC anticancer treatment have presented relatively unsatisfying outcomes in terms of the
complete eradication of CRC cells, and they also result in the development of unwanted
side effects [5]. Establishing combinations of synergistic therapies has considerable appeal
owing to their many merits over single treatment, including their improved efficacy by syn-
ergistic effects and their reduced side effects [5]. The following section gives an overview
of targeted PDT in combination with two other therapies, among others, in an effort to
enhance efficacy, while overcoming undesirable side effects.

PDT is capable of triggering immunogenic cell death, which is a PDT-induced cell
death that stimulates immune responses and induces antitumour immunity, so it may
be used in combination with immunotherapies that harness and boost the host’s im-
mune system, such as antibodies that block the suppressive immune checkpoint mecha-
nism/immune checkpoint inhibitors [102]. The strategy of using NP-PS formulation in the
PDT-PD-L1 checkpoint blockade combinative approach has shown promising therapeutic
effects in clinical studies. He et al. [103] conjugated nanoscale co-ordination polymer (NCP)
NPs that carried oxaliplatin and pyrolipid PS (NCP@pyrolipid) [98]. The integration of
oxaliplatin chemotherapy, PDT, and checkpoint blockade therapy enhanced antitumour
immunity and exhibited effective therapeutic effects for the treatment of metastatic colorec-
tal cancer, as well as potentiated the PD-L1 checkpoint blockade [103]. In another study,
Xu et al. [104] employed upconversion nanoparticles (UCNPs) that were incorporated
with chlorin e6 (Ce6), and imiquimod (R837), which is a Toll-like-receptor-7 agonist [104].
After near-infrared (NIR) irradiation caused a significant response in the phototoxicity
rate of the effective primary tumours, death was observed in the CT26 cells [104]. The
results suggested that the UCNP-Ce6-R837-based PDT under NIR irradiation is a promising
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anticancer strategy that can lead to the significant inhibition of distant tumours and the
inhibition of tumour relapse [104].

The combination of photothermal therapy (PTT) and PDT is also favourable in treating
CRC, owing to the cytotoxic ROS and hyperthermia that are generated by PSs under
light exposure [105]. Seo et al. [105] studied the PDT/PTT effects of methylene blue that
was incorporated into gold nanorod@SiO, (MB-GNR@SiO;) core@shell NPs on a CT-26
mouse colon and CT-26 cancer cells [105]. Upon irradiation with a 780 nm wavelength of
laser light with a power density of 1 W/cm?, the cancer-killing efficacy was significantly
enhanced [105]. In a recent study, Wang et al. [106] designed a hyaluronic acid (HA)-
polydopamine nanoparticles (PDA-NPS)-chlorin e6 (Ce6) (HA-PDA-Ce6) formulation
based on the PDT/PTT cancer targeting therapy [106]. The synergetic effects of the HA-
PDA-Ce6 demonstrated an enhanced accumulation within tumours, increased tumour
growth inhibition and improved phototoxic effect in HCT-116 tumour-bearing mice [106].

From the presented studies it is evident that NP-based PS delivery in PDT and com-
binative therapies has demonstrated great potential for the treatment of colorectal cancer.
Nonetheless, further studies are still required in order to investigate NP-PS effectiveness
within CRC, after PDT is combined with other treatment approaches in clinical settings.

9. Application of 3D Tumour Models in PDT CRC Treatment

The majority of in vitro PDT CRC studies are based on a two dimensional (2D) cell
culture where cells are cultivated as monolayers on flat surfaces, as well as in vivo mod-
els [107]. Microscopic and molecular studies are made easier by 2D monolayer cultures,
and these models also offer several benefits, including easy preparation, maintenance,
and monitoring [16]. However, the current 2D models fail to adequately integrate the
interactions between the cells and the surrounding extracellular matrix (ECM). Moreover,
the environment of 2D models cannot mimic the characteristics of a tumour in human
physiological environments [16]. Therefore, in order to better evaluate the CRC cellular
response to PDT as well as optimize the physiological resemblance between in vitro models
and the human environment, and the heterogeneity similarity of tumours, 3D tumour
models have attracted considerable interest [108]. These models can improve the accuracy
compared to traditional 2D cell cultures, while still possessing high throughput relative to
in vivo models [108].

The use of several 3D tumour culture models, such as scaffold-based platforms, mi-
crofluidic platforms, and multicellular tumour spheroids (MCTS) has led to improvements
in CRC photodynamic studies on the uptake of PSs [16]. Khot et al. [109] noted the cellular
response variations between 2D and 3D models of CRC, after PDT treatment [109]. For
this purpose, spheroids were formed using forced-floating and agitation-based techniques,
and HCT116 and HT29 CRC cells were treated with hypericin for 16 h under 1 J/cm?
of fluence [109]. Interestingly, the 3D spheroid models demonstrated more resistance
towards hypericin-mediated PDT compared to 2D models, which may be attributable to
the upregulation of ABCG2 [109]. These results exemplify the benefits of the 3D structures,
which mimic the physiological conditions and can be valuable in obtaining insightful strate-
gies and an understanding of the mechanisms that are important for in vivo pre-clinical
studies [109]. Similarly, studies reported the effects of methyl 5-aminolevulinic acid-PDT
using a light emitting diode in 2D and 3D models of Caco-2 and SW480 CRC cells [110].
Caco-2 spheroids were grown for three days using the liquid overlay technique and SW480
spheroids were produced from the hanging drop method [110]. The results showed that
after methyl-5-aminolevulinic acid (Me-ALA)-PDT treatment, the Caco-2 spheroid mass
was inhibited [110]. Additionally, it was observed that, even though the spheroid mass
dimensions were reduced, the spheroids were significantly resistant to PDT in comparison
to those cells that were grown on 2D monolayers. [110]. It was suggested that these effects
was initiated by hypoxia as the main photodynamic block within the spheroids [110].

Among the 3D tumour culture models, MCTS spheroid cultures in CRC PDT have
particularly attracted extensive research consideration because they retain the 3D archi-
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tecture that contains the ECM distribution and have characteristics of human tumour
environments [16]. Additionally, many features of 3D models mimic the microenvironment
found within tumours in vivo, such as the low oxygen gradient, deposition of extracellular
matrix, pH, hypoxia and necrotic cores [17]. Generally, once MCTs spheroids are sufficiently
large enough, they display the characteristic features of a vascular tumour: a proliferative
zone, an inner quiescent zone and a necrotic zone [17,111]. The outer proliferative zone
is comprised of cells that receive sufficient oxygen and other nutrients that are required
for proliferation [17,111]. Whereas inside the spheroid, an inner quiescent zone and a
necrotic core are formed [111]. Within the inner quiescent zone, the cells remain viable;
however, they do not proliferate [111]. In the necrotic zone, the innermost cells die due
to the deprivation of the oxygen and nutrient supply, as well as the toxic waste from
accumulated products [111].

MCTS spheroid culture models are simple enough to grow and can generate large
quantities of 3D spheres at minimal costs [16]. Thus, they are highly sought for PDT studies
that investigate PS uptake, mechanisms of PDT therapeutic interaction and efficacy, and
that evaluate the penetration capacity of PDT anticancer therapeutic approaches [17]. For
instance, Pereira et al. [112] reported the phototoxic effects of porphyrin that was conjugated
with four glucose molecules (PorGluy) in both monolayer and spheroid cultures of HCT-116
colon cancer cells [112]. Within the spheroid models, HCT-116 colon cancer cells expressed
decreased GLUT1 protein levels, which increased the endogenous ROS [112]. Subsequently,
the ROS-induced phototoxicity in spheroids after PorGlus-mediated PDT treatment [112].

In nanoparticle-mediated PDT studies, 3D models have also shown improved pho-
todynamic effects [113,114]. For example, Gibot and colleagues [114] reported the photo-
dynamic activity of a PS, pheophorbide (Pheo) that was encapsulated with various poly-
meric micelles, poly(ethyleneoxide-b-e-caprolactone), poly(ethyleneoxide-b-d,I-lactide),
and poly(ethyleneoxide-b-styrene), in 2D and 3D tumour spheroids [114]. The authors
showed that the encapsulation of Pheo with the suggested polymers increased photocyto-
toxicity [114]. The authors also presented that using PS drug-delivery systems based on
the copolymer-based formulations showed an effective delivery of the Pheo in HCT-116
spheroids as well as in 2D cells (delivery efficiency slightly varied amongst the nanovec-
tors) [114]. So, since the PS in the encapsulated state was unlikely to agglomerate, it
could probably dissociate in the cancerous cells [114]. Therefore, these nanoformulations
are potential candidates for PS delivery and could possibly promote accumulation in the
spheroids and effective inhibition of colorectal tumour growth [114]. Another study by
Till et al. [113] investigated the efficacy of crosslinked nanovectors as well as the pho-
tocytotoxicity effects of the Pheophorbide A (Pheo)-loaded micelles poly(ethyleneoxide-
b-3-caprolactone) [113]. 3D spheroids were formed on ultra-low attachment well plates
from human colorectal carcinoma (HCT-116) cells [113]. The results demonstrated that
the crosslinked nanovectors significantly reduced tumour size by up to 80% at day two
and approximately 90% at day four [113]. Lee et al. [115] have also reported a significant
reduction in tumour growth in the spheroids of the mouse musculus colon carcinoma
(CT26), when liposome nanoparticles that were loaded with a zinc phthalocyanine (ZnPc)
platform were utilized [115]. However, even though 3D models have widely attracted
attention to anticancer PDT investigation and have been shown to offer a more realistic
prediction of the efficiency of PDT treatment in vitro and in vivo, their application in PDT
CRC still requires further research.

10. Clinical Application of PDT in CRC Treatment

Clinical PDT treatment involves the application of visible light that is combined with
a PS and oxygen to destroy CRC cells in patients [7]. PDT treatment has shown to be a
successful approach in clinical studies, and several PSs such as ALA, verteporfin, porfimer
sodium (Photofrin), temoporfin have now been approved for clinical applications in the
treatment of various cancers, including skin cancer, actinic keratosis, myopic choroidal
neovascularisation, bladder cancer, and advanced head and neck squamous cell carcino-
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mas [10]. Currently, the majority of PSs that are used in the clinical application of PDT in
CRC are Photofrin, ALA, and HpD [15]. Typically, the clinical application of PDT in CRC
treatment is performed with endoscope optical fibres in order to deliver the PS and the
visible light that is required for its excitation [18]. In this way, PDT shows selective damage
only to cancerous colon tissues, with negligible undesirable side effects and minimal sys-
temic cytotoxicity to nearby healthy cells [18]. For instance, Welbourn et al. [116] conducted
a clinical pilot study of PDT for invasive anal squamous cell carcinoma in 15 patients,
where 12 of these had anal intra-epithelial neoplasia (AIN), 2 patients had intra-epithelial
adenocarcinoma and 1 patient had dysplasia with high-risk human papillomavirus [116].
The efficacy and safety of topically applied ALA and systemically administered Photofrin,
at a dose of 1.2 mg/kg of body weight, with PDT was investigated in this study [116]. Topi-
cal ALA-PDT was applied to the localized lesions with two cycles of a fluence of 37.5 ] /cm?
laser irradiation, and for systemic PDT, a 630 nm laser with a fluence of 100 ]/ cm? was
delivered [116]. The study reported the complete PDT response of 6 patients that had AIN
IT or III, and 10 patients that had aceto-white staining [116]. In another study, Sun et al. [41]
reported a clinical trial using photofrin photodynamic adjuvant treatment in 23 patients
that had advanced colorectal cancer [41]. Photofrin was administered intravenously at a
dose of 2 mg/kg in 100 mL of 5% glucose, after 48 hours, and laser irradiation at a 630 nm
intensity was delivered with an endoscopic optical fibre [41]. The necrotic tissue biopsies
were removed endoscopically from the treatment site several days post-treatment, and
repeated irradiations were performed at the cancerous site [41]. After one month post
treatment, the patients underwent an enteroscopy examination to assess the therapeutic
effect of the therapy [41]. The observation group exhibited significantly higher effectiveness
and improved survival rate of the therapy, compared to the control group of 30 patients [41].
Skin photosensitivity was the only minor complication that was observed following laser
irradiation [41].

The liver is one of the organs to which colorectal cancer most frequently metas-
tasizes [117]. About 15-25% of patients with colorectal cancer generally develop liver
metastases at diagnostic stages [117]. Surgical removal of tumours is the first line of treat-
ment; however, it has side effects, as previously mentioned [117]. PDT can be applied
as an alternative treatment option for liver metastases, and has displayed satisfactory
results [117]. Vogl et al. [118] reported results of PDT in 5 patients (4 women and 1 man),
with six liver metastases of colorectal carcinoma [118]. PS SQN 400 (mTHPC) was admin-
istered at a dose of 6 mg/kg body weight in three patients and 3 mg/kg body weight in
the other two patients [118]. At a time of 120 h later, the PS was activated by a diode laser
at a 740 nm wavelength and a fluency of 60 J/cm [118]. It was observed that the tumour
was successfully removed in about 60% of the patients [118]. More importantly, several
other phase I and phase II clinical studies of PDT in CRC have reported on the safety and
effectiveness of the PDT application [42].

With reference to PDT in clinical application for CRC treatment, the presented studies
have adequately demonstrated the effectiveness of the modality. However, according to
our knowledge, there is currently still a limited amount of published data on phase III-
randomized clinical trials and clinical trials of phase IV PDT CRC therapy that have been
conducted thus far [42]. Researchers should, therefore, take advantage of nanotechnology
applications as an attractive strategy for the enhancement and betterment of PDT, and
consider further research in order to propel targeted PDT into more clinical applications.

11. Conclusions and Future Perspectives

The effectiveness of PDT in eliminating CRC has been investigated in several in vitro
and in vivo clinical trials (although limited), and the outcomes of the studies demonstrated
the remarkable potency of PDT with relatively minimal adverse events [62-66]. Despite
the promising outcomes, the full potential of PDT is compromised by traditional PSs that
impose limitations in terms of poor tumour targeting, insufficient quantum yield, low
cellular uptake, and insufficient penetration depth [72]. In this regard, NPs have been



Int. J. Mol. Sci. 2021, 22, 12405

17 of 22

highlighted as favourable platforms to enhance the delivery of the PSs into the targeted
CRC tumours [5,18]. NPs are potential candidates for PDT since they can possibly assist
in navigating through some of the obstacles: they can enhance the bioavailability and
solubility of the PSs, the tumour selectivity and specificity with negligible side effects, and
the overall enhanced PDT efficacy [72]. Moreover, NPs serve as platforms that promote
the passive PS uptake to cancerous cells through the EPR effect, thus further improving
the PS cellular uptake [72]. In addition, in order to further enhance tumour selectivity,
the PS-loaded nanocarrier systems can be targeted to CRC tumours by modifying the
nanosystem with specific ligands that are recognized by the overexpressed receptors
on CRC cells [18,72]. Several targeted NP-PS formulations have been developed and
demonstrated photodynamic efficacy within in vitro and in vivo in CRC PDT treatment
(Table 3).

Although the role of NPs is significantly beneficial in PS delivery and PDT for CRC
treatment, it is still the subject for further investigations in terms of developing new designs
and novel targeting moieties that can possibly increase specific targeting in PDT. Moreover,
even with several studies in in vitro and in vivo NP PDT applications, only a limited
number of NPs have been utilized in clinical trials in PDT-CRC treatment. Therefore, there
is a further need to improve the delivery of NP-PS, particularly those that are functionalised
with site specific ligands in CRC-PDT and their applications for clinical PDT treatment, in
order to meet the full potential of the NPs. It should be kept in mind that several passive
and active targeting NP-PS strategies are based on in vitro studies and still rely on 2D
cell cultures, which may offer a limited insight into in vivo experiments and human trials.
2D cell cultures are generally characterized by an unrealistic environment in which CRC
cells are grown in unrealistic conditions that cannot mimic the characteristics of human
CRC tumours. Undoubtedly, 3D cell culture models that could resemble the tumour
microenvironment are considered as a starting point to understand the factors necessary
to mediate effective cell targeting and predict tumour response, especially when used in
NP-mediated PDT. Thus, these models are attractive and require extensive investigations.
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Abbreviations

2D Two-dimensional models
3D Three-dimensional models
AuNPs  Gold nanoparticles

CRC Colorectal cancer

ECM Extracellular matrix

eb Chlorin e6

EGFR Epidermal growth factor receptors
FOBT Faecal occult blood test

HpD Hematoporphyrin derivative
mAb Monoclonal antibodies

MCTS  Multicellular tumour spheroids
NIR Near infrared

NPs Nanoparticles
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PDT  Photodynamic therapy
PSs Photosensitizers

PTT  Photothermal therapy
ROS  Reactive oxygen species
TNM  Tumour, nodes, metastasis
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